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Introduction
The IMPACTS WORLD 2013 conference was aimed at developing a new vision for climate
impacts research by laying the foundations for regular, community-driven syntheses of climate
change impact analyses. The conference took place from 27-30 May 2013 in Potsdam and
brought together leading scientists and decision makers from local to international levels.
A broad array of scientific knowledge about the impacts of climate change has been gathered
over the last decades. Yet, in many respects it remains fragmentary, and a quantitative
synthesis of climate impacts, including consistent estimates of uncertainties, is still missing.
In light of the great wealth of existing knowledge and continuous need for policy-relevant
research results, the climate impacts community is perfectly placed to combine individual
contributions to initiate a coordinated climate impact research agenda.

IMPACTS WORLD 2013 was a discussion-based conference designed to tackle five fundamental
challenges:

1. Can we integrate our existing knowledge across sectors?
2. How certain are we?
3. What is still missing?
4. How do we bridge the divide between regional and global impact studies?
5. Is anybody listening?
This Conference Proceedings includes all submitted papers of the conference participants, each
of them addressing one of the key challenges mentioned above. The Organizing Committee
thanks all the authors and participants for their valuable contribution to the success of

IMPACTS WORLD 2013.
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Linking Climate Change to Water Sector:
A Case Study of Urban Drainage System
M. Abdellatif, W. Atherton, R.M. Alkhaddar and Y.Osman

Abstract— The issue of climate change has been increasing and its effects have already been
observed around the world with further changes in climate are projected to take place in the
future. For future management of urban drainage system (considering the on-going trend of
climate change) long-lasting decisions about the urban drainage system have to be taken, even if
the future is uncertain and it is expected that the basis for these decisions will change. It is not
possible to defer the decisions until the future uncertainties are reduced. This paper seeks to assess
how the climate change on interannual to multidecadal timescale will affect design standards of
waste water networks in the North West England of the UK (selected site). The study compares the
future conditions of the drainage network using two downscaling approaches.
Index Terms— Artificial Neural Network, climate change, flooding, urban drainage systems Introduction

1 Introduction
The possible impact of climate change on urban drainage systems has been a topic of intensive scientific
discussion over the last decade. The expected modifications in intensity and frequency of extreme rainfalls (see e.g. IPCC (2007)) will affect urban drainage systems in view of both flooding and pollutant loads
emitted to the environment as they were not designed to take climate change into account. Regardless
of the eventual impacts Ashley et al. (2005) stress that designers and operators will have to prepare for
greater uncertainties in the effectiveness of drainage systems.
It is widely recognised that obtaining a reliable future rainfall time series to use for simulating future behaviour of a combined system is not an easy task, as rainfall is one of the most difficult elements of the
hydrological cycle to forecast, and great uncertainties still affect the performances of both stochastic and
deterministic rainfall prediction models. Interesting perspectives for the future are offered by global circulation models (GCMs), but up to now, they unfortunately do not seem able to provide rainfall forecasts
at the temporal and spatial resolution required by many hydrologic applications, therefore downscaling
is required.
The current paper compares between stochastic and regression downscaling techniques in simulating
future design storm of an urban drainage system of Hoscar catchment in Northwest (NW) of England
(Figure 1) and then assess the impact of climate change in the 2050s (2039-2070) relative to the base
1
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period (1961-1990) using climate variables of scenarios A1FI and B1 obtained from HadCM3 GCM. The
exposure of the NW region to westerly maritime air masses and the presence of extensive areas of high
ground mean that the region is considered as one of the wettest places in the UK. The average annual
rainfall in the highest parts is over 3200mm over period 1971 - 2000, in contrast to low area where the
average annual rainfall is only 860mm (Met office web site, 2010).

Fig 1 Hoscar Urban Drainage Chatchment

2 Methodogy
Urban drainage systems handle two types of flows, wastewater (foul flow or dry weather flow) and
stormwater through two conventional sewerage systems; a combined system in which wastewater and
stormwater flow together in the same pipe, and a separate system in which wastewater and stormwater
are kept in separate pipes. The focus in this paper is on combined systems as they are more affected by
rainfall. In order to investigate the performance of Hoscar drainage network model, which built in
InfoWorks CS software, inputs from base period (1961-1990) and the future (2050s) rainfall together
with the Dry Weather Flow are used to assess flood risk in the catchment.

2
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2.1 Dry Weather Flow
The main constituents of Dry Weather Flow (DWF) needed as input to the flow model are:
1. Domestic Flow which is population generated flow based on the average per capita water
consumption of 128 l/head/d. 95% of the human consumption is considered to be wastewater
and entered the system.
2. Infiltration flow which enters the sewerage network through cracks and joints within various
parts of the sewerage network will be calculated from the formula:
I = DWF - PG – E

(1)

where
E = Measured Trade Effluent and Measured Commercial effluent
P = Population (heads) and G = Current UU per capita consumption
If no evidence is recorded by flow monitors due to poor monitoring conditions or loss of data
then a typical default value of 120 litres/head/day to represent the infiltration will be included
in the model (Squibbs, 2010; Butler and Davies, 2004).
3. Traders and Commercial flows (E) which are modelled separately from domestic flow using the
Trade Wastewater Generator file. A total trade and commercial flow of 53.6l/s and 108.24 l/s,
respectively, are is used for Hoscar catchment model.

2.2 Future Rainfall
This study applied the output of a Multi-layer Feed forward Artificial Neural Network (MLF-ANN, or
shortly ANN) model (Figure 2), which was used to build a non-linear relation between the observed daily
rainfall (Y) series and the selected set of climatic variables (predictors, X) for winter (months December,
January and February) and summer (months June, July and August) rainfall. The study used two sets of
simulated future rainfall generated by this model for the period 2050s; the first set is generated using
HadCM3 GCM outputs corresponding to SRES emission scenario A1FI (high), and the second set is
generated using SRES emission scenario B1 (low). Rainfall magnitudes (or Design Storms), which are
standard synthetic rainfalls for specific durations (hours or minutes) and return periods used to test
level of services in combined sewer systems, are then obtained from the future rainfall time series by

3
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frequency analysis methodology (cf. Abdellatif 2012). The change prercentage of the future design
storms relative to the base period for a specified return period and duration is then applied to
InfoWorks drainage model to simulate future behaviour of the system.
Hidden Neurons

Input
Neurons

(Optimal size is selected during the training)



X1



Output
Neuron

X2

y

•
•
•

•
•
•

X8





Fig 2 Artificial neural Network structure used for simulating future rainfall

Future rainfall has been also generated by the stochastic weather generator (WG), developed by the UK
Climate Projection 2009 (UKCP09) project (the latest version of UKCIP), for the same two emission scenarios, to compare with the ANN outputs. The rainfall model used in the UKCP09 weather generator is
the Neyman-Scott Rectangular Pulses (NSRP) model (Cowpertwait et al. 1996 a & b), which is one of a
family of point process models. Future design storms for return periods (as in the ANN case) are also
obtained by frequency analysis.

3 Results and Discussions
Figures 3a, b, c and d display comparative plots of seasonal design storms obtained from rainfall generated by the ANN and WG models under scenarios A1FI and B1 for the 2050s, together with the base period. The comparative plots in Figures 3a & b for winter season clearly show that an increase in design
storm is projected to occur under both emission scenarios as obtained by both downscaling models.
Though, there is a difference in the magnitude of the design storm generated by either model for the same
return period, which is attributed to the nature of the two models (i.e. deterministic vs. stochastic). For
the summer seasons, the two downscaling models consistently generated significant decrease in the de4
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sign storms under both scenarios with varying levels of change.

(a)

(b)

(c)

(d)

Fig 3 Hourly design storms for different return periods simulated by ANN and WG for winter (a) A1FI and (b) B1 and
summer (c) A1FI and (d) B1 for the 2050s relative to base period (1961-1990)

The future design storms obtained above are used as inputs to the InfoWorks model of Hoscar drainage
catchment to assess possible future impacts of climate change on the catchment surface flooding, sewer
surcharge and the number of properties at risk of flooding in Hoscar. For the purpose of the comparison,
a 5 year return period design storm for storm durations 60, 120, 180, 360, 480 and 1440 minutes, obtained from future rainfall simulated by both downscaling models, are used as inputs to the Hoscar model. Simulation results obtained, for winter and summer, in terms of total flood volume (m 3) are presented
in Tables 1 and 2. As can be observed from Table 1, the future winter surface flooding volume is projected to increase, under both scenarios, with the increase in storm duration. Under scenario A1FI, the
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projected surface flooding volumes are generally higher when simulated with the ANN model than when
simulated with the WG model; under scenario B1, the reverse is true. Simulation results for summer design storms, presented in Table 2, indicate a decrease in surface flooding volume is predicted by both
model, confirming a decrease of flood risk to properties during this season.
3

Table 1 Flood/Lost Volume (m ) from manholes for the two statistical downscaling approaches for winter for design
strom of 5 year retrun period.
Duration

ANN Model

WG Model

Base period

A1FI

B1

A1FI

B1

60

43755

66933

46215

51491

47526

120

53924

90809

73245

65951

62303

64420

180

62528

122760

81291

74703

360

83603

137622

63682

93497

90884

480

90691

162533

67150

103884

93346

106064

149003

43370.1

134714

124636

1440

3

Table2 Flood/Lost Volume (m ) from manholes for the two statistical downscaling approaches for summer
for design strom of 5 year retrun period.
Duration
60

ANN Model

WG Model

Base period

A1FI

B1

A1FI

B1

40579

26977

19174

26029

28889

120

50132

33904

8680

32789

36221

180

57994

32686

14980

39795

41116

360

73456

57585

23264

59531

61496

480

78319

57628

22749

69860

69860

1440

93290

57859

23968

91305

88630

The number of properties at risk of flooding, due to combined effects of manholes surface flooding and
sewer surcharge above cellar or property floor levels, is also assessed here under the base period and
future conditions. Figures 4 a, b, c and d present the number of properties at risk of flooding for future
winter and summer seasons, under scenarios A1FI and B1, as projected by both downscaling models.
The number of properties at risk of flooding is expected to increase as projected by both models in winter under A1FI emission scenario and mix between increase/decrease for B1 with the highest increase
associated with 60 minutes storm durations (A1FI). The pattern of increase here is similar to that in the
surface flooding volume. During the future summer, as expected, the number of properties at risk of
flooding is projected to decrease sharply.
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Base period

ANN

WG

Base period
700

700

600

Property at risk

Property at risk

800

600
500

400
300
200

WG

500

400
300
200

100

100

0

0
60

120

180

360

480

60

1440

Duration (min)

120

180

Base period

ANN

Base period

WG

700

700

Property at risk

800

600

500
400
300

300

100
360

480

WG

400

200

0

ANN

500

100
180

1440

600

200

120

480

(b)

800

60

360

Duration (min)

(a)

Property at risk

ANN

800

900

0

1440

60

Duration (min)

(c)

120

180

Duration (min)

360

480

(d)

Fig 4 Comparison between ANN and WG in simulating properties at risk of flooding for different durations for winter (a) AFI and (b) B1 and summer(c) A1FI and (d) B1 in 2050s for design storm of 5 year return period

The simulation results presented here show differences in results yielded in the design storms generated
by the two downscaling models and in turn the impact on the drainage system. This could be attributed
mainly to the structure of the WG which is based on reproducing the observed mean daily rainfall stochastically using NSRP approach rather than the daily variability. This is beside the fact that WG is calibrated with data record of 30 years, which lead to significant underestimation of the observed extremes
(Jones et al., 2009). Unlike the WG, ANN model has found to have reasonable fit in reproducing the extremes and daily variability which is calibrated with good rainfall data set (41 years). Moreover, the fact
that the non- linear relation between rainfall and climate variables as predictors with deterministic features of ANN help in obtaining rainfall with the same statistical properties of the observed series. Another issue which could contribute to this difference is the method of fitting used in each model; the ANN
model has been calibrated with backpropagation technique, whereas the WG was calibrated using the
approach of objective function based on historical moments (namely mean, variance, covariance lag 1,
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etc). Estimation of parameters of the WG model is sensitive to the ideal number of the historical moments used in calibration which is still an un-ended problem. So although the results of both statistical
approaches show some differences, both models gave indication of climate change impact on urban
drainage system.

4 Conclusions
In the present study, two different approaches of statistical downscaling models were used to downscale
future rainfall from outputs of HadCM3 GCM under scenarios A1FI and B1. Design storms obtained by
frequency analysis of the future rainfall were used as inputs in the urban drainage system model of Hoscar catchment to study the behavior of the catchment in the future period of 2050s. Simulation results
obtained show that:
1. Some agreements have been captured between the WG and ANN models but differences are still
there when the comparison is held with the design storm and flood risk for the same emission
scenario, which introduced uncertainties in the downscaled rainfall. This is due to model structure, method of calibration and data set used in each model.
2. Although there are differences in the results obtained by the two downscaling models, they are
both indicating possible impacts of climate change on the drainage systems as follow:

x

Magnitude of the design storm for a specified return period is expected to increase during
winter and decrease during summer for both considered scenarios.

x

Surface flooding volume from manholes is projected to increase during winter time under
considered scenarios.

x

Risk during summer season is getting lower as confirmed by both downscaling approaches

3. As for future work, it is recommended to compare the results with more different methods of
downscaling rainfall and asses the quality of the various methods to address the inherent uncertainty in the downscaling approaches and hence it would provide robust assessment tool for water management.

In conclusion, the outcomes of this study could contribute to this important and timely area of research
which tries to answer some questions relating to climate change impact of hydrological extremes on urban drainage systems for long term future.
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ǆƚƌĞŵĞ tĞĂƚŚĞƌ ǀĞŶƚ sĞƌŝĨŝĐĂƚŝŽŶ͗
ĂƐĞ ƐƚƵĚǇ ŽŶ ŚĞĂǀǇ ƌĂŝŶĨĂůů ŽǀĞƌ
ǁĞƐƚĞƌŶEŝŐĞƌ
ďĚŽƵĚĂŵďĚŽƵůͲǌŝǌďĞďĞ;DͿ͕tĂƐƐŝůĂdŚŝĂǁ;EKͿ͕ŶĚĂůŬĂĐŚĞǁĞŬĞůĞ;EKͿ
ϭ͘ ĨƌŝĐĂŶĞŶƚƌĞŽĨDĞƚĞŽƌŽůŽŐŝĐĂůƉƉůŝĐĂƚŝŽŶƐĨŽƌĞǀĞůŽƉŵĞŶƚ;DͿ
Ϯ͘ EĂƚŝŽŶĂůKĐĞĂŶŝĐƚŵŽƐƉŚĞƌŝĐĂŶĚĚŵŝŶŝƐƚƌĂƚŝŽŶ;EKͿ


ďƐƚƌĂĐƚ— dŚĞĨƌŝĐĂŶĞĐŽŶŽŵǇŝƐƉĂƌƚŝĂůůǇĚĞƉĞŶĚĞŶƚŽŶŵĞƚĞŽƌŽůŽŐŝĐĂůŝŶĨŽƌŵĂƚŝŽŶǁŚŝĐŚŝƐ
ƌĞůĂƚĞĚ ƚŽ ƚŚĞ ƌĂŝŶǇ ƐĞĂƐŽŶ͕ ƉĞƌŝŽĚƐ ĨĂǀŽƌĂďůĞ ƚŽ ƚŚĞ ƐŽǁŝŶŐ ĂŶĚ ƚŽ ƚŚĞ ŚĂƌǀĞƐƚƐ͕ ƚŚĞ ůŽŶŐ ĚƌǇ
ƐƉĞůů;ƐĞǀĞƌĂůĚĂǇƐǁŝƚŚĂĨĞǁǁĞĞŬƐͿ͘dŚŝƐŝŶĨŽƌŵĂƚŝŽŶŝƐĐƌƵĐŝĂůƚŽŽƉƚŝŵŝǌĞƚŚĞƉůĂŶŶŝŶŐ͘dŚĞǇ
ĨĂǀŽƌ ůŽŶŐͲůĂƐƚŝŶŐ ;ƐƵƐƚĂŝŶĂďůĞͿ ĂŶĚ ĞĐŽŶŽŵŝĐ ĚĞĐŝƐŝŽŶͲŵĂŬŝŶŐ ƌĞŐĂƌĚŝŶŐ ǀƵůŶĞƌĂďůĞ
ĐŽŵŵƵŶŝƚŝĞƐ͘^Ž͕ƚŚĞŝƌŶĞĞĚƐŝŶƉƌŽĚƵĐƚƐŽĨĨŽƌĞĐĂƐƚƐĐŽǀĞƌƚŚĞƐŚŽƌƚƚĞƌŵƵƉƚŽŵĞĚŝƵŵƐĐĂůĞ͘
dŚĞ ŽĐĐƵƌƌĞŶĐĞ ŽĨ ĞǆƚƌĞŵĞ ǁĞĂƚŚĞƌ ĞǀĞŶƚƐ ƌĞůĂƚĞĚ ƚŽ ĨůŽŽĚŝŶŐ ĂŶĚ ĐůŝŵĂƚĞ ǀĂƌŝĂďŝůŝƚǇ ŝƐ Ă
ĐŚĂůůĞŶŐĞ ĨŽƌ ŽƵƌ DĞƚ ƐĞƌǀŝĐĞƐ ƚŚƌŽƵŐŚ ĨŽƌĞĐĂƐƚŝŶŐ ĚĞƉĂƌƚŵĞŶƚ͕ ƚŚĞƌĞĨŽƌĞ   ĨŽƌĞĐĂƐƚŝŶŐ ƚŚĞƐĞ
ĞǀĞŶƚƐŝŶĂĚǀĂŶĐĞǁŝůůďĞĞƐƐĞŶƚŝĂůĨŽƌŽƵƌĐŽŵŵƵŶŝƚŝĞƐ͕ĚĞĐŝƐŝŽŶƐƚĂŬĞƌƐĂŶĚĚĞĐŝƐŝŽŶƐŵĂŬĞƌƐ͘
/ŶƚŚŝƐƐƚƵĚǇϮϰͲŚŽƌƌĂŝŶĨĂůůĨŽƌĞĐĂƐƚƐďǇƚŚƌĞĞ'ůŽďĂůŵŽĚĞůƐ;EWͬ'&^͕Dt&͕ĂŶĚh<DdͿ
ĂƌĞǀĞƌŝĨŝĞĚĂŐĂŝŶƐƚŐĂƵŐĞƌĂŝŶĨĂůůŽďƐĞƌǀĂƚŝŽŶ͕ďĂƐĞĚŽŶƚŚĞŚĞĂǀǇƌĂŝŶĨĂůůĞǀĞŶƚƚŚĂƚŽĐĐƵƌƌĞĚ
ŽŶƵŐƵƐƚ͕ ϬϲƚŚϮϬϭϮŽǀĞƌEŝŐĞƌZĞƉƵďůŝĐ͘dŚĞǁĞĂƚŚĞƌƐǇƐƚĞŵƐƚŚĂƚůĞĚ ƚŽƚŚŝƐ ŚĞĂǀǇƌĂŝŶĨĂůů
ĞǀĞŶƚ ŝŶĐůƵĚĞ ĂŶ ŽƌŐĂŶŝǌĞĚ D^ ŽǀĞƌ tĞƐƚĞƌŶ EŝŐĞƌ͕ ĚĞĞƉ ůŽǁ ůĞǀĞů ŵŽŶƐŽŽŶ ŝŶĨůŽǁ͕ ǀŽƌƚŝĐĞƐ
ĂŶĚ ǁŝŶĚ ĐŽŶǀĞƌŐĞŶĐĞ ŝŶ ůŽǁĞƌ ƚƌŽƉŽƐƉŚĞƌĞ͕ ǀĞƌǇ ǁĞůů ĚĞĨŝŶĞ : ĂŶĚ t ďĞƚǁĞĞŶ ϳϬϬ ĂŶĚ
ϯϬϬŵď͕ĂƐǁĞůůĂƐd:ĂƚϮϬϬŚƉĂ͘tĞĂůƐŽŶŽƚŝĐĞĚƚŚĞůĞƐƐĨƌĞƋƵĞŶƚůǇŽĐĐƵƌƌŝŶŐϳϬϬŵďǀŽƌƚĞǆ͕
ǁŚŝĐŚŝŶƚŚŝƐĐĂƐĞ͕ŚĂƐůĞĚƚŽĚĞĞƉĂŶĚƉƌŽŶŽƵŶĐĞĚD^ĂŶĚƐƋƵĂůůůŝŶĞƐ͘dŚĞŐĂƵŐĞƌĂŝŶĨĂůůĚĂƚĂ
ŽǀĞƌ ϲϮ ƐƚĂƚŝŽŶƐ ƉƌŽǀŝĚĞĚ ďǇ ƚŚĞ EŝŐĞƌ DĞƚĞŽƌŽůŽŐŝĐĂů ƐĞƌǀŝĐĞƐ ǁĂƐ ƵƐĞĚ ƚŽ ǀĞƌŝĨǇ ƚŚĞ
ĚĞƚĞƌŵŝŶŝƐƚŝĐ ƌĂŝŶĨĂůů ĨŽƌĞĐĂƐƚƐ͘ dŚŝƐ ĐĂƐĞ ǁĂƐ ƐĞůĞĐƚĞĚ ďĂƐĞĚ ŽŶ ƚŚĞ ŚŝŐŚ ĂŵŽƵŶƚ ŽĨ ƌĂŝŶĨĂůů
ĂĐĐƵŵƵůĂƚĞĚ ŽǀĞƌ ƚŚĞ ƐƚƵĚǇ ĂƌĞĂ ŽŶ ƚŚĞ ĚĂǇ ŽĨ ƵŐƵƐƚ͕ ϬϲƚŚ ϮϬϭϮͿ ĂŶĚ ŝƚƐ ĂƐƐŽĐŝĂƚĞĚ ĨůŽŽĚŝŶŐ
ĞǀĞŶƚƌĞƉŽƌƚĞĚŝŶƚŚĞƌĞŐŝŽŶ͘dŚĞŵŽĚĞůŝŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶĂŶĚǀĞƌŝĨŝĐĂƚŝŽŶƐƚĂƚŝƐƚŝĐƐƌĞƐƵůƚƐĂƌĞ
ĂůƐŽƉƌĞƐĞŶƚĞĚ͘/ŶŐĞŶĞƌĂů͕ƚŚĞ'&^ŵŽĚĞůƐŚŽǁĞĚďĞƚƚĞƌƐŬŝůůŝŶƉƌĞĚŝĐƚŝŶŐƐƉĂƚŝĂůĚŝƐƚƌŝďƵƚŝŽŶŽĨ
ƌĂŝŶĨĂůů;ŚŝŐŚĞƌƐƉĂƚŝĂůĐŽƌƌĞůĂƚŝŽŶͿ͕ǁŚŝůĞDt&ƐĞĞŵƚŽŚĂǀĞƉĞƌĨŽƌŵĞĚďĞƚƚĞƌŝŶƉƌĞĚŝĐƚŝŶŐ
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ƚŚĞ ƌĂŝŶĨĂůů ĂŵŽƵŶƚ ;ůŽǁĞƐƚ ĞƌƌŽƌͿ͘ ,ŽǁĞǀĞƌ͕ Ăůů ƚŚĞ ŵŽĚĞůƐ ůŽŽŬĞĚ ƚŽ ŚĂǀĞ ƚŚĞŝƌ ŽǁŶ
ǁĞĂŬŶĞƐƐĞƐ ĂŶĚ ƐƚƌĞŶŐƚŚƐ͖ ǁŚŝůĞ ŽŶĞ ŵŽĚĞů ƐŚŽǁƐ ǁĞĂŬŶĞƐƐĞƐ ŝŶ ĚĞƉŝĐƚŝŶŐ ĐĞƌƚĂŝŶ ĨĞĂƚƵƌĞƐ͕
ƚŚĞŽƚŚĞƌŵŽĚĞůŵĂǇŚĂǀĞďĞƚƚĞƌƌĞƉƌĞƐĞŶƚĂƚŝŽŶŽĨƚŚĞĨĞĂƚƵƌĞ͘

EW͗ EĂƚŝŽŶĂů ĞŶƚĞƌ ŽĨ ŶǀŝƌŽŶŵĞŶƚĂů WƌĞĚŝĐƚŝŽŶ͖ '&^ ͗ 'ůŽďĂů &ŽƌĞĐĂƐƚ ^ǇƐƚĞŵ͖
Dt&͗ ƵƌŽƉĞĂŶ ĞŶƚĞƌ ĨŽƌ DĞĚŝƵŵ ZĂŶŐĞ tĞĂƚŚĞƌ &ŽƌĞĐĂƐƚ͖ h<Dd͗ hŶŝƚĞĚ
<ŝŶŐĚŽŵ DĞƚĞŽƌŽůŽŐŝĐĂů KĨĨŝĐĞ͖  D^͗ DĞƐĐĂůĞ ŽŶǀĞĐƚŝǀĞ ^ǇƐƚĞŵ͖ :͗ ĨƌŝĐĂŶ
ĂƐƚĞƌůǇ:Ğƚ͖t͖ĨƌŝĐĂŶĂƐƚĞƌůǇtĂǀĞƐ͖d:͗ƚƌŽƉŝĐĂůĂƐƚĞƌůǇ:Ğƚ
<ĞǇǁŽƌĚƐ͗ ǆƚƌĞŵĞ tĞĂƚŚĞƌ͕ &ŽƌĞĐĂƐƚ͕ EƵŵĞƌŝĐĂů tĞĂƚŚĞƌ WƌĞĚŝĐƚŝŽŶ KƵƚ WƵƚ͕
sĞƌŝĨŝĐĂƚŝŽŶ

ϭ ͘/ŶƚƌŽĚƵĐƚŝŽŶ
&ƌĞƋƵĞŶƚ ĞǆƚƌĞŵĞ ƌĂŝŶĨĂůů ĞǀĞŶƚƐ ŚĂǀĞ ƐŝŐŶŝĨŝĐĂŶƚ ŝŵƉĂĐƚ ŽŶ ǀĂƌŝŽƵƐ ƐŽĐŝŽ ĞĐŽŶŽŵŝĐ
ĂĐƚŝǀŝƚŝĞƐŝŶtĞƐƚĨƌŝĐĂ͘dŚŝƐƐƚƵĚǇŝƐŽŶĞŽĨƚŚĞĂƚƚĞŵƉƚƐƚŽƉƌĞĚŝĐƚĂŚĞĂĚƐƵĐŚƉŚĞŶŽŵĞŶŽŶďǇ
ƐƚƵĚǇŝŶŐƚŚĞďĞŚĂǀŝŽƌŽĨǁĞĂƚŚĞƌĞůĞŵĞŶƚƐĂŶĚƚŚĞŽĐĐƵƌƌĞŶĐĞŽĨǁĞĂƚŚĞƌĞǀĞŶƚƐƐŽĂƐƚŽŚĞůƉ
ŵŝŶŝŵŝǌĞƚŚĞůŽƐƐĞƐŝŶĐƵƌƌĞĚĨƌŽŵƚŚĞŝƌĚĞƐƚƌƵĐƚŝǀĞĞĨĨĞĐƚƐĂŶĚĂůƐŽŵĂǆŝŵŝǌĞƚŚĞŝƌƉŽƚĞŶƚŝĂůĨŽƌ
ƐƵƐƚĂŝŶĂďůĞĚĞǀĞůŽƉŵĞŶƚĂŶĚĞĂƌůǇǁĂƌŶŝŶŐƐǇƐƚĞŵ͘^ŚŽƌƚƚŝŵĞĨŽƌĞĐĂƐƚŝŶŐŽĨǁĞĂƚŚĞƌĞůĞŵĞŶƚƐ
ƚŽŚĞůƉƚƌĂĐŬ͕ŵŽŶŝƚŽƌĂŶĚďĞĂďůĞƚŽĨŽƌĞĐĂƐƚDĞƐŽƐĐĂůĞĐŽŶǀĞĐƚŝǀĞ^ǇƐƚĞŵŝŶƚŚĞŝƌŵŽǀĞŵĞŶƚ
ĂŶĚŽĐĐƵƌƌĞŶĐĞ͘
/ƚŝƐƚŚĞƌĞĨŽƌĞĞǆƉĞĚŝĞŶƚƚŽǀĞƌŝĨǇƚŚĞƉĞƌĨŽƌŵĂŶĐĞŽĨƚŚĞŵŽĚĞůƐŝŶƵƐĞƐŽĂƐƚŽŬŶŽǁŚŽǁ
ĂĐĐƵƌĂƚĞƚŚĞǇĐĂŶďĞĂŶĚƚŽǁŚĂƚĞǆƚĞŶƚƚŚĞǇĐĂŶďĞƌĞůŝĞĚŽŶ͘dŚŝƐƐƚƵĚǇĐŽŶƐŝĚĞƌƐƚŚƌĞĞŵŽĚͲ
ĞůƐ


ϭ͘ϭ͗<'ZKhE/E&KZDd/KE
EŝŐĞƌ ŝƐ ŽŶĞ ŽĨ ^ĂŚĞů ƌĞŐŝŽŶ ƌŽƵŐŚůǇ ůŽĐĂƚĞĚ ďĞƚǁĞĞŶ ůĂƚŝƚƵĚĞ  ϭϭΣϭ͛ͲϮϯΣϭϳ͛ EŽƌƚŚ ĂŶĚ
ůŽŶŐŝƚƵĚĞϬΣϭϲ͛ͲϭϲΣĂƐƚ͘/ƚŝƐƐĞƚǁŝƚŚŝŶϯŵĂŝŶǌŽŶĞƐŶĂŵĞůǇ͖ƚŚĞ^ĂŚĂƌĂ͕ĞŶƚƌĂůĂŶĚEŽƌƚŚ
^ĂŚĞů^ĂǀĂŶŶĂĂŶĚ^ŽƵƚŚ^ĂŚĞůǁŝƚŚZŝǀĞƌEŝŐĞƌĂŶĚŚŝŐŚůĂŶĚ;ƐƵĐŚĂƐĂŵĂŐĂƌĂŵ͕ŝƌĞĐƚ͙Ϳ͘
,ĂůĨŽĨƚŚĞĐŽƵŶƚƌǇŝƐƵŶĚĞƌƚŚĞŝŶĨůƵĞŶĐĞŽĨƚŚĞ^ĂŚĂƌĂ͘dŚĞƚĞŵƉĞƌĂƚƵƌĞŐƌĂĚŝĞŶƚďĞƚǁĞĞŶƚŚĞ
^^dƐŽǀĞƌƚŚĞƚůĂŶƚŝĐKĐĞĂŶ;ŝŶĐŽŶŶĞĐƚŝŽŶǁŝƚŚWĂĐŝĨŝĐ͛ƐͿĂŶĚƚŚĞ^ĂŚĂƌĂ,ĞĂƚůŽǁƐĂƐƐŽĐŝĂƚĞĚ
ǁŝƚŚƚŚĞďĞŚĂǀŝŽƌ ŽĨǌŽƌĞƐ͕^ŝďĞƌŝĂŶĂŶĚ^ƚ,ĞůĞŶĂ,ŝŐŚŵŽĚƵůĂƚĞƚŚĞ ǁĞĂƚŚĞƌƉĂƚƚĞƌŶƐŽǀĞƌ
ƚŚĞ ĐŽƵŶƚƌǇ͘ tĞĂƚŚĞƌ ĨŽƌĞĐĂƐƚ ŵĂũŽƌůǇ ĚĞƉĞŶĚƐ ŽŶ ŽďƐĞƌǀĂƚŝŽŶ ĚĂƚĂ ĂŶĚ ĨŽƌĞĐĂƐƚ ŵŽĚĞůƐ͘ 
ďĞƚƚĞƌ ƵŶĚĞƌƐƚĂŶĚŝŶŐ ŽĨ ƚŚĞ ƐƚƌĞŶŐƚŚ ĂŶĚ ǁĞĂŬŶĞƐƐ ŽĨ ƚŚĞƐĞ ŵŽĚĞůƐ ǁŝůů ŚĞůƉ ƚŽ ŝŵƉƌŽǀĞ
ǁĞĂƚŚĞƌĨŽƌĞĐĂƐƚĨŽƌďĞƚƚĞƌƵƐĞĚďǇĚĞĐŝƐŝŽŶŵĂŬĞƌƐĂŶĚƚĂŬĞƌƐ͕ĂŶĚĞŶĚƵƐĞƌƐ͘DŽĚĞůƐƐƵĐŚĂƐ

Ϯ
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ƚŚĞ Dt&͕ h<Dd ĂŶĚ DdK&ZE ĂƌĞ ŵŽƐƚůǇ ƵƐĞĚ͘   ĨŽƵƌƚŚ ŵŽĚĞů͕ ƚŚĞ '&^ ŝƐ
ŝŶĐŽƌƉŽƌĂƚĞĚĨŽƌƚŚĞƐĂŬĞŽĨƚŚŝƐƐƚƵĚǇ͘
dŚĞ ƌĂŝŶŝŶŐ ƐĞĂƐŽŶ ƐƚĂƌƚ ĂƌŽƵŶĚ DĂǇ ŝŶ ƚŚĞ ĞǆƚƌĞŵĞ ƐŽƵƚŚ ŽĨ ƚŚĞ ĐŽƵŶƚƌǇ ĂŶĚ ƌŽƵŐŚůǇ
ĞŶĚƚŚƌŽƵŐŚĞĂƌůǇKĐƚŽďĞƌ͘DĂǆŝŵƵŵƌĂŝŶĨĂůůĞǆƉĞĐƚĞĚĚƵƌŝŶŐ:ƵůǇĂŶĚƵŐƵƐƚƐ͘
tĞĚŝƐƚŝŶŐƵŝƐŚĚĞƚĞƌŵŝŶŝƐƚŝĐŽƌƉƌŽďĂďŝůŝƐƚŝĐĨŽƌĞĐĂƐƚ͘/ƚĐŽƵůĚďĞƐƉĂƚŝŽƚĞŵƉŽƌĂůŽƌĐŽƵůĚďĞ
ŽďũĞĐƚͬĞǀĞŶƚŽƌŝĞŶƚĞĚ͕ĞƚĐ͘ĐĐŽƌĚŝŶŐƚŽDƵƌƉŚǇ;ϭϵϵϯͿ͕ĂŐŽŽĚĨŽƌĞĐĂƐƚŝƐĐŽŶƐŝƐƚĞŶƚ;ĚĞŐƌĞĞƚŽ
ǁŚŝĐŚĨŽƌĞĐĂƐƚĐŽƌƌĞƐƉŽŶĚƐǁŝƚŚĨŽƌĞĐĂƐƚĞƌƐďĞƐƚũƵĚŐŵĞŶƚďĂƐĞĚŽŶŚŝƐŬŶŽǁůĞĚŐĞďĂƐĞͿ͕ŚĂƐ
ƋƵĂůŝƚǇ ;ĚĞŐƌĞĞ ƚŽ ǁŚŝĐŚ ĨŽƌĞĐĂƐƚ ĂŐƌĞĞƐ ǁŝƚŚ ĂĐƚƵĂůͿ ĂŶĚ ŚĂƐ ǀĂůƵĞ ;ĚĞŐƌĞĞ ƚŽ ǁŚŝĐŚ ĨŽƌĞĐĂƐƚ
ŚĞůƉƐ ĚĞĐŝƐŝŽŶ ŵĂŬĞƌƐ ƚŽ ŐĂŝŶ ŝŶĐƌĞŵĞŶƚĂů ĞĐŽŶŽŵŝĐ ĂŶĚ ŽƚŚĞƌ ďĞŶĞĨŝƚƐͿ͘ dŚĞ ƋƵĂůŝƚǇ ĂŶĚ
ĐŽŶƐŝƐƚĞŶĐǇ ŽĨ ƚŚĞ ĨŽƌĞĐĂƐƚ ŵŽĚĞůƐ ǁŝůů ďĞ ůŽŽŬĞĚ Ăƚ ŝŶ ƚŚŝƐ ƐƚƵĚǇ ĂƐ ǁĞůů ĂƐ ƚŚĞ ĚĞƚĞƌŵŝŶŝƐƚŝĐ͕
ƉƌŽďĂďŝůŝƐƚŝĐĂŶĚĞǀĞŶƚŽƌŝĞŶƚĞĚĨŽƌĞĐĂƐƚǁŝůůďĞǀĞƌŝĨŝĞĚ͘

Ϯ ͘ϬdEDd,KK>K'z
Ϯ͘ϭ͘'ĞŶĞƌĂů
dŚĞƐƚƵĚǇĂƌĞĂŝƐEŝŐĞƌŝŶtĞƐƚĨƌŝĐĂƌŽƵŐŚůǇůŽĐĂƚĞĚďĞƚǁĞĞŶůĂƚŝƚƵĚĞϭϭʹϮϰΣEĂŶĚůŽŶŐŝƚƵĚĞ
ϬϮʹϭϳΣ͘,ŽǁĞǀĞƌ͕ŵŽƌĞĞŵƉŚĂƐŝƐŝƐŐŝǀĞŶƚŽtĞƐƚĞƌŶEŝŐĞƌŝŶƚŚŝƐƉĂƌƚŝĐƵůĂƌƐƚƵĚǇ͘

&ŝŐƵƌĞϭDĂƉŽĨEŝŐĞƌǁŝƚŚĂǌŽŽŵŽǀĞƌtĞƐƚĞƌŶEŝŐĞƌŝŶďŽǆ͘
dŚĞĚĂƚĂƵƐĞĚŝŶƚŚŝƐƐƚƵĚǇŝŶĐůƵĚĞ͗
•

'ĂƵŐĞƌĂŝŶĨĂůůĚĂƚĂĨƌŽŵϲϮƐƚĂƚŝŽŶƐ͖ƉƌŽǀŝĚĞĚďǇƚŚĞEŝŐĞƌDĞƚĞŽƌŽůŽŐŝĐĂů^ĞƌǀŝĐĞ
ϯ
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•

'^ĂŶĂůǇƐŝƐĚĂƚĂĚŽǁŶůŽĂĚĞĚĨƌŽŵƚŚĞEKĚĂƚĂĂĐŚŝĞǀŝŶŐƐǇƐƚĞŵ;EKD^Ϳ͘

•

'ůŽďĂůŵŽĚĞůƉƌĞĚŝĐƚŝŽŶĚĂƚĂĨŽƌƚŚĞEWͬ'&^͕Dt&ĂŶĚh<Dd͕ĚŽǁŶůŽĂĚĞĚĨƌŽŵ
ƚŚĞd/''ͬDt&ĚĂƚĂƉŽƌƚĂů͘

•

^ĂƚĞůůŝƚĞĚĂƚĂŽďƚĂŝŶĞĚĨƌŽŵƚŚĞEKͬWůŽĐĂůĐŽŵƉƵƚĞƌƐ͘

dŚĞŵĞƚŚŽĚƐƵƐĞĚŝŶƚŚŝƐƐƚƵĚǇŝŶĐůƵĚĞ͗
•

ǇĞͲďĂůůŵĞƚŚŽĚŽĨǀĞƌŝĨŝĐĂƚŝŽŶĨŽƌŵŽĚĞů/ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ

•

ĂƐŝĐ ǀĞƌŝĨŝĐĂƚŝŽŶ ƐƚĂƚŝƐƚŝĐƐ ƐƵĐŚ ĂƐ͕ ŵĞĂŶ ĞƌƌŽƌ ;ďŝĂƐͿ͕ ƌŵƐĞ͕ ĐƌŝƚŝĐĂů ƐƵĐĐĞƐƐ ŝŶĚĞǆ ;^/Ϳ
ĂŶĚƐƉĂƚŝĂůĐŽƌƌĞůĂƚŝŽŶ͘
Ϯ͘Ϯ͘ĞƐĐƌŝƉƚŝŽŶŽĨ^ƚĂƚŝƐƚŝĐĂů^ĐŽƌĞƐ͗
YƵĂŶƚŝƚĂƚŝǀĞ ƐƚĂƚŝƐƚŝĐĂů ĂŶĂůǇƐŝƐ ŽĨ ƚŚĞ ŵŽĚĞů ŝŶ ƉƌĞĚŝĐƚŝŶŐ ŽĐĐƵƌƌĞŶĐĞ ŽĨ ƚŚĞ ĞǀĞŶƚ ǁĂƐ

ĚŽŶĞ ƵƐŝŶŐ Ă ŶŽŶͲƉĂƌĂŵĞƚƌŝĐ ƐŬŝůů ƐĐŽƌĞ ĨŽůůŽǁŝŶŐ ;ǁŝůŬƐ͕ ϭϵϵϱ͕ ,ĂŶƐƐĞŶ <ƵŝƉĞƌ͕ ϭϵϲϱͿ
ŵĞƚŚŽĚŽůŽŐǇ͘ dŚĞ ĂŶĂůǇƐŝƐ ǁĂƐ ĚĞĐŽŵƉŽƐĞĚ ĐĂƚĞŐŽƌŝĐĂůůǇ ĨŽƌ Ă ŶƵŵďĞƌ ŽĨ ƉƌĞĐŝƉŝƚĂƚŝŽŶ
ƚŚƌĞƐŚŽůĚĨŽƌĞĐĂƐƚƐĂŶĚŽďƐĞƌǀĂƚŝŽŶƐ͘dŚŝƐŵĞƚŚŽĚŽůŽŐǇǁĂƐĐŚŽƐĞŶďĞĐĂƵƐĞŽĨŝƚƐƐƵŝƚĂďŝůŝƚǇĨŽƌ
ƚŚŝƐŬŝŶĚŽĨǀĞƌŝĨŝĐĂƚŝŽŶĂŶĚŽĨƚĞŶ&ŽƌĞĐĂƐƚĞƌƐĐŽŶĐĞƉƚƵĂůůǇŝŶƚĞƌƉƌĞƚŵŽĚĞůŽƵƚƉƵƚŝŶĂƐŝŵŝůĂƌ
ǁĂǇ͘DŽƌĞŽǀĞƌƚŚĞŵĞƚŚŽĚŽůŽŐǇĂǀŽŝĚƐƉĞŶĂůŝǌĂƚŝŽŶŽĨƚŚĞŵŽĚĞůĨŽƌƚŚĞĨŽƌĞĐĂƐƚƐƚŚĂƚĂƌĞŶŽƚ
ĞǆĂĐƚďƵƚĐĂŶďĞĐŽŶƐŝĚĞƌĞĚĂƉƉƌŽǆŝŵĂƚĞůǇĐŽƌƌĞĐƚĂŶĚƵƐĞĨƵů͘
dŚĞƐŬŝůůƐĐŽƌĞƐĂƌĞƐƵŵŵĂƌŝǌĞĚƵƐŝŶŐƐƚĂƚŝƐƚŝĐĂůĂŶĂůǇƐŝƐ͘


ŝĂƐƐĐŽƌĞ;ĨƌĞƋƵĞŶĐǇďŝĂƐͿс;/^с,ŝƚƐн&ĂůƐĞĂůĂƌŵƐͿͬ,ŝƚƐнDŝƐƐĞƐ




ZŽŽƚŵĞĂŶƐƋƵĂƌĞĞƌƌŽƌсZD^

dŚƌĞĂƚƐĐŽƌĞ;ĐƌŝƚŝĐĂůƐƵĐĐĞƐƐŝŶĚĞǆͿсd^с^/с,ŝƚƐͬ;,ŝƚƐнDŝƐƐĞƐн&ĂůƐĞĂůĂƌŵƐͿ

ϰ
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ϯ͘ZĞƐƵůƚƐĂŶĚŝƐĐƵƐƐŝŽŶƐ
ϯ͘ϭ^ĂƚĞůůŝƚĞ/ŵĂŐĞƌŝĞƐ
&ŝŐƵƌĞϮƐŚŽǁDĞƐŽƐĐĂůĞĐŽŶǀĞĐƚŝŽŶƚŚĂƚĚĞǀĞůŽƉĞĚĂĐƌŽƐƐEŽƌƚŚĞƌŶEŝŐĞƌŝĂĂŶĚƉŽƌƚŝŽŶ
ŽĨ EŝŐĞƌ͕ ĂŶĚ ƚŚĞŶ ƉƌŽƉĂŐĂƚĞ ǁĞƐƚǁĂƌĚƐ ƚŽ ĂĨĨĞĐƚ tĞƐƚ EŝŐĞƌ ĂŶĚ ŵŽƐƚ ƉĂƌƚ ŽĨ ƵƌŬŝŶĂ &ĂƐŽ
ƚŚƌŽƵŐŚ ϱƚŚ ƚŽ ϬϲƚŚ ƵŐƵƐƚϮϬϭϮ͘ ^ŝŐŶŝĨŝĐĂŶƚ ƌĂŝŶĨĂůů ĂŵŽƵŶƚ ǁĞƌĞ ƌĞƉŽƌƚĞĚ ŝŶ ƌĞůĂƚŝŽŶ ƚŽ ƚŚŝƐ
ƐƉĞĐŝĨŝĐƐƋƵĂůůůŝŶĞ͘


&ŝŐƵƌĞϮ͘^ĂƚĞůůŝƚĞ/ŵĂŐĞƌŝĞƐ
&ŝŐƵƌĞϮ ĂŶĚ ĨŝŐƵƌĞ ϯ ƐŚŽǁ ƚŚĞ ĨƵƌƚŚĞƌ ƉƌŽƉĂŐĂƚŝŽŶ ŽĨ ƚŚĞ ƐƋƵĂůů ůŝŶĞ ŽǀĞƌ ƐŽŵĞ tĞƐƚ
ĨƌŝĐĂŶĐŽƵŶƚƌŝĞƐ͘

ϱ
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&ŝŐƵƌĞϯ͘^ĂƚĞůůŝƚĞ/ŵĂŐĞƌŝĞƐ
ϯ͘ϮZĂŝŶĨĂůů&ŽƌĞĐĂƐƚ͕DŽĚĞůƐ/ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ
ϮϰͲŚŽƵƌ ƌĂŝŶĨĂůů ĨŽƌĞĐĂƐƚ ĨƌŽŵ ƚŚƌĞĞ ŐůŽďĂů EtW ŵŽĚĞůƐ ĂƌĞ ĐŽŵƉĂƌĞĚ ǁŝƚŚ ƌĂŝŶĨĂůů
ŽďƐĞƌǀĂƚŝŽŶĨƌŽŵϲϮƐƚĂƚŝŽŶƐŐĂƵŐĞƌĂŝŶĨĂůů;&ŝŐƵƌĞϰͿ͘dŚĞƌĞƐƵůƚƐŚŽǁƐƚŚĂƚDt&ĂŶĚh<Dd
ǁĞƌĞĂďůĞƚŽƉƌĞĚŝĐƚƐŝŐŶŝĨŝĐĂŶƚƌĂŝŶĨĂůůŽǀĞƌtĞƐƚEŝŐĞƌ͕ďƵƚƚŚĞƐƉĂƚŝĂůĚŝƐƚƌŝďƵƚŝŽŶǁĂƐŶŽƚǁĞůů
ĐĂƉƚƵƌĞĚďǇďŽƚŚŵŽĚĞůƐ͘,ŽǁĞǀĞƌƚŚĞ'&^ŵŽĚĞůƐĞĞŵƐƚŽŽǀĞƌĞƐƚŝŵĂƚĞƌĂŝŶĨĂůůŽǀĞƌǁĞƐƚĞƌŶ
EŝŐĞƌ͕ǁŚŝůĞƚŚĞƌĂŝŶĨĂůůƉƌĞĚŝĐƚĞĚďǇƚŚĞ'&^ŵŽĚĞůƐĞĞŵƐƚŽĐŽǀĞƌůĂŐĞƌĂƌĞĂŽĨŚĞĂǀǇƌĂŝŶĨĂůů
ĂƐĐŽŵƉĂƌĞĚƚŽƚŚĞŐĂƵŐĞŽďƐĞƌǀĂƚŝŽŶ͘


ϲ
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&ŝŐƵƌĞϰ͘DŽĚĞů/ŶƚĞƌͲŽŵƉĂƌŝƐŽŶ͖'ůŽďĂůDŽĚĞůƐs^ŐĂƵŐĞƌĂŝŶĨĂůů͘
ϯ͘ϯŝĂŐŶŽƐŝƐŽĨsĞƌƚŝĐĂůWƌŽĨŝůĞ
&ŝŐƵƌĞϱ͖ϲĂŶĚϳƐŚŽǁƐĚŝƵƌŶĂůǀĂƌŝĂƚŝŽŶŽĨƚŚĞǀĞƌƚŝĐĂůǁŝŶĚƉƌŽĨŝůĞĂůŽŶŐϭϮ͖ϭϯĂŶĚϭϰE
ůĂƚŝƚƵĚĞƐ ƌĞƐƉĞĐƚŝǀĞůǇ͘ dŚĞ ĚŝĂŐŶŽƐŝƐ ƐŚŽǁƐ ƚŚĞ ĚĞƉƚŚ ŽĨ ƚŚĞ ŵŽŶƐŽŽŶ ĨůŽǁ͕ :͕ t͕ ǀŽƌƚĞǆ͕
d:ĂŶĚƚŚĞŝƌǁĞƐƚǁĂƌĚƉƌŽƉĂŐĂƚŝŽŶ͘


&ŝŐƵƌĞϱ͗sĞƌƚŝĐĂůǁŝŶĚƉƌŽĨŝůĞ͕ƐŚŽǁŝŶŐĚĞĞƉtƵƉƚŽϯϬϬŵď͕ƐŝŐŶŝĨŝĐĂŶƚ:ĂƚϲϬϬŵďǁŝƚŚĂ
ǀŽƌƚĞǆĂƚϳϬϬŵďĂŶĚƚŚĞd:ĂƚϮϬϬŵď;ĂůŽŶŐϭϮŽEůĂƚŝƚƵĚĞͿ͘

ϳ
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&ŝŐƵƌĞϲ͗^ŚŽǁŝŶŐĚĞĞƉtƵƉƚŽϰϬϬŵď͕ƐŝŐŶŝĨŝĐĂŶƚ:ĂƚϲϬϬŵďǁŝƚŚĂǀŽƌƚĞǆĂƚϴϱϬŵďĂŶĚ
ƚŚĞd:ĂƚϮϬϬŵď;ĂůŽŶŐϭϯŽEůĂƚŝƚƵĚĞͿ͘



&ŝŐƵƌĞϳ^ŚŽǁŝŶŐĚĞĞƉtƵƉƚŽϯϬϬŵď͕ƐŝŐŶŝĨŝĐĂŶƚ:ĂƚϲϬϬŵďǁŝƚŚĂǀŽƌƚĞǆĂƚϴϬϬŵďĂŶĚ
ƚŚĞd:ĂƚϮϬϬŵď;ĂůŽŶŐϭϰŽE>ĂƚŝƚƵĚĞͿ͘


ϯ͘ϰWƌĞƐƐƵƌĞĂŶĚƚĞŵƉĞƌĂƚƵƌĞdĞŶĚĞŶĐǇ
&ŝŐƵƌĞϴĂŶĚϵƐŚŽǁƐĚŝĂŐŶŽƐŝƐŽĨƚŚĞdĞŵƉĞƌĂƚƵƌĞĂŶĚWƌĞƐƐƵƌĞƚĞŶĚĞŶĐŝĞƐ͕ƌĞƐƉĞĐƚŝǀĞůǇ͘
&ŝŐƵƌĞ ϴ ƐŚŽǁƐ ŝŶƚĞŶƐĞ ŚĞĂƚŝŶŐ ĂŶĚ ĂƐ Ă ƌĞƐƵůƚ͕ ƐŝŐŶŝĨŝĐĂŶƚ ƉƌĞƐƐƵƌĞ ĨĂůůƐ ;ĨŝŐƵƌĞ ϵͿ ŽĐĐƵƌ ŽǀĞƌ
ƐŽƵƚŚĂŶĚǁĞƐƚEŝŐĞƌŽŶϱƚŚĂŶĚϲƚŚƵŐƵƐƚ͕ĐŽŶƐĞƋƵĞŶƚůǇůĂƚĞŶƚŚĞĂƚĂŶĚƐĞŶƐŝďůĞŚĞĂƚǁŚŝĐŚ
ƐĞƌǀĞĂƐĞŶĞƌŐǇƌĞƐĞƌǀŽŝƌĨŽƌƚŚĞƐǇƐƚĞŵŝŶĂƐƐŽĐŝĂƚŝŽŶǁŝƚŚƚŚĞŽŶĚŝƚŝŽŶĂů/ŶƐƚĂďŝůŝƚǇŽĨ^ĞĐŽŶĚ
<ŝŶĚ;/^<Ϳ͘

ϴ
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&ŝŐƵƌĞ ϴ͕ dĞŵƉĞƌĂƚƵƌĞ dĞŶĚĞŶĐŝĞƐ͖ ƵŐ ϱ ʹ
ƵŐϰ;ƚŽƉͲůĞĨƚͿ͕ƵŐϲͲƵŐϱ;ƚŽƉͲƌŝŐŚƚͿĂŶĚ
ƵŐϳͲƵŐϲ;ďŽƚƚŽŵͲůĞĨƚͿ


&ŝŐƵƌĞ ϵ͕    WƌĞƐƐƵƌĞ dĞŶĚĞŶĐŝĞƐ͖ ƵŐ ϱ ʹ
ƵŐϰ;ƚŽƉͲůĞĨƚͿ͕ƵŐϲͲƵŐϱ;ƚŽƉͲƌŝŐŚƚͿĂŶĚ
ƵŐϳͲƵŐϲ;ďŽƚƚŽŵͲůĞĨƚͿ



ϯ͘ϱ/ŶƚĞƌdƌŽƉŝĐĂůŝƐĐŽŶƚŝŶƵŝƚǇ;/dͿ
dŚĞ ϭϬŵ ǁŝŶĚ ĂŶĚ dĚ Ăƚ ϮŵĞƚĞƌ ŚĂǀĞ ďĞĞŶ ƵƐĞĚ ƚŽ ĚĞƚĞƌŵŝŶĞ /d ƌĞůĂƚŝǀĞ  ƉŽƐŝƚŝŽŶ
ĂƌŽƵŶĚůĂƚŝƚƵĚĞϮϬΣE͕ŚŽǁĞǀĞƌĂůůƚŚĞŵŽĚĞůƐ;ĨŝŐƵƌĞϭϬͿƐĞĞŵƚŽďĞƐŚŝĨƚŝŶŐƚŚĞ/dƉŽƐŝƚŝŽŶ
ϭ͘ϬΣƚŽϭ͘ϱΣEŽƌƚŚĐŽŵƉĂƌĞƚŽŝƚƐƉŽƐŝƚŝŽŶĨŽƌŵĚŝƵƌŶĂůĐǇĐůĞĂŶĂůǇƐŝƐ;ĨŝŐƵƌĞϭϭͿ͘


&ŝŐƵƌĞ ϭϬ͕ DŽĚĞů /ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ ;'&^͕
Dt&͕h<Dds^'^ĂŶĂůǇƐŝƐͿ

&ŝŐƵƌĞϭϭ͕ŝƵƌŶĂůsĂƌŝĂƚŝŽŶďĂƐĞĚŽŶ'^
ĂŶĂůǇƐŝƐ;ϬϬƚŽϭϴͿ

ϯ͘ϲtŝŶĚĨůŽǁĂƚϴϱϬŵď
&ŝŐƵƌĞϭϮĂŶĚĨŝŐƵƌĞϭϯƐŚŽǁŵŽĚĞůŝŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶŽĨƚŚĞϮϰͲŚŽƵƌϴϱϬŵďǁŝŶĚĨŽƌĞĐĂƐƚ
ĂŐĂŝŶƐƚ '^ ĂŶĂůǇƐŝƐ͕ ǀĂůŝĚ Ăƚ ϭϮ ĂŶĚ ϭϴ͕ ƌĞƐƉĞĐƚŝǀĞůǇ͘ /Ŷ ŐĞŶĞƌĂů͕ dŚĞ '&^ ŵŽĚĞů ƐŚŽǁƐ
ĚĞĞƉĞƌ ĂŶĚ ƐŝŐŶŝĨŝĐĂŶƚ ŵŽŶƐŽŽŶ ŝŶĨůƵǆ ĂŶĚ ŵŽŶƐŽŽŶ  ǀŽƌƚĞǆ ͕ ǁŚŝůĞ h<Dd ĂŶĚ Dt&
ĚĞƉŝĐƚĞĚ ŽŶůǇ  ƚƌŽƵŐŚ͕ ǀĞůŽĐŝƚǇ ĂŶĚ ǁŝŶĚ ĐŽŶǀĞƌŐĞŶĐĞ ŽǀĞƌ EŝŐĞƌ ďŽƚŚ Ăƚ ϭϮϬϬ hd ĂŶĚ ϭϴϬϬ
hd͘
ϵ
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&ŝŐƵƌĞ ϭϮ͕ ϮϰͲŚƌ ϴϱϬŵď ǁŝŶĚ ĨŽƌĞĐĂƐƚ͘
&ŝŐƵƌĞ ϭϯ͕ ϮϰͲŚƌ ϴϱϬŵď ǁŝŶĚ ĨŽƌĞĐĂƐƚ͘
DŽĚĞů /ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ ;'&^͕ Dt&͕
DŽĚĞů /ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ ;'&^͕ Dt&͕
h<Dd s^ '^ ĂŶĂůǇƐŝƐ Ăƚ ϭϮͿ
h<Dds^'^ĂŶĂůǇƐŝƐĂƚϭϴͿ
ϯ͘ϳ͘ϳϬϬŵď
ϯ͘ϳ͘ϭ͘tŝŶĚ&ůŽǁ

&ŝŐƵƌĞϭϰĂŶĚϭϱĂƚϳϬϬŵď͕ŵŽƌĞŽƌůĞƐƐĂůůƚŚĞŵŽĚĞůƐǁĞƌĞĂďůĞƚŽƐŚŽǁĂǀĞƌǇǁĞůů
ĚĞĨŝŶĞĚǀŽƌƚĞǆ͕ĂƉƌŽŶŽƵŶĐĞĚǁĞƐƚǁĂƌĚƉƌŽƉĂŐĂƚŝŶŐtĂŶĚŵŽĚĞƌĂƚĞƚŽƐƚƌŽŶŐ:ĂĨĨĞĐƚŝŶŐ
ƉŽƌƚŝŽŶ ŽĨ EŝŐĞƌ͘ /Ŷ ŐĞŶĞƌĂů͕ ƚŚĞ EW ŵŽĚĞů ǁĂƐ ĂďůĞ ƚŽ ĚĞƉŝĐƚ ƉĂƚƚĞƌŶƐ ƐĞĞŶ ŝŶ ƚŚĞ '^
ĂŶĂůǇƐŝƐ ďĞƚƚĞƌ͕ ĂƐ ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ŽƚŚĞƌ ƚǁŽ ŵŽĚĞůƐ͘ dŚĞ ĚĞĞƉ ĐŽŶǀĞĐƚŝŽŶ ŽďƐĞƌǀĞĚ   ŽŶ
ƵŐƵƐƚϲŽǀĞƌEŝŐĞƌǁĂƐĞŵďĞĚĚĞĚǁŝƚŚŝŶƚŚĞĞǆƚĞŶƚŽĨĨƌŝĐĂŶĞĂƐƚĞƌůǇǁĂǀĞƐ͘dŚĞƐƚƌĞŶŐƚŚŽĨ
:͕ŚĞŶĐĞƚŚĞǀĞƌƚŝĐĂůǁŝŶĚƐŚĞĂƌĚĞƚĞƌŵŝŶĞƐƚŚĞƚǇƉĞĂŶĚƐĞǀĞƌŝƚǇŽĨƚŚĞƐƚŽƌŵ͘

&ŝŐƵƌĞ ϭϰ͘   ϮϰͲŚƌ ϳϬϬŵď ǁŝŶĚ ĨŽƌĞĐĂƐƚ͘
DŽĚĞů /ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ ;'&^͕ Dt&͕
h<Dds^'^ĂŶĂůǇƐŝƐĂƚϭϮͿ

&ŝŐƵƌĞ ϭϱ͘    ϮϰͲŚƌ ϳϬϬŵď ǁŝŶĚ ĨŽƌĞĐĂƐƚ͘
DŽĚĞů /ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ ;'&^͕ Dt&͕
h<Dds^'^ĂŶĂůǇƐŝƐĂƚϭϴͿ

ϭϬ
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ϯ͘ϳ͘ϮZĞůĂƚŝǀĞsŽƌƚŝĐŝƚǇ

Ɛ ƐŚŽǁŶ ŝŶ ĨŝŐƵƌĞƐ ϭϲ ĂŶĚ ϭϳ͕ Ăƚ ϳϬϬ ŵď͕ Ăůů ƚŚĞ ƚŚƌĞĞ ŵŽĚĞůƐ ǁĞƌĞ ĂďůĞ ƚŽ ĚĞƉŝĐƚ
ŚŝŐŚĞƌƌĞůĂƚŝǀĞǀŽƌƚŝĐŝƚǇǀĂůƵĞƐĂŶĚƉĂƚƚĞƌŶĂĐƌŽƐƐƚŚĞ^ĂŚĞůƌĞŐŝŽŶ͕ǁŚŝĐŚŝƐƐŽŵĞǁŚĂƚƐŝŵŝůĂƌƚŽ
ƚŚĂƚŽĨŝŶĚŝĐĂƚĞĚďǇƚŚĞ'^ĂŶĂůǇƐŝƐ͘dŚĞƐĞƉĂƚƚĞƌŶƐŽĨǀŽƌƚŝĐŝƚǇŵƵƐƚŚĂǀĞĐŽŶƚƌŝďƵƚĞĚƚŽƚŚĞ
ŽďƐĞƌǀĞĚŚŝŐŚƌĂŝŶĨĂůůŽǀĞƌEŝŐĞƌĂŶĚŶĞŝŐŚďŽƌŝŶŐĂƌĞĂƐ͘


&ŝŐƵƌĞ ϭϲ͕ ϮϰͲŚƌ ϳϬϬŵď ƌĞůĂƚŝǀĞ ǀŽƌƚŝĐŝƚǇ͘
DŽĚĞů /ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ ;'&^͕ Dt&͕
h<Dds^'^ĂŶĂůǇƐŝƐĂƚϭϮͿ

&ŝŐƵƌĞ ϭϳ͕ ϮϰͲŚƌ ϳϬϬŵď ƌĞůĂƚŝǀĞ ǀŽƌƚŝĐŝƚǇ͘
DŽĚĞů /ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ ;'&^͕ Dt&͕
h<Dds^'^ĂŶĂůǇƐŝƐĂƚϭϴͿ


ϯ͘ϳ͘ϯ,ŽƌŝǌŽŶƚĂůŽŶǀĞƌŐĞŶĐĞ


ƐƐŚŽǁŶŝŶ&ŝŐƵƌĞƐϭϴĂŶĚϭϵ͕ƚŚĞEWĂŶĚƚŚĞDt&ŵŽĚĞůƐǁĞƌĞĂďůĞƚŽĐĂƉƚƵƌĞ
ƚŚĞ ĐŽŶǀĞƌŐĞŶĐĞ ƉĂƚƚĞƌŶ ŽďƐĞƌǀĞĚ ŽŶ ƚŚĞ '^ ĂŶĂůǇƐŝƐ͘ ,ŽǁĞǀĞƌ͕ ƚŚĞ ƉĂƚƚĞƌ Ŷ ƐĞĞŶ ŽŶ ƚŚĞ
EWŵŽĚĞůƌĞƐĞŵďůĞƐďĞƚƚĞƌƚŚĞƉĂƚƚĞƌŶƐŽĨƚŚĞ'^ĂŶĂůǇƐŝƐ͘dŚŝƐĐŽŶǀĞƌŐĞŶĐĞƉĂƚƚĞƌŶŵƵƐƚ
ŚĂǀĞĐŽŶƚƌŝďƵƚĞĚŝŶƚƌŝŐŐĞƌŝŶŐĂŶĚŵĂŝŶƚĂŝŶŝŶŐƚŚĞŽďƐĞƌǀĞĚD^͘






&ŝŐƵƌĞ ϭϴ͕ ϮϰͲŚƌ ϳϬϬŵď ŚŽƌŝǌŽŶƚĂů
ĐŽŶǀĞƌŐĞŶĐĞ͘DŽĚĞů/ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ;'&^͕
Dt&͕h<Dds^'^ĂŶĂůǇƐŝƐĂƚϭϮͿ

&ŝŐƵƌĞ ϭϵ͕ ϮϰͲŚƌ ϳϬϬŵď ŚŽƌŝǌŽŶƚĂů
ĐŽŶǀĞƌŐĞŶĐĞ͘DŽĚĞů/ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ;'&^͕
Dt&͕h<Dds^'^ĂŶĂůǇƐŝƐĂƚϭϴͿ

22

ϯ͘ϴ͘ŝƵƌŶĂůǇĐůĞŽĨsĞƌƚŝĐĂůůǇ/ŶƚĞŐƌĂƚĞĚDŽŝƐƚƵƌĞ&ůƵǆ
&ŝŐƵƌĞϮϬƐŚŽǁƚŚĞǀĞƌƚŝĐĂůůǇŝŶƚĞŐƌĂƚĞĚŵŽŝƐƚƵƌĞĨůƵǆĞƐĨƌŽŵƐƵƌĨĂĐĞƵƉƚŽϱϬϬŵďĂƐƉĞƌ
ƚŚĞ'^ĂŶĂůǇƐŝƐ͘dŚĞĂŶĂůǇƐŝƐĐůĞĂƌůǇŝŶĚŝĐĂƚĞƐƚŚĞĐŽŶƚƌŝďƵƚŝŽŶƐŽĨƚŚĞŵŽŶƐŽŽŶĨůƵǆĂƐǁĞůů
ĂƐĨůƵǆĞƐĚƵĞƚŽǁĞƐƚǁĂƌĚƉƌŽƉĂŐĂƚŝŶŐƐǇƐƚĞŵƐ͘,ŝŐŚĞƌĨůƵǆĞƐĂŶĚƚŚĞŝƌĂƐƐŽĐŝĂƚĞĚĐŽŶǀĞƌŐĞŶĐĞƐ
ǁĞƌĞ ŽďƐĞƌǀĞĚ ŽǀĞƌ EŝŐĞƌ͕ ĐůŽƐĞ ƚŽ ƚŚĞ ĂƌĞĂ ŚĞĂǀǇ ƌĂŝŶĨĂůů ĞǀĞŶƚ͕ ǁŚŝůĞ ƐůŝŐŚƚůǇ ƉƌŽƉĂŐĂƚŝŶŐ
ǁĞƐƚǁĂƌĚďĞƚǁĞĞŶϬϬĂŶĚϭϴ͘


&ŝŐƵƌĞϮϰ͕ŶĂůǇƐŝƐŽĨĚŝƵƌŶĂůǀĂƌŝĂƚŝŽŶŽĨǀĞƌƚŝĐĂůůǇŝŶƚĞŐƌĂƚĞĚŵŽŝƐƚƵƌĞĨůƵǆĨŽƌƵŐƵƐƚϲ͕ϮϬϭϮ͘
ϯ͘ϵhƉƉĞƌ>ĞǀĞůŝǀĞƌŐĞŶĐĞĂŶĚtŝŶĚ&ůŽǁ
ϯ͘ϵ͘ϭhƉƉĞƌůĞǀĞůĚŝǀĞƌŐĞŶĐĞ

&ŝŐƵƌĞϮϬĂŶĚϮϭƐŚŽǁƐƚƌŽŶŐƵƉƉĞƌůĞǀĞůĚŝǀĞƌŐĞŶĐĞŶĞĂƌƚŚĞĐŽŶǀĞĐƚŝŽŶĂƌĞĂďŽƚŚĂƚ
ϭϮǌĂŶĚ ϭϴǌ͘ůů ƚŚĞƚŚƌĞĞŵŽĚĞůƐĂƌĞĂďůĞ ƚŽĚĞƉŝĐƚƚŚĞƐĞƉĂƚƚĞƌŶƐ ǁŚŝĐŚƌĞĂůůǇĐŽŶƚƌŝďƵƚĞƚŽ
ŵĂŝŶƚĂŝŶƚŚĞƐǇƐƚĞŵ͘




&ŝŐƵƌĞ ϮϬ͕ ϮϰͲŚƌ ϮϬϬŵď ƵƉƉĞƌ ůĞǀĞů
&ŝŐƵƌĞ Ϯϭ͕ ϮϰͲŚƌ ϮϬϬŵď ƵƉƉĞƌ ůĞǀĞů
ĚŝǀĞƌŐĞŶĐĞ͘ DŽĚĞů /ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ ;'&^͕
ĚŝǀĞƌŐĞŶĐĞ͘ DŽĚĞů /ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ ;'&^͕
Dt&͕ h<Dd s^ '^ ĂŶĂůǇƐŝƐ Ăƚ ϭϮͿ
Dt&͕h<Dds^'^ĂŶĂůǇƐŝƐĂƚϭϴͿ

23

ϯ͘ϵ͘ϮtŝŶĚĨůŽǁĂƚϮϬϬŵďĂŶĚd:ŵŽĚĞůƐŝŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ

&ŝŐƵƌĞ ϮϮ ĂŶĚ Ϯϯ ƐŚŽǁ ŵŽĚĞůƐ ŝŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ ĨŽƌ ϮϬϬŵď ǁŝŶĚ ĨŽƌĞĐĂƐƚ͘ dŚĞ ĨůŽǁ
ƉĂƚƚĞƌŶ ƐŚŽǁƐ ƚŚĞ ƐĞĂƐŽŶĂů ƵƉƉĞƌ ůĞǀĞů ĂƐƚĞƌůŝĞƐ ĂŶĚ ƚŚĞ ĂƐƐŽĐŝĂƚĞĚ dƌŽƉŝĐĂů ĂƐƚĞƌůǇ :Ğƚ ƚŚĂƚ
ŵĂǇŚĂǀĞĐŽŶƚƌŝďƵƚĞĚƚŽƚŚĞǁĞƐƚǁĂƌĚƉƌŽƉĂŐĂƚŝŽŶŽĨƚŚĞĐŽŶǀĞĐƚŝǀĞƐǇƐƚĞŵƐ͘





&ŝŐƵƌĞϮϮ͕ϮϰͲŚƌǁŝŶĚĨůŽǁĂƚϮϬϬŵďƵƉƉĞƌ
&ŝŐƵƌĞϮϯ͕ϮϰͲŚƌǁŝŶĚĨůŽǁĂƚϮϬϬŵď
ůĞǀĞůDŽĚĞů/ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ;'&^͕Dt&͕
ƵƉƉĞƌůĞǀĞůDŽĚĞů/ŶƚĞƌͲĐŽŵƉĂƌŝƐŽŶ
h<Dds^'^ĂŶĂůǇƐŝƐĂƚϭϴͿ
;'&^͕Dt&͕h<Dds^'^ĂŶĂůǇƐŝƐ

Ϳ

24

/DWd^tKZ>ϮϬϭϯ͕/EdZEd/KE>KE&ZEKE>/Dd,E'&&d^͕
WKd^D͕DzϮϳͲϯϬ

ϰ͘^ƚĂƚŝƐƚŝĐĂůŶĂůǇƐŝƐ
ϰ͘ϭŝĂƐ
&ŝŐƵƌĞ Ϯϰ ƐŚŽǁƐ ƚŚĞ ĂǀĞƌĂŐĞ ďŝĂƐ ŽǀĞƌ tĞƐƚ EŝŐĞƌ ;ŵĞĂŶ ĞƌƌŽƌͿ ĨŽƌ '&^͕ h<Dd ĂŶĚ
Dt& Ϯϰ ŚŽƵƌƐ ƌĂŝŶĨĂůů ĨŽƌĞĐĂƐƚ ǀĞƌƐƵƐ ŽďƐĞƌǀĞĚ ƌĂŝŶĨĂůů ĂŵŽƵŶƚ͖ ŝƚ ĐůĞĂƌůǇ ĂƉƉĞĂƌƐ ƚŚĂƚ '&^
ƐŚŽǁƚŚĞŚŝŐŚĞƐƚƉŽƐŝƚŝǀĞďŝĂƐ͕ĂŶŝŶĚŝĐĂƚŝŽŶŽĨƐŝŐŶŝĨŝĐĂŶƚŽǀĞƌĨŽƌĞĐĂƐƚŝŶŐ͕ŝŶĐŽŶƚƌĂƐƚDt&
ƐŚŽǁƚŚĞůŽǁĞƐƚďŝĂƐĂƐĐŽŵƉĂƌĞƚŽƚŚĞŽƚŚĞƌŵŽĚĞůƐ͘&ƌŽŵƚŚŝƐƐƚĂƚŝƐƚŝĐƚŚĞDt&ĂƉƉĞĂƌƐ
ƚŽƉĞƌĨŽƌŵďĞƚƚĞƌ͘




&ŝŐƵƌĞϮϰŝĂƐ;ŵĞĂŶĞƌƌŽƌͿ
ϰ͘ϮZŽŽƚDĞĂŶ^ƋƵĂƌĞƌƌŽƌ
&ŝŐƵƌĞ Ϯϱ͕ ƐŚŽǁ ƚŚĂƚ ƚŚĞ '&^ ŵŽĚĞů ŚĂƐ ƚŚĞ ŚŝŐŚĞƐƚ ĞƌƌŽƌ͕ ǁŚŝůĞ ƚŚĞ ĞƌƌŽƌ ĨŽƌ Dt&
ǁĂƐƚŚĞůŽǁĞƐƚŽŶĞ͘




&ŝŐƵƌĞϮϱ͕ZŽŽƚDĞĂŶ^ƋƵĂƌĞƌƌŽƌ'&^͕Dt&͕h<Dd

ϭϰ
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/DWd^tKZ>ϮϬϭϯ͕/EdZEd/KE>KE&ZEKE>/Dd,E'&&d^͕
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ϰ͘ϯ^ƉĂƚŝĂůŽƌƌĞůĂƚŝŽŶ

&ŝŐƵƌĞ Ϯϲ ƐŚŽǁ ƐƉĂƚŝĂů ĚŝƐƚƌŝďƵƚŝŽŶ ĂŶĚ '&^ ŚĂƐ ƚŚĞ ŚŝŐŚĞƐƚ ƉŽƐŝƚŝǀĞ ƐƉĂƚŝĂů ĐŽƌƌĞůĂƚŝŽŶ
ĐŽŵƉĂƌĞƚŽ h<Dd ĂŶĚ Dt&;ŶĞŐĂƚŝǀĞƐƉĂƚŝĂů ĐŽƌƌĞůĂƚŝŽŶͿ͘/ŶƚĞƌŵƐ ŽĨƐƉĂƚŝĂů ĚŝƐƚƌŝďƵƚŝŽŶ͕
'&^ŵŽĚĞůƉĞƌĨŽƌŵŵƵĐŚďĞƚƚĞƌƚŚĂŶƚŚĞŽƚŚĞƌƐ͘




&ŝŐƵƌĞϮϲZĂŝŶĨĂůůƐƉĂƚŝĂůĐŽƌƌĞůĂƚŝŽŶ'&^͕Dt&͕h<Dds^KďƐĞƌǀĞĚZĂŝŶĨĂůů
ϰ͘ϰdŚƌĞĂƚ^ĐŽƌĞ;ƌŝƚŝĐĂů^ƵĐĐĞƐƐ/ŶĚĞǆͿ

&ŝŐƵƌĞ Ϯϳ͕ ƐŚŽǁ ƚŚĞ ƚŚƌĞĂƚ ^ĐŽƌĞ ŶĂůǇƐŝƐ ŽĨ ƚŚĞ ƚŚƌĞĞ ŵŽĚĞůƐ ǁŝƚŚ ƌĞƐƉĞĐƚ ƚŽ ƚŚĞ
ŽďƐĞƌǀĞĚ ƌĂŝŶĨĂůů͘ dŚĞ '&^ ŵŽĚĞůƐ ƉƌĞƐĞŶƚ ŚŝŐŚ ĂŶĚ ďĞƚƚĞƌ ƌŝƚŝĐĂů ^ƵĐĐĞƐƐ /ŶĚĞǆ ĐŽŵƉĂƌĞ ƚŽ
h<DdĂŶĚDt&ŵŽĚĞůƐĨŽƌĂůŵŽƐƚĂůůƚŚƌĞƐŚŽůĚǀĂůƵĞƐ͘




&ŝŐƵƌĞϮϳdŚƌĞĂƚ^ƋƵĂƌĞŽĨ'&^͕Dt&͕h<Dd
ϭϱ
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ϱ͘ŽŶĐůƵƐŝŽŶĂŶĚZĞĐŽŵŵĞŶĚĂƚŝŽŶ
ϱ͘ϭ͘ŽŶĐůƵƐŝŽŶ
•

•

•

•

•

KŶ ƵŐƵƐƚ ϲ͕ ϮϬϭϮ ͕ ĐŽŵďŝŶĂƚŝŽŶ ŽĨ ĞǆĐĞƐƐ ƐƵƌĨĂĐĞ ŚĞĂƚŝŶŐ ĂŶĚ ƚŚĞ ĂƐƐŽĐŝĂƚĞĚ ĨĂůů ŝŶ
ƉƌĞƐƐƵƌĞ͕ĂĐƚŝǀĞtĂŶĚ:͕ǀŽƌƚŝĐĞƐĂƚϳϬϬŵď͕ůŽǁĞƌͲůĞǀĞůǁŝŶĚĐŽŶǀĞƌŐĞŶĐĞĂŶĚƵƉͲ
ƉĞƌͲůĞǀĞůĚŝǀĞƌŐĞŶĐĞůĞĚƚŽŚĞĂǀǇƌĂŝŶĨĂůůŽǀĞƌEŝŐĞƌĂŶĚŶĞŝŐŚďŽƌŝŶŐĂƌĞĂƐ͘dŚĞĞĂƐƚĞƌůǇ
ĨůŽǁ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ƚŚĞ t ǁĂƐ ĚĞĞƉ ŝŶ ƚŚĞ ĂƚŵŽƐƉŚĞƌĞ͕ ĞǆƚĞŶĚŝŶŐ ĨƌŽŵ ĂďŽƵƚ
ϳϬϬŵďƵƉƚŽϯϬϬŵď

dŚĞ '&^ ŵŽĚĞů ƐŚŽǁĞĚ ďĞƚƚĞƌ ƐƉĂƚŝĂů ĐŽƌƌĞůĂƚŝŽŶ ǁŝƚŚ ƚŚĞ ŽďƐĞƌǀĞĚ ŐĂƵŐĞ ƌĂŝŶĨĂůů ĂƐ
ĐŽŵƉĂƌĞĚƚŽƚŚĞDt&ĂŶĚh<DdŵŽĚĞůƐ͕ǁŚŝůĞƚŚĞDt&ŵŽĚĞůƐŚŽǁĞĚƌĞůĂƚŝǀĞͲ
ůǇůŽǁĞƌƌŵƐĞǀĂůƵĞƐĂƐĐŽŵƉĂƌĞĚƚŽƚŚĞŽƚŚĞƌƚǁŽŵŽĚĞůƐ͘

dŚĞ'&^ŵŽĚĞůĂůƐŽƐŚŽǁĞĚďĞƚƚĞƌƐŬŝůůŝŶĨŽƌĞĐĂƐƚŝŶŐƌĂŝŶĨĂůů͕ǁŝƚŚŚŝŐŚĞƌƌŝƚŝĐĂů^ƵĐĐĞƐƐ
/ŶĚĞǆǀĂůƵĞƐĂƚĂůůƌĂŝŶĨĂůůƚŚƌĞƐŚŽůĚƐ͘

ǀĞŶƚŚŽƵŐŚ͕ƚŚĞ'&^ŵŽĚĞůƐŚŽǁĞĚďĞƚƚĞƌƉĞƌĨŽƌŵĂŶĐĞŝŶĨŽƌĞĐĂƐƚŝŶŐƚŚĞƌĂŝŶĨĂůůĞǀĞŶƚ
ŽŶ ĂƵŐƵƐƚ ϬϲƚŚ͕ ϮϬϭϮ͕ ĞĂĐŚ ŽĨ ƚŚƌĞĞ ŵŽĚĞůƐ ŚĂƐ ƚŚĞŝƌ ŽǁŶ ǁĞĂŬŶĞƐƐĞƐ ĂŶĚ ƐƚƌĞŶŐƚŚƐ͘
tŚŝůĞŽŶĞŵŽĚĞůƐŚŽǁƐǁĞĂŬŶĞƐƐĞƐŝŶĚĞƉŝĐƚŝŶŐĐĞƌƚĂŝŶĨĞĂƚƵƌĞƐ͕ƚŚĞŽƚŚĞƌŵŽĚĞůŵĂǇ
ŚĂǀĞďĞƚƚĞƌƌĞƉƌĞƐĞŶƚĂƚŝŽŶŽĨƚŚĞĨĞĂƚƵƌĞ͘

^ŝŶĐĞ ĞĂĐŚ ŵŽĚĞů ŚĂƐ ƐŚŽǁŶ ŝƚƐ ŽǁŶ ǁĞĂŬŶĞƐƐ ĂŶĚ ƐƚƌĞŶŐƚŚƐ͕ ƚŚĞ ƵƐĞ ŽĨ ŵƵůƚŝͲŵŽĚĞů
ĂƉƉƌŽĂĐŚŵĂǇŐŝǀĞďĞƚƚĞƌƌĞƐƵůƚƐŝŶƉƌĞĚŝĐƚŝŶŐƌĂŝŶĨĂůůŝŶEŝŐĞƌ͘


ϱ͘Ϯ͘ZĞĐŽŵŵĞŶĚĂƚŝŽŶ
•

WĞƌĨŽƌŵĂŶĐĞŽĨEtWŵŽĚĞůƐĐĂŶ͛ƚďĞĐŽŶĐůƵĚĞĚďĂƐĞĚŽŶϭĐĂƐĞƐƚƵĚǇ͖ŚĞŶĐĞ͕ƚŚĞƌĞŝƐĂ
ŶĞĞĚƚŽŵĂŬĞƐŽŵĞŵŽƌĞĐĂƐĞƐƚƵĚŝĞƐ͘

•

^ŝŶĐĞ ƚŚĞ tĞƐƚ ĨƌŝĐĂŶ ĐŽŶǀĞĐƚŝǀĞ ƐǇƐƚĞŵƐ ŚĂǀĞ ŵĞƐŽͲƐĐĂůĞ ŶĂƚƵƌĞ͕ ƚŚĞƌĞ ŝƐ Ă ŶĞĞĚ ƚŽ
ĐƵƐƚŽŵŝǌĞĂŶĚƵƐĞƌĞŐŝŽŶĂůŵŽĚĞůƐƐƵĐŚĂƐtZ&͘

•

dŚĞƌĞŝƐĂůƐŽĂŶĞĞĚƚŽŝŶǀĞƐƚŝŐĂƚĞƚŚĞƉĞƌĨŽƌŵĂŶĐĞƐŽĨĞŶƐĞŵďůĞƐǇƐƚĞŵƐ͘

•

ŽǁŶƐĐĂůŝŶŐ ƌĂŝŶĨĂůů ĨƌŽŵ ƚŚĞ 'DƐ ƐŚŽƵůĚ ĂůƐŽ ďĞ ƵƐĞĚ ƚŽ ĂǀŽŝĚ ƐƉĂƚŝĂů ǀĂƌŝĂƚŝŽŶ ŽĨ
ƌĂŝŶĨĂůůƉĂƚƚĞƌŶ͘

ϭϲ
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ϲ͘ϬZĞĨĞƌĞŶĐĞƐ͘

ƌŽŽŬƐ͕,͘͘ĂŶĚ͘͘ŽƐǁĞůů///͕ϭϵϵϲ͗ĐŽŵƉĂƌŝƐŽŶŽĨŵĞĂƐƵƌĞƐͲŽƌŝĞŶƚĞĚĂŶĚĚŝƐƚƌŝďƵƚŝŽŶƐͲ
ŽƌŝĞŶƚĞĚĂƉƉƌŽĂĐŚĞƐƚŽĨŽƌĞĐĂƐƚǀĞƌŝĨŝĐĂƚŝŽŶ͘tĞĂ͘&ŽƌĞĐĂƐƚŝŶŐ͕ϭϭ͕ϮϴϴͲϯϬϯ͘

ďĞƌƚ͕ϮϬϬϬ͗Z;ĞŶƚŝƚǇͲďĂƐĞĚͿǀĞƌŝĨŝĐĂƚŝŽŶ͕ƵƌĞĂƵŽĨDĞƚĞŽƌŽůŽŐǇZĞƐĞĂƌĐŚĞŶƚĞƌ͕
DĞůďŽƵƌŶĞ͕ƵƐƚƌĂůŝĂ͘ǀĂŝůĂďůĞĂƚ
ǁǁǁ͘ĐĂǁĐƌ͘ŐŽǀ͘ĂƵͬƉƌŽũĞĐƚƐͬǀĞƌŝĨŝĐĂƚŝŽŶͬZͬZͺǀĞƌŝĨŝĐĂƚŝŽŶ͘Śƚŵů͘

,ĂŶƐƐĞŶ͘t͘ĂŶĚ<ƵŝƉĞƌƐt͘,͕͘͘ϭϵϲϱ͗KŶƚŚĞƌĞůĂƚŝŽŶƐŚŝƉďĞƚǁĞĞŶƚŚĞĨƌĞƋƵĞŶĐǇŽĨƌĂŝŶĂŶĚ
ǀĂƌŝŽƵƐŵĞƚĞŽƌŽůŽŐŝĐĂůƉĂƌĂŵĞƚĞƌƐ

DƵƌƉŚǇ͕͘,͕͘ϭϵϵϯ͗tŚĂƚŝƐŐŽŽĚĨŽƌĞĐĂƐƚ͍ŶĞƐƐĂǇŽŶƚŚĞŶĂƚƵƌĞŽĨŐŽŽĚŶĞƐƐŝŶǁĞĂƚŚĞƌ
ĨŽƌĞĐĂƐƚŝŶŐ͘tĞĂ͘ĨŽƌĞĐĂƐƚŝŶŐ͕ϴ͕ϮϴϭͲϮϵϯ͘

DƵƌƉŚǇ͕͘,͘ĂŶĚZ͘>͘tŝŶŬůĞƌ͕ϭϵϴϳ͗ŐĞŶĞƌĂůĨƌĂŵĞǁŽƌŬĨŽƌĨŽƌĞĐĂƐƚǀĞƌŝĨŝĐĂƚŝŽŶ͘DŽŶ͘tĞĂ͘
ZĞǀ͕͘ϭϭϱ͕ϭϯϯϬͲϭϯϯϴ͘

tŝůŬƐ͕͘^͕͘ϭϵϵϱ͗^ƚĂƚŝƐƚŝĐĂůDĞƚŚŽĚƐŝŶƚŚĞƚŵŽƐƉŚĞƌŝĐ^ĐŝĞŶĐĞƐ͘ŶŝŶƚƌŽĚƵĐƚŝŽŶ͕ĂĐĂĚĞŵŝĐ
ƉƌĞƐƐ͕^ĂŶŝĞŐŽͲh^͘

ϭϳ
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Abstract
The study used the innovation system approach to ascertain the intensity and trends of linkages among
key actors in the climate change innovation system in Nigeria, Sierra Leone and Liberia. Data were
collected through the use of structured interview schedule, key informant interviews and focus group
discussions (FGDs) and analyzed using percentages, mean scores and trend analysis. The presence of
local collaboration among actors was higher in Nigeria than in Sierra Leone and Liberia. There was nonexistence of overseas linkages with majority of the enterprise actors across the three countries. The
intensity of linkages / collaborations existing among actors in the enterprise domain, in the three
countries, outweighs that with other domains, with higher collaborations existing among the small-scale
farmers and famers’ associations. However, there was a perceived increase in the trend of linkage
between enterprise actors and R & D institutions in Nigeria between 2007 and 2009, with a linkage index
of more than 2. There was also higher linkage index (of more than 2) between enterprise actors and
technology delivery institutions in Nigeria than in Sierra Leone and Liberia, but a low linkage index of less
1
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than 2 between enterprise actors and policy making bodies for all the countries. The study points to the
need to intensify the collaborative efforts, between local and foreign partners, as this will bring about
the generation of better and improved innovations on food security and adaptive measures.
Keywords: agricultural innovation framework; enterprise actors; intensity of collaboration; linkage
index,

1.0

Introduction

Africa remains one of the most vulnerable continents to climate change because of multiple stresses
(resulting from both politics and economic conditions), the continent’s dependence on natural resources
and its weak adaptive capacity. The area suitable for agriculture, the length of growing seasons and yield
potentials, are expected to decrease due to climate change. Yields from rain-fed agriculture in some
countries could be reduced by up to 50%. Thus, climate change may have particularly serious
consequences in Africa, where some 800 million people are undernourished.
In the West African sub region, agriculture is critical to the economy. While the world average
contribution of the agriculture sector to the Gross Domestic Product (GDP) is only 4.5 %, the sector’s
contribution is about 30 % in West Africa. In addition, over 65 % of the population in the region is rural,
and about 90 % of the rural population directly depends on rain-fed agriculture for income and food
security. Therefore reduction in rainfall as predicted by various climate models translates to threat to
livelihood of the population and the economy of the sub-region.

Unfortunately, many researches in Nigeria, Sierra Leone and Liberia show that the performance of the
agricultural sector continues to be relatively disappointing in the sub-region as growth has been
increasingly on the decline. Traditionally, the agricultural research systems in the region are
characterized by a top-down, centralized, monolithic and isolated structures. Linkages, interactions and
learning mechanisms among the component actors are notably weak and/or often non-existent.
Empirical evidence revealed several linkage gaps and missing links among and between the actors in the
systems (Agbamu, 2000; Egyir, 2009). Institutions, for example, universities and research institutes
innovate in isolation and although research were taking place at various national and international
organizations, the coordination is dysfunctional, and poorly linked to the productive sector. Besides,
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farmer innovations were not being included in the knowledge system because traditional approaches
such as the NARS (National Agricultural Research System) perspective and AKIS (agricultural knowledge
and information system) depict research as the sole source of innovation. Without research, it implies,
there is no innovation. Consequently, this study sought to determine the presence of linkages among
key actors in the climate change innovation system in Nigeria, Sierra Leone and Liberia.

2.0

Methodology

Tools of participatory research namely, structured questionnaire, structured interview schedule, key
informant interviews and focus group discussions (FGDs) were used to collect data from 1,424
respondents selected through a multistage sampling from the three countries.

The intensity of

collaboration was measured on a five point Likert-type scale of “None”, “Weak”, “Average”, “Strong” and
“Very strong”, with nominal values of 1, 2, 3, 4 and 5, respectively, while “Decreasing”, “Remained the
same” and “Increasing” (scaled -1 to +1) were used to measure linkage trend among the key actors over
the past five years. Mean scores and trend analyses were used to summarize all the information
gathered.

3.0

Results and Discussion

3.1

Intensity and trends of Linkages / Collaboration among Key Actors in the Climate
Change Innovation System

3.1.1 Existence of local and overseas collaborations in the Climate Change Innovation System
in Nigeria, Sierra Leone and Liberia
Fig. 1 indicated the non – existence of overseas linkages / collaboration in the area of climate change
among majority of the rural households across the three countries. The presence of local collaboration
was higher in Nigeria (11.0 percent) than in Sierra Leone (2.0 percent) and Liberia (3.2 percent).
Collaboration among actors in the climate change innovation system is essential for relevance, capacity
building and increase innovative performance of the actors and the system in general. The extent of
collaboration also suggests the level of involvement in climate change activities.

3
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Figure 1: Existence of local and overseas collaborations on climate change in Nigeria, Sierra Leone and
Liberia

3.1.2 Intensity of linkages/collaborations between enterprise actors and other actors in the
Climate Change Innovation System in Nigeria, Sierra Leone and Liberia
Table 1 reveal that the intensity of linkages / collaborations existing among actors in the enterprise
domain, in the three countries, outweighs that with other domains, with higher collaborations existing
among the small-scale farmers and famers’ associations. Nigeria tends to have higher linkages /
collaborations between the actors in all the domains followed by Liberia in three out of the four major
domains, while Sierra Leone only showed a higher intensity than Liberia in the area of linkage with policy
makers. This finding shows that the level of cohesion and/or involvement of the different actors in
climate change activities are minimal.

4
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Table 1: Mean scores of intensity of linkages / collaborations between enterprise actors and other
actors in the climate change innovation system
Collaborating Actors
Nigeria
Sierra Leone
Liberia
Mean
Standard Mean
Standard
Mean
Standard
deviation
deviation
deviation
R &D Agencies Domain
National
agricultural
research 2.14
1.17
1.07
0.25
1.09
0.34
organization (e. g. NIHORT, FIIRO,
NRCRI, IAR, etc.)
Regional
agricultural
research 1.36
0.66
1.07
0.25
1.13
0.44
organization / network
International agricultural research 2.21
1.46
1.05
0.22
1.05
0.22
organization / network (e.g. IITA)
Universities
1.89
1.29
1.09
0.34
1.21
0.42
Overall mean
1.90
1.15
1.07
0.27
1.12
0.36
Policy Makers Domain
National
agricultural
research 1.42
0.62
1.14
0.35
1.06
0.30
council
Policy makers
1.66
1.13
1.19
0.39
1.21
0.41
Standard setting body (e. g. 2.06
1.06
1.03
0.18
1.01
0.09
NAFDAC, SON, etc.)
Overall mean
1.71
0.94
1.12
0.31
1.09
0.27
Enterprise Domain
Small – scale Farmers
2.93
1.08
1.19
0.38
1.42
0.70
Medium – large scale farmers
2.69
1.40
1.17
0.39
1.14
0.44
Farmers Association
2.88
1.35
1.22
0.44
1.25
0.70
Agricultural cooperatives
2.37
1.09
1.22
0.44
1.19
0.49
Financing/ credit/ venture capital
2.44
1.38
1.03
0.17
1.02
0.15
Input suppliers e.g. Seed companies 2.00
1.09
1.03
0.18
1.03
0.17
Agricultural machinery suppliers
1.41
0.69
1.05
0.23
1.04
0.30
Agricultural produce marketers
2.39
1.21
1.09
0.25
1.18
0.48
Consumers of agricultural products 2.81
1.32
1.08
0.21
1.18
0.54
Overall mean
2.44
1.18
1.13
0.30
1.16
0.44
Extension Agencies Domain
Extension agencies (e. g. ADPs 1.98
1.17
1.12
0.37
1.25
0.46
including private extension services)
Federal / State Ministries of 1.84
0.91
1.11
0.39
1.33
0.47
Agriculture
Federal / State Ministries of 2.10
1.12
1.05
0.22
1.28
0.45
Environment
Overall mean
1.97
1.07
1.09
0.33
1.29
0.46
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3.2

Linkage trends among key Actors between 2005 and 2009

3.2.1

Linkage trends between enterprise actors and R & D Institutions in the Climate Change
Innovation System in Nigeria, Sierra Leone and Liberia

Figure 2 shows the perceived linkages existing between enterprise actors and research and development
institutions between 2005 and 2009 in the three countries. The result reveal a perceived increase in the
trend of linkage between the enterprise actors and the R & D institutions in Nigeria between 2007 and
2009, with a linkage index of more than 2. On the other hand, data from Sierra Leone and Liberia show a
stabilized trend in their linkage with R &D institutions over the past five years (with linkage index of less
than 2 each), with Sierra Leone showing a higher intensity of linkage than Liberia.

Figure 2: Percieved trend of linkage between farmers and R &D institutions in Nigeria, Sierra Leone
and Liberia

6
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3.2.2 Linkage trends between enterprise actors and policy making bodies in the Climate
Change Innovation System in Nigeria, Sierra Leone and Liberia
Figure 3 show the linkage trend between enterprise actors and policy making bodies in the different
countries. The Figure shows a low linkage index of less than 2 for all the countries. However, result from
Nigeria show an unstable trend between 2005 and 2008, with an upward trend since 2008. On the other
hand, data from Sierra Leone and Liberia reveal a more stable linkage between the enterprise actors and
policy making bodies, with Sierra leone having a higher colllaboration intersity than Liberia.

Figure 3: Percieved trend of linkage between enterprise actors and policy making bodies in Nigeria,
Sierra Leone and Liberia

3.2.3 Linkage trends among actors within the enterprise domain in the Climate Change
Innovation System in Nigeria, Sierra Leone and Liberia
Figure 4 show the linkage trend among key actors (which include Small – scale farmers, medium – large

7
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scale farmers, farmers association, agricultural cooperatives, financing/ credit/ venture capital, Input
suppliers, agricultural machinery suppliers, agricultural produce marketers and consumers of agricultural
products) within the enterprise domain. The result reveal a higher linkage index among these actors than
with other actors in the climate change innovation system across the three countries. The result also
show an increasing linkage trend among these actors in Nigeria than in Sierra Leone and Liberia, with
Sierra Leone showing a higher linkage intersity trend than Liberia.

Figure 4: Percieved trend of linkage among actors in the enterprise domain in Nigeria, Sierra Leone
and Liberia

3.2.4 Linkage trends between enterprise actors and technology delivery institutions in the
Climate Change Innovation System in Nigeria, Sierra Leone and Liberia
Figure 5 shows the linkage trends between enterprise actors and technology delivery institutions across
the three countries. The result reveal an incresing higher linkage index ( of more than 2) between
farmers and technology delivery institutions in Nigeria than in Sierra Leone and Liberia. On the other
hand, result from Sierra Leone also shows an uneven increasing linkage trend over the past five years,
8
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with Liberia showing a more stable linkage trend between the enterprise actors and technology delivery
insitutions. The linkage index between enterprise actors and the technology delivery insitutions in Sierra
Leone and Liberia was less than 2.

Figure 5: Linkage trends between enterprise actors and technology delivery institutions in Nigeria,
Sierra Leone and Liberia

Conclusion and Recommendation
Studies on innovation indicate that the ability to innovate is often related to collective action and
knowledge exchange among diverse actors, incentives and resources available for collaboration, and
having in place conditions that enable adoption and innovation e.g., by farmers or entrepreneurs.
However, the results showed that there was a poor intensity of collaborations with foreign partners
across the three countries, even though there appeared to have been more collaboration with local
institutions, especially in Nigeria. Foreign collaboration is needful to bridge the gap in knowledge and
experience on innovative adaptive measures to climate change. Collaboration with foreign partners will
also help in the transfer and build up of strong teams of experts which could pull resources together
towards the generation of more innovative ways of adapting to climate change and also ensuring that

9
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the sub-region has better chances of addressing the challenge of climate change.
The following were recommended:
1)

Formulation of a comprehensive climate change policy at the a global level and within Africa and
especially in the West African sub-region will be a necessary first step towards dealing with the
challenge of climate change within the sub-region. A number of climate change conferences have
been held in recent years all over the world. Such conferences are platforms which provide
necessary input into a global climate change policy, which would in turn be translated or
domesticated in the respective countries taking cognizance of their varying agro-ecological and
climatic characteristics.

2)

Collaboration efforts, between local and foreign partners should be intensified. This will bring
about the generation of better and improved innovations on climate change adaptive measures.
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Improving data and information exchange in
the chain of climate research, impact research,
to policy making
J. Bessembinder, B. Overbeek
(KNMI, the Netherlands)

Abstract— It is all too often difficult for a stakeholder to obtain an overview of available
climate and impact data, judge their quality and the assumptions behind or how uncertainties
are taken into account. This implies a serious limitation in the sense that stakeholders risk to
miss crucial information, misinterpret what they obtain and base complex decisions on nonconsistent data.
As part of the Knowledge for Climate programme a project was initiated in which we attempt
to integrate information and data on climate change and its impacts in a similar way for a
number of sectors (climate, hydrology, ecosystems, agriculture, land use) among others
through a web portal and integrated data sets on climate change and its impacts for the
Netherlands. An important research question is “How can this data and information be made
consistent across location, disciplines and applications?”
The approach followed includes among others the following aspects: 1) stakeholder consultations, 2) generation of data on climate change and impacts for a predefined and limited number of combinations of climate scenarios and spatial scenarios and time horizons, 3) overview
of interactions, exchange of data, inconsistencies, ways of handling uncertainties, etc. for the
various disciplines.
Index Terms— integrate climate and impact information, stakeholder consultations,
uncertainties
————————————————————

1

Problem definition and aim

Many long term decisions on infrastructure, spatial planning, economy etc. are based on information on
the climate for the lifetime of the object in question. Governments, businesses and private companies,
as well as organisations increasingly need data and tailored information on climate change and its impacts in order to allow them to make informed decisions on climate adaptation strategies. However, it is
all too often difficult for a stakeholder to obtain an overview of available data, judge their quality and
the assumptions behind or how uncertainties are taken into account. This implies a serious limitation in
the sense that stakeholders risk to miss crucial information, misinterpret what they obtain and base
complex decisions on non-consistent data. Getting an overview and integrated data sets is even more
difficult when stakeholders are involved in border crossing projects.

1
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In the Netherlands recent research on climate change, its impacts and adaptation options has been substantial. There are, however, some shortcomings which hamper the dissemination, the proper use of
data and information and the integration of information from the various sectors and which are related
to the above mentioned aspects:
1. No cross sectoral overview on available information on climate change and its impacts;
2. Results sometimes inconsistent between sectors;
3. Results often not available in format that can be used directly.
As part of the research programme Knowlegde for Climate (KfC) a project was started up with the aim to
improve data and information exchange in the chain of climate research, to impact/adaptation research,
to policy making. In the first phase a pilot web portal was developed with the goal to integrate information and data on climate change and its impacts from projects within the KfC and Climate changes
Spatial Planning (CcSP) programme 1 in a similar way for a number of sectors (climate, hydrology, ecosystems, agriculture, and land use) (Bessembinder et al., 2012). The second phase of the project builds on
by creating integrated data sets and an overview of the available data and information from various disciplines.

2

Approach followed and some results

2.1

Web portal

In this project a web portal was developed to overcome the above mentioned problems partly. It attempts to:
1. Provide overview of available data and information, but also of interactions and exchange of data
between disciplines, inconsistencies, ways of handling uncertainties, etc.;
2. Synchronize the presentation of the available data and information form the various sectors;
3. Tailor data and information.

1

The KfC programme is the follow-up of the CcSP programme. Both KfC and CcSP are scientific research programmes and project plans and results undergo a scientific and societal review

2
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The web portal focuses on data and information for the physical climate system, water, nature, agriculture and changes in land use due to socio-economic developments 2. These subjects comprise the most
important factors in land use in the Netherlands. Researchers for all these disciplines are included in the
project as partners 3. In this project especially researchers were the target group.
At the web portal (Climate Impact Guide (CIG)/KlimaatEffectWijzer (KEW): www.klimaatportaal.nl) available data and information from KfC and CcSP-projects are presented in a common structure on all sub
portals per sector. The synchronization should make it easier for users to find information from other
sectors. The sub portals are connected to each other with the help of several common web pages with
among others information on the (lack of) exchange of data between sectors (e.g. models on ecosystems and agriculture often generate their own information on water supply from the soil), discrepancies
and the possible consequences. For example, using land use data with a time horizon of 2040 for around
2050 may lead to a relatively small overestimation of the area with agriculture in the Netherlands.

Table 1. Examples of the type of information provided about discrepancies and the consequences.
Discrepan
cies
Land
Use
Water

Use of climate data within other sectors
Projections for future land use
for 2040, impact studies often
for 2050
Makkink refence evapotranspiration, other sectors use sometimes other methods for evapotranspiration

Consequences
Changes in land use during 10 years are often not large, but
some over/underestimation possible
May lead to other values for actual evapotranspiration, and
therefore to over/underestimation of water demand, drought
and water excess.

For tailoring regular or constant contact with users is required, since users can not always specify their
requirements directly and their requirements may change over time (Bessembinder et al., 2011b). In this
project the nature of the tailoring activities per discipline differs considerably:
1. Improving access to available data: information is given on which data are available;
2. Processing of available data;
3. Tools for making/selecting specific data;
4. Guidance on the use of data.

2

In the second phase also air quality is included
The partners in the project are: Wageningen UR (University & Research centre), Deltares, VU University Amsterdam, KWR Water cycle Research Institute, TNO, KNMI

3
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The first two activities were executed by all partners, but the others are not.

2.2

Integrated data set

When impact researchers use different climate scenarios, land use scenarios and time horizons, it becomes more difficult to integrate the results of the various impact studies. Consequently, it also becomes more difficult to draw conclusions relevant for policy makers from it. For hydrology, agriculture
and nature the required climate data do not differ very much. Therefore, climate data sets will be generated that can be used by all three disciplines. When these disciplines also use the same land use scenarios and time horizon (2050), an integrated dataset can be developed for climate and impacts that can
be used as a reference. The synchronization of the use of scenarios is part of the second phase of the
project. A first version of climate datasets is now developed and will be used in the coming half year by
the impact researchers. In this project we focus mainly on the time horizon of 2050 for the following
reasons:
1. Most users are interested in time horizons up to 2050. Time horizons beyond 2050 are only used
by a limited group, e.g. for coastal protection and for urban sewerage systems in the Netherlands
(Bessembinder et al., 2011a);
2. For time horizons closer than 2050 it is much more difficult to distinguish between natural variability of the climate system and climate change due to the increase of GHG-emissions.

2.3

User consultations

The added value of the CIG/KEW portal depends on the usefulness of the provided data and information
for the intended users. The main aim of this project is to improve the access and usability of data and
information on climate change and its impacts for users. For this, user feedback and knowledge of users’
requirements is essential (Bessembinder et al., 2011a). Therefore, different forms of user consultations
are organised:
1. Workshops/meetings with larger groups of users: e.g. to find out which information users need;
2. Evaluation: the pilot version of the web portal was reviewed by 30 users in the beginning of
2011. The results confirmed the need for more overview on available data and information. For

4
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38% of the reviewers it was already easier to find data and information, 48% mentioned that the
portal did not yet contain enough data and information. The most important points of improvement are the further synchronization of the web pages of the different sectors and adding more
information and overview;
3. The project partners themselves are users of some of the information from other partners. Discussion on the needs, assumptions, discrepancies, etc. among eachother resulted in a better understanding of eachothers requirements.

3
3.1

Preliminary conclusions and discussion
Synchronization of sub portals

At the moment the structure of the sub portals still differs to a certain extent. For some of the intended
users (researchers) the current structure makes it already easier to find similar information for various
disciplines. It seems not easy to use a similar structure for each discipline. This is partly due to the different nature of the data and information that is presented: some present data and information that stem
from individual projects (e.g. for nature and agriculture), some present data-bases with long term observations (e.g. for climate). In some cases the results of models can be made available through internet
(e.g. for water and land use), in other cases this is not possible. Sometimes it seems better to present
information on uncertainties together with the description of the model components (e.g. for nature),
sometimes a summary of the uncertainties can be given on the separate web pages (e.g. for climate).
After comparison of the subportals by the project team, several suggestions were made to improve the
synchronization (move part of the texts/data, include more links, etc.), without disregarding the specific
aspects of the various disciplines. In the second phase these are implemented.

3.2

Overview of available data and information

The sub portals in the CIG/KEW give an overview of the results of projects executed within the Dutch
CcSP and KfC projects. It is difficult to give a complete overview of all research and data on climate
change and climate change impacts in the Netherlands and outside. The CIG/KEW focuses especially on
the Netherlands and the river basins of the Rhine and Meuse, since this area is considered most relevant
5
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for the water management of the Netherlands. We realize that for e.g. nature and agriculture larger areas also may be interesting. As the result of the review of the pilot version of the web portal, we are
now working on including a short overview of the research organisations per discipline in the Netherlands and to include an overview of the most important international organisations, projects and databases per sector.
During the review also some policy makers were asked to review the pilot web portal, although the intended user groups are researchers. From the reactions it became clear that a portal that is developed
for researchers is not automatically the most useful for policy makers. In general, policy makers need
different types of information than impact/adaptation researchers. Summaries of the information on
this CIG/KEW portal may be useful (as the basis) for information for policy makers.

3.3

Dealing with uncertainties

When people talk about climate change, always the issue of uncertainties pops up. There are considerable differences in the way uncertainties are described and dealt with between disciplines. Therefore,
“uncertainties” is included as a separate entry in the menu on the web portal. In the description of the
various types of uncertainties per discipline it is tried to use the typology as presented by Walker et al.
(2003). In most of the descriptions now explicitly a distinction is made between input uncertainties and
parameter uncertainties. Comparison of the web pages by the project team also resulted in some suggestions for more streamlining of the description of uncertainties. In the second phase of the project an
autumn school was organized in October 2012 on “Dealing with uncertainties in research for climate adaptation”. The aim of this autumn school was, among others, to create more understanding of the various ways of dealing with uncertainties between the various disciplines and to start creating a “Common
Frame of Reference” 4. Information from this autumn school will also be included on the web portal.

4
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The utility of an agro-ecological niche model of
coffee production for future change scenarios
Christian Bunn, Oriana Ovalle-Rivera, Peter Läderach, Aline Mosnier, Michael Obersteiner, Diet-

er Kirschke

Abstract— While the debate on crop impact modeling often focusses on advancing
sophisticated process models for the key staple crops, less researched crops like coffee
arguably lack the scientific base to follow this approach. Nevertheless, coffee is of undeniable
importance in many tropical regions and likely to be deeply impacted by climatic changes.
We explore a spatially explicit machine learning based modeling approach that is based on
the ecological niche concept to generate climate change impact scenarios for Arabica and
Robusta coffee production systems. A global current suitability index for coffee production is
modeled using no more than geo-referenced locations of production and climate
information. The index estimates the probability that a location is climatically suitable for
coffee production. We show that this global climate based index not only correctly predicts
presence of global production but also correlates with local Brazilian area statistics, indicating
that the index reflects well the actual distribution of coffee growing areas and can thus be
used to spatially disaggregate national level harvested area statistics.
The climate-suitability function is applied to downscaled global circulation model (GCM)
outputs to yield spatially explicit future suitability scenarios for coffee that are coherent with
the current suitability model. Both Coffea arabica and Coffea robusta production are likely to
lose large shares of suitable areas in their predominant production regions.
We stop short of integrating our scenario data with a partial equilibrium model but argue that
our approach could be a viable alternative both to generate spatially explicit current
disaggregation of current production data and future change scenarios for crops with a
limited physiological knowledge background and a scarce data basis.
Index Terms—Coffee, Data Disaggregation, Species Distribution Model, Suitability
————————————————————

1

Introduction

The livelihood of about 100 million people in some of the most vulnerable societies depends on coffee
(Pendergrast 2010). While grown mostly for export to rich societies its producers often suffer malnour1
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ishment when the crop fails. Despite a decade of low prices worldwide production is increasing and
novel coffee plantations are driving deforestation in frontier regions (e.g. Bosselmann 2012, Tan 2000).
Raw coffee is produced using two distinct species, the very frost sensitive Coffea robusta, and the more
heat sensitive Coffea arabica. Especially the predominant Coffea arabica production has been shown to
be very sensitive to climatic changes (e.g. Gay Garcia et al. 2006, Zullo et al. 2011, Schroth et al. 2009).
Forward looking climate adaptation research is further justified by the lifespan of plantations which can
be over 50 years in precarious conditions.
Biophysical impact assessments for coffee identified climatic change as a key risk to the sector. A contextualization of these impacts within the framework of a spatially explicit partial equilibrium model
allows the quantitative comparison of the effects of adaptation pathways. However, this model class,
e.g. GLOBIOM (Havlik et al. 2010), requires disaggregated production statistics on a simulation pixel
level as input data, while crop production statistics are usually aggregated over an administrative entity.
Such disaggregated data is provided for example by the MapSpam database (You and Wood 2006) that
allocates acreage and yield values to global grid cells. Even though MapSpam already features coffee
data, this is currently limited to a generic production systems concept (You et al. 2012). We argue that
for a climate change impact assessment of the coffee sector a differentiation between Arabica and Robusta production systems is more meaningful than a “green coffee” aggregation because the two coffee
species differ in the range of environmental conditions in which they prosper.
The aim of this work is to demonstrate the utility of a species distribution modeling (SDM) solution to
generate meaningful agro-ecological suitability surfaces than can be used for climate change impact
assessments and the disaggregation of national production statistics with minimal input data. We use
the machine learning software Maxent (Phillips et al. 2006) that is widely applied in macro ecology to
model the distribution of Arabica and Robusta production systems. We first demonstrate the application
of Maxent to model the current distribution of climatic suitability; show that this distribution correlates
with an available dataset of subnational production distribution to validate the modeled distribution;
and finally present a possible method to spatially disaggregate national production statistics based on
the suitability index, and how the suitability index distribution changes under climate change scenarios.

2
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2

Methodology

The Maxent approach is popular in macro ecology because no more than a carefully defined set of georeferenced known presences is needed to model the distribution of a species. The machine learning
algorithm trains on the presence locations against a random abiotic background space to extrapolate
based on the maximum entropy principle (Phillips et al. 2006). Its output is an estimate of the probability that a species is present at a location, ranging from 0 to 1. There are several applications of this
method to agriculture and also coffee (e.g. Schroth et al. 2009), and more recently has been shown to
estimate a distribution of yield potential when trained appropriately (Estes et al. 2013). We define two
separate Maxent models for Arabica coffee (Coffea arabica) and Robusta coffee (Coffea canephora).
As climatic input information for Maxent we include the 19 bioclimatic variables of the Worldclim database (Table 1, Appendix)(Hijmans et al. 2005). The training dataset consist of 2920 known locations of
Arabica production and 364 Robusta locations respectively, chosen to represent the most important
coffee production regions globally. We generate 100,000 background points at random in coffee producing countries between latitudes 30°N and 30°S. Each Maxent model is trained and projected in 25
independent cycles and the results averaged. The suitability function is extrapolated for future scenarios
using 19 downscaled GCM outputs (Ramirez & Jarvis, 2010) from the 4th Assessment Report (IPCC 2007)
for the A2 scenario family for 2050. We run Maxent with the specified input data using default settings
with the exception of a more restrictive regularization of 0.5. Doing so forces Maxent to increase model
complexity at the cost of model smoothness (Elith et al. 2011).
To assess the performance of our distribution model we employ two statistics, the area under the receiver operating characteristic curve (AUC) and a standard linear regression model. The AUC value is
widely used in species distribution modeling. The statistic compares the ability of the model to discriminate areas with species presence from areas without known species presence to a model with random
discrimination. The random model should have an AUC value of 0.5, while a perfect model has an AUC
value of 1. The AUC method has been criticized to be insensitive to commission errors, i.e. it does not
reflect well overprediction of presence (Lobo et al. 2008).
We use the harvested area statistics of the “green coffee” category provided by the IBGE (Instituto Brasileiro de Geografia e Estatística 2012) as a reference observed distribution. The dataset contains consistent data for 5490 municipalities and thus reflects the distribution of coffee production in Brazil with
good detail. We test whether the distribution of our Maxent suitability indeces based on climate data
3
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correlates with this subnational distribution. To do so, we accumulate the present index for Robusta and
Arabica production by municipality and define a standard multiple regression model with total harvested area as the dependend variable and Robusta index sum and Arabica index sum as independents.
The harvested area statistics provided by FAO (2012) for the years ’98-’02 is aggregated over “green
coffee”. For the downscaling step we require data for both production systems. We therefore divide the
FAO dataset according to our systems definition into Robusta and Arabica systems area based on production shares by system of USDA statistics (USDA 2012) to prepare this data for the disaggregation
step.
In the final step we use the Maxent suitability surfaces serve as a prior probability to disaggregate the
FAO national harvested area data. Exemplary we integrate the coffee production system data into the
database of the GLOBIOM land use change model (Havlik et al. 2010). I.e. coffee production area is only
assigned to areas that are not occupied by the other crops in Globiom using a cross entropy approach
similar to You and Wood (2006). For each country the sum over each model unit of the squared difference between the area share of total area and the suitability share of total suitability is minimized (Eq
1).
2

·
§
Areai
Suiti
¸ country
min ¦i¨

¨¦
Area ¦Country Suit ¸
¹
© Country

(1)

Where Suit i is the suitability index in cell i and Area i the area assigned to cell i.

3

Results

The results are maps of a climatic suitability index for both Arabica production and Robusta production
under current conditions and under the conditions as given by the 19 downscaled AR4 GCM outputs for
2050. Here we present exemplary the distribution of suitability for Arabica and Robusta production in
Brazil (Fig.1) which are an excerpts from the global map. The full global maps of suitability distributions
are moved to the appendix.

4
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Figure 1 - Current suitability distribution modeled by Maxent for (a) Arabica and (b) Robusta

To evaluate how well the suitability indeces reflect actual distribution of coffee production we use two
metrics, the AUC and a multiple regression with the observed distribution of area statistics as dependent
variable and the suitability indices for Arabica and Robusta as independent variables. The AUC is consistently high over all model repeats for both the Arabica (mean AUC= 0.95) and the Robusta model
(mean AUC=0.93). The model thus correctly predicts the global distribution of point locations with coffee production.
The correlation coefficient for the multiple regression model of modeled distribution and actual observed distribution is R= .584 (p<0.001, df=5489). Fig. 2 shows the plot of the Maxent suitability distribution based modeled area distribution versus the observed area data for the Brazilian municipalities. The
plot shows three groups of municipalities: Along the x-axis municipalities that according to our suitability
model have suitable area available that is not planted with coffee, this result is to be expected as the
model only uses climatic variables. Along the y-axis group cases of municipalities that do produce coffee
but are not suitable according to our model, representing an omission error. The largest group of cases
groups along the line of perfect model fit indicating that our global suitability model based on climate
information correlates well with the actual distribution of coffee production. We conclude that the
global suitability index reasonably well describes the actual subnational distribution of coffee production
in Brazil.

5
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Figure 2 - Plot of areas by municipality as modeled based on Maxent suitability distributions vs. observed area data (in ha)

We perform the downscaling in GAMS as described before and visualize the resulting area distribution
for Brazil in Fig. 3.

Figure 3 - Disaggregated Area distribution in Brazil for a) Arabica and b) Robusta

We correlate the sum of the Arabica and Robusta area with the observed area in the 5500 minicipalities.
The correlation coefficient after the disaggreagation is R = .268 (p < 0.001; df=5489) between the sum of
Arabica and Robusta area. It is thus lower than the agreement between prior suitability distribution and
observed area. The plot is similar to Fig.2, however the modeled distribution cases center on a value of
~1000ha per municipality (Fig 4)

6
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Figure 4 - Scatter plot of areas as disaggregated vs. observed area in Brazil (in ha)

Nevertheless, a map comparing the observed area statistics with the total area disaggreagated summed
over Arabica and Robusta area shows good agreement between the two distributions (Fig 5).

Figure 5 - Total disaggregated area (blue to green) and observed total coffee area (dot density, 1 dot=800ha) in ha

We therefore conclude that our suitability index model can provide an estimate of actual distribution of
coffee area. We extrapolate this model based on 19 downscaled GCM outputs of the AR4 A2 SRE scenar7
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ios for 2050 to generate climate change impact scenarios. Exemplary we present the median change
over the 19 GCM projections for Arabica and Robusta distributions in Brazil (Fig. 6). Additional maps are
moved to the appendix.

Figure 6 - Median change of the suitability index until 2050 by GCM projections, a) Arabica suitability and b) Robusta suitability distribution

Maxent provides the 10th percentile of suitability for the given input presence points. This value is generally between a suitability index of 0.20 and 0.35 for the 25 independent model runs. To determine
area losses and gains we therefore compare future areas and current areas above a threshold of 0.20 for
the suitability index. As areas with higher suitability are more likely to have production area, we calculate the sum of grid cells above the threshold weighted by their suitability value under current and future conditions. Globally 77% of Robusta suitability is lost by 2050 under the median impact of the 19
GCM A2 outputs, and 59% of Arabica suitability (Fig 4).
We furthermore calculate the share of areas that are novel, or are also currently suitable of the total
future suitability. Of the future Robusta suitability 29% can be found in novel areas that were unsuitable
under current conditions. New Arabica areas constitute 13% of the future available areas. The change in
the suitability distribution by region can be found in Fig. 7 and the share of novel areas of total suitability
by 2050 is presented in Fig. 8.

8
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Figure 7 - Change of global distribution of the suitability index for a) Arabica and b) Robusta; Data shows the sum of grid
cells above the threshold weighted by their suitability value in percent of the South American value. Current availability of
suitable areas in light blue and future in dark blue

Figure 8 - Share of novel suitable areas and current areas of future suitabilty for a) Arabica and b) Robusta

As can be seen especially the South American and West African Robusta production is projected to migrate to novel areas, but also a large share of the significant South East Asian production may migrate.

4

Discussion

We demonstrated the generation and practicability of climate information based distribution maps for
two production systems for coffee, applied these to downscale production area data and generated
future suitability scenarios. AUC and regression metrics are used to assess the practicability of the suitability distribution. As the modeled distribution within Brazil correlated with the observed distribution in
Brazil we concluded that it is possible to apply the suitability maps as a prior probability for a disaggregation of national statistics to pixel level. The positive correlation means that the harvested area statistics would be disaggregated to the correct regions of actual production. We correlate our downscaled
distribution with the observed distribution and find sufficient agreement. The correlation coefficient is
9
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comparable to the correlation coefficients presented in You and Wood (2006) for crops modeled in the
MapSpam database.
While most municipalities grouped along the line of correlation, we could also observe a group of overpredicted municipalities, and a group of omitted municipalities. These results are not desired but have
to be accepted as the distribution exercise was done using only climatic variables. We did not exclude
urban or protected areas so that some overprediction would be expected. As for the omitted municipalities it would be interesting to see if an irrigation variable would improve the distribution to include the
underpredicted areas.
The projection of the suitability function trained by Maxent onto 19 downscaled GCM outputs for the
year 2050 in the A2 scenario shows drastic changes in future suitability distribution. While for Arabica
our impact projections are similar to other models, the finding that Robusta coffee could be even more
harmed is new and should be further investigated.
The future scenarios imply regional shifts in the production structure. Especially South American production locations could loose suitability. This would render currently unproductive areas in Asia and Africa
potentially economically viable for coffee production. Furthermore, as temperatures increase coffee
might migrate to higher altitudes with current forest cover as new areas become suitable.
The Maxent biophysical model is unable to quantify these shifts in spatial production structure. The aim
is therefore to employ our distribution and scenario data to model the impact of climate change on
global coffee production in a partial equilibrium context, using a model like GLOBIOM. This would allow
to address the latter questions by modeling the differential impacts of climate change on a range of
crops and forestry by incorporating market feedbacks into the analysis.
We demonstrated that for coffee it is possible to model the distribution well based on climate layer information only, despite a scarce knowledge basis. A great advantage of our methodology is the applicability to a wide range of GCM data, making the method easily adaptable for model comparisons. Another advantage lies in the coherent modelation of current and future distributions using a single suitability
model.
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6

Appendix

Table 1 - List of bioclimatic variables used

BIO1

Annual Mean Temperature

BIO2

Mean Diurnal Range (Mean of monthly (max temp - min temp))

BIO3

Isothermality (BIO2/BIO7) (* 100)

BIO4

Temperature Seasonality (standard deviation *100)

BIO5

Max Temperature of Warmest Month

BIO6

Min Temperature of Coldest Month

BIO7

Temperature Annual Range (BIO5-BIO6)

BIO8

Mean Temperature of Wettest Quarter

BIO9

Mean Temperature of Driest Quarter

BIO10

Mean Temperature of Warmest Quarter

BIO11

Mean Temperature of Coldest Quarter

BIO12

Annual Precipitation

BIO13

Precipitation of Wettest Month

BIO14

Precipitation of Driest Month

BIO15

Precipitation Seasonality (Coefficient of Variation)

BIO16

Precipitation of Wettest Quarter

BIO17

Precipitation of Driest Quarter

BIO18

Precipitation of Warmest Quarter

BIO19

Precipitation of Coldest Quarter
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Committed Unavoidable Global Warming and
Northern Hemisphere Food Security Impacts
to 2100
Peter D. Carter May 2013
Abstract—This paper uses today's total minimum committed unavoidable global warming
as a reliable guide to Northern Hemisphere (NH) food security vulnerability and impacts. A
simple summation approach, for policy relevance and communication, includes the
following unavoidable sources of warming in estimating unavoidable climate change
commitment:
1. Shortest time between a rapid emergency emissions reduction to atmospheric
stabilization
2. Climate system inertia (ocean heat lag)
3. Aerosol cooling (unmasking of deferred warming)
4. Positive climate system feedbacks
The lowest published ranges from all sources of unavoidable warming combined are taken
and then linked to changes in food productivity (crop yield change per degree C) from
climate crop models. Drought, an additional effect, is considered over and above the crop
model results. The focus is on NH food security because it has been assumed to not be
particularly vulnerable to global climate change impacts this century, according to past
IPCC assessments. The paper relies mainly on the IPCC's Fourth Assessment Report
(2007), the US National Research Council's 2010 Climate Stabilization Targets (2011), and
drought projections published in 2011. We find that past reassuring NH assessments, from
global temperature increase scenario projections and corresponding crop productivity
yield projections, may no longer apply. An additional factor for assessment that we
address is the rapid loss of Arctic albedo cooling and its impact on agriculture in the NH.
The finding is that NH food security is a missing priority for the study of climate change
impacts and vulnerability, and indicates that urgent action must be taken to mitigate
Northern Hemisphere food productivity losses that could occur in the short term. This is
most relevant to the food security of the most vulnerable populations because of the
resulting effects on world food prices and food surpluses.
Climate change "commitment" is a climate change science term meaning there is more
warming "in the pipe" that will happen over future decades and centuries even if no more
heat is added to the climate system (IPCC 2007 AR4 WG 1 TS 5.1, Box TS 9, Committed
climate change). Commitment is the result of the great climate system inertia and
momentum response to an increase in radiative (heat) forcing. In other words, all future
generations have been committed (or condemned) to much more warming than today's. .

This paper defines commitment as practically unavoidable even assuming a rapid
emergency reduction of GHG emissions. It assumes no measures to draw down CO2 from
the atmosphere.
Index Terms—committed global warming, food security, Northern Hemisphere losses in
crop productivity, unavoidable climate change
————————————————————
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1 Introduction
This paper presents the most policy-relevant science of committed, unavoidable global warming.
Nothing is more relevant to policy than the impacts of global climate change on food productivity
and its risks to food security.
It is surprising that food security is not one of the categories of the IPCC's (2007) five reasons for
concern when all climate change food assessments show that under all conditions, all crops in all
regions decline below baseline (present day) yields with increasing warming and a few proxies (see
Fig. 1) (IPCC AR4 WG2 fig 5.2).

Fig. 1: IPCC (2007) Climate crop models
The world's top food-producing regions are in the temperate Northern Hemisphere (NH) (see Fig. 2),
which has particular vulnerabilities to global warming: 1) faster warming in the NH than in the
Southern Hemisphere because of its land masses, 2) the central continental grain belts warm faster,
3) increased tropospheric (ground level) ozone (toxic to green plants) caused by global warming, 4)
loss of Arctic snow and ice albedo cooling, and 5) highly specialized industrial-scale agriculture in the
NH might have particular vulnerabilities to climate change, for example, from extreme weather
events that are not captured by models (Cox et al 2011).
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Fig. 2: Top crop-producing regions are in the Northern Hemisphere (FAO & IIASA 2006)
We find that under the best ideas for global climate change mitigation, crop yields in the Northern
Hemisphere are already committed to (extremely likely) future declines of all crops below today's
baseline.

2 Commitment to future global warming
The IPCC (2007) gives three definitions for global climate change "commitment," noting that none of
them amounts to the real world "unavoidable" warming. "Climate change commitment as discussed
here should not be confused with 'unavoidable climate change' over the next half century, which
would surely be greater because forcing cannot be instantly stabilized" (IPCC AR4 WG1 10.7).

2.1 Commitment due to economic, energy and climate policy
It must be noted that commitment due to policy is much higher that the commitment due to climate
system science. For example, the combined national UN pledges commit us to a warming of 4.4°C by
2100, which is a full eventual equilibrium commitment of over 8°C due to the ocean heat lag.

2.2 Commitment due to climate system science
The new AR5 IPCC scenarios are ‘representative concentration pathways’ (RCP)
(see http://www.wmo.int/pages/themes/climate/emission_scenarios.php). The most ambitious RCP
scenario, RCP3-PD or 2.6 (IPCC AR5, in print) involves zero carbon emissions and reaches 1.5°C by
2100 (see Fig. 3). It stabilizes at 1.0C after 2100. It takes 60 years to reach zero carbon from
reducing emissions and 50 years from peak emissions.
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Fig. 3: The IPCC AR5 RCP scenarios and crop yield decline threshold from (underestimating) climate
crop model projections
We can take this best RCP commitment as our best-case scenario (it is the only IPCC scenario that
does not result in catastrophic losses in food productivity), but there are two other unavoidable
sources of warming that have to be included.
First, there is a deferred warming that is a definite commitment, due to fossil fuel air pollution
aerosol cooling. Acidic minute particles from fossil fuel combustion have a cooling effect.
Decarbonization will result in the unmasking of this "hidden" warming. We take the proposed IPCC
AR4 figure of 0.4°C as the minimum aerosol cooling commitment. The latest climate computer
model projections on this issue find a large aerosol cooling effect of 0.85 to 1.2°C (see Table 1).
Table 1: Effect of unmasking aerosol cooling
0.9°C

Ramanathan & Feng 2008

1.2°C

Hansen, Sato & Kharecha 2011

0.85°C

Huber & Knutti 2012

Next, the other source of unavoidable warming is from positive carbon feedback emissions. A
positive feedback happens when global warming causes a change to the planet that increases the
warming. A carbon feedback is planetary emissions of carbon dioxide (CO2) or methane (CH4). The
IPCC RCP scenarios do not include the inevitable additional warming from carbon feedbacks. The
IPCC AR4 (2007) recorded a figure of more than 1°C from year 2000 on the A2 scenario, which is at
least 1.5°C from preindustrial. But this accounts only for the terrestrial carbon feedback, excluding
the potentially largest Arctic carbon feedbacks (UNEP 2012), making 1.5°C a minimum amount.
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Global warming projections that do not account for unmasking of aerosol cooling are not policy
relevant (Ramanathan & Feng 2008). Projections that do not account for all sources of unavoidable
carbon feedbacks are not policy relevant.
This puts our total committed climate science warming based on minimum estimates at 1.5°C +
0.4°C + 1.5°C = 3.4°C by 2100.
This committed warming is well within the informal estimates of climate change experts, who for
several years have been warning that we are committing ourselves to a 4°C world. Warning of a 4°C
commitment comes from the World Bank (2012), Betts et al (2011), and Kevin Anderson and Alice
Bows (2008) who concluded: "Ultimately, the latest scientific understanding of climate change allied
with current emission trends and a commitment to 'limiting average global temperature increases to
below 4°C above pre-industrial levels', demands a radical reframing of both the climate change
agenda, and the economic characterization of contemporary society." In other words, we are
committed to a 4°C warming.

3 Global climate change risk to crop productivity
The graph below (see Fig. 4) is a composite based on the climate change crop model graphs of the
US National Research Council (NRC) Climate Stabilization Targets (2011). Temperate Northern
Hemisphere crops decline at much lower degrees of global warming than is generally recognized.

Assumed temperate wheat
increase due to CO2
fertilization

Substantial losses all crops
all regions at 3°C warming

1.5°C
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Fig. 4: Combined temperate Northern Hemisphere climate change crop yield model results (NRC
2011, IPCC 2007). NRC Fig 5.1 is "average expected impact of warming + CO2 increase on crop yields
for selected crops and regions with detailed studies. Shaded area shows likely range [only greater
decline range shown here]. Impacts are averages for current growing area within each region.
Temperature and CO2 changes estimated for regions were computed relative to pre-industrial."
IPCC plots are from AR4 2007 WG2 Fig 5.2 for mid-high latitude wheat.
Table 2 below lists the declines from the graph of crop yield reduction plots.
Table 2: Yield decline points of U.S. crops (from combined sources)
Crop

Yield Decline Point

Mid-high latitude wheat (high CO2 benefit)

above 1.6°C

U.S. soybean

above 1°C

Mid-high latitude wheat (rain fed/reduced precipitation)

above 1°C

Mid-high latitude wheat (low CO2 benefit)

under 1°C

U.S. maize

under 1°C

India wheat

under 1°C

Summing all minimum committed increases in global average temperature shows that the point
when crop yields will decline will be reached sooner than projected by the mainstream crop models.
Because there are so many large, inevitable impacts that are not accounted in the models, model
results provide neither a guide to the risk nor the most likely real world outcomes from the multiple
adverse impacts of global warming and climate change on crops. "The expected impacts are useful
as a measure of the likely direction and magnitude of average yield changes, but fall short of a
complete risk analysis, which would, for instance, estimate the chance of exceeding critical
threshold" (NRC 2011, p. 160).
The IPCC (2007) assessment for NH food effects for policymakers is brief: "Crop productivity is
projected to increase slightly at mid- to high latitudes for local mean temperature increases of up to
1 to 3°C depending on the crop, and then decrease beyond that in some regions" (IPCC AR4
Synthesis 3.3.1.). This gives the impression, as reported frequently, that temperate NH crops are not
at risk of decline up to a global warming of 3°C, but this is a misinterpretation of the data.
The NRC (2011) provides the climate crop model results in the following policy informative manner
in terms of the standard global average warming from pre-industrial (along with a conversion
formula in the appendix):
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For C3 crops, the negative effects of warming are often balanced by positive CO2 effects up
to 2-3°C local warming in temperate regions, after which negative warming effects
dominate. Because temperate land areas will warm faster than the global average […] this
corresponds to roughly 1.25-2°C in global average temperature. For C4 crops, even modest
amounts of warming are detrimental in major growing regions given the small response to
CO2. (NRC Climate Stabilization Targets 2011, p. 160)
The results of least crop yield decline for all the crops modeled (grown in the temperate NH) are for
a decline in yield above 1.25 to 2°C.
We take a crop decline point from the crop health science perspective as being when a crop's yield
declines, be it above or below the baseline. This gives a global warming degree of 1.5°C, above which
all crops in all regions are tipped into decline, according to the model (IPCC 2007, NRC 2011) results.
We are committed to 1.6°C by the ocean heat lag alone (NRC 2011).
This is an uncomfortably low degree of warming but all the other sources of the science indicate an
even worse situation for NH food security because of all the adverse effects not accounted by the
models. Processes not included or adequately quantified in the model projections, according to the
NRC (2011, pp. 161-163), include:
x
x
x
x
x
x
x
x
x

responses of weeds
insects
pathogens
changes in water resources available for irrigation
increased surface ozone levels
increased flood frequencies
extremely high temperatures
sustained droughts
year-to-year variability

Combined adverse, additive, and negative synergistic changes are not considered but would be the
most devastating. This argues for not permitting any risk of more than one adverse effect.
The situation is worse still because these projections assume a questionable benefit for temperate
region crops from the CO2 fertilization effect. There is no justification for including an assumed CO2
crop benefit. This assumption is based on experimental crops grown at a CO2 concentration of 550
ppm. As 550 ppm CO2 is far past global climate catastrophe and at 395 ppm we are already at the
highest CO2 in 15 million years (UCLA 2009), the CO2 benefit is not valid.
One large omitted adverse effect is increased tropospheric ozone with warming, which neutralizes
any potential CO2 benefit (IPCC AR4 WG2 Box 5.2) again making its assumption invalid. This effect is
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strongest in the Northern Hemisphere's mid latitudes due to its fossil fuel air pollution origin. Since
the late 1800s, average levels of ozone in the lower atmosphere have increased by more than 30%
(Lamarque et al. 2005).

4 Using crop model results to assess risk
What can we do with these model results for risk assessment? The first thing would be to assess risk
based on the research of definite limiting factors like extreme temperature and prolonged drought,
which are not incorporated into the climate crop model results.

4.1 Extreme temperature
Schlenker (2009) found that for United States crops, "average yields are predicted to decrease 3046% before the end of the century under the slowest (B1) scenario," which is 2.2°C from
preindustrial. So we have a 30-46% drop in yield for the NH region at a 2.2°C warming.
High regional warming projections for the summer are for heating of the food-producing regions
(see Fig. 5).

Fig. 5: Regional land warming affecting the United States summer period
(Climate Wizard, http://www.climatewizard.org)

4.2 Drought
Both heat and drought are increasing regionally in the Northern Hemisphere. There has been
persistent NH regional drought recorded for the late 1990s and early 2000s (see Fig. 6).
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Fig. 6: Persistent DROUGHT in the mid-latitudes of the U.S., the Mediterranean, southern Europe,
and Southwest and Central Asia in the late 1990s and early 2000s (NOAA 2007)
A. Dai's research (2011) provides evidence that NH food-producing regions will suffer increased
drought with global warming (see Fig. 7).

Fig. 7: Projected drought under global warming (Dai, 2011)
At a warming of 1.8°C, most of the NH croplands are under severe drought; at 2.6°C, extreme
drought. This would be a catastrophic change for NH food production.
Food-producing central continental regions in the NH are currently in a three-year sustained drought
at today's global warming of 0.8°C (see Fig. 8).
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Fig. 8: Three year sustained drought (Palmer Drought Severity Index, 2013)
The U.S. grain belt is still in drought, as of March 2013 (see Fig. 9).

Fig. 9: Half of the U.S. still under drought, 26 March 2013 (U.S. Drought Monitor)
Drought is projected to increase in Europe under global warming (see Fig. 10).
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Fig. 10: Europe: Drought under climate change (without loss of Arctic albedo cooling)
(GDIS workshop 2012)

4.3 Conclusions from crop models
Can we use the very incompletely programmed crop model projections to assess risk and realistic
impacts? From all our approaches to crop yield impacts (and more so for impacts combined), we find
that for the Northern Hemisphere (and for the most vulnerable low latitudes), any warming above
1.0°C is unacceptable for protection of food security. Indeed, the IPCC AR4 technical report (2007)
records that globally, world food output is at risk above a 1°C warming (IPCC AR4 WG2 5.4.2.2).
From all approaches, we find that a warming of above 1.5°C can be expected to lead to large NH
crop losses, affecting the world's best food-producing regions.

5 Arctic impacts
Finally, there is one other enormous aspect of global warming that specifically impacts Northern
Hemisphere and therefore world food security. What is happening in the Arctic specifically impacts
the NH with respect to extreme heat, drought, and climate variability.

5.1 Arctic albedo collapse
The Arctic is warming faster than any other region due to the Arctic amplification, which is now
three times the global average (Duarte et al 2012). Scientists call the Arctic summer sea ice albedo
effect the "air-conditioner" for the entire Northern Hemisphere. This albedo effect is provided by Far
North snow, the summer sea ice (see Fig. 11), and Greenland ice sheet surface. All three sources of
albedo are melting away fast and this is bound to have a large effect on the Northern Hemisphere's
weather and climate.
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Fig. 11: Arctic albedo collapsing (Environment Canada and NSIDC)

5.2 Arctic temperature increase
While the increase in global average temperature has stalled over the past decade, the NH land
temperature increase is sustained and the Arctic temperature is increasing fast (see Fig. 12). This is a
very bad trend for NH food production.

Fig. 12 Sustained mid Northern Hemisphere warming and rapidly increasing Arctic temperature
increase (Columbia University)
Many experts have warned informally that the loss of the Arctic summer sea ice is a threat to
Northern Hemisphere agriculture.

6 Conclusion
The evidence from the science is overwhelming. Under our best ideas of mitigation, the Northern
Hemisphere is committed (already determined) by the climate science to large losses of all crops.
We are clearly committed to a dire food security emergency situation in the Northern Hemisphere
and, therefore, globally. What is to be done? The best-case scenario, RCP3-DP, will result in
significant crop yield losses because the peak is unnecessarily delayed. The only published proposal
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to consider for Northern Hemisphere and world food security is Bill Hare's (2009) 1°C mitigation
proposal (see Fig. 13).

Fig. 13: Bill Hare's (2009) 1°C mitigation proposal

Author
The author (though published) is not a climate change or food production expert. He is a retired
medically trained doctor with a background in environmental health protection policy development,
of which global climate change is the issue of all time. He manages a suite of climate change
websites, including <climatechange-foodsecurity.org> and <arcticclimateemergency.com>.
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Methods summary for food figure
For broad regions, yield losses per °C of local warming were taken from Figure 5.2 in the Working Group 2 reports of the Fourth
Assessment Report of the IPCC (Easterling et al., 2007). These estimates include estimates of CO2 effects but without explicit modeling of
adaptation. The mean and one standard error for each level of warming were approximated from the figure.
Local temperature changes were converted to global temperature levels using a value of 1.5°C local per global °C for mid-to-high latitudes
and 1.2°C local per global °C for low latitudes.
Note that since several of these studies are based on experiments where climate is allowed to equilibrate with doubled CO2 levels, while
others were taken from transient simulations (e.g., based on SRES scenarios), the CO2 levels for different amounts of warming likely varied
by study, with the equilibrium studies likely underestimating CO2 levels for a given warming amount.
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Water requirements for maize production in
Europe under changing climate conditions
A. Ceglar, O. Chukaliev, G. Duvellier and S. Niemeyer
Abstract- We use the Bio-physical Model Applications framework (BioMA) to simulate the
maize yield response to water availability in current and future climatic conditions. Two
different realizations of the A1B scenario from dynamically downscaled global circulation
models within the ENSEMBLES project, which capture the most contrasting situations with
respect to changes in precipitation and temperature, have been selected for this purpose. The
CropSyst crop model has been used to simulate the water-limited and potential maize yield as
well as total crop water requirement and total water consumption. The water deficit
productivity index has been introduced for the purpose of the study, describing the gain in
crop yield when water deficit is reduced. The results have shown that the maize yield is
expected to decrease over Southern Europe as well as regions around the Black Sea during
the 2030s. The water could become more productive in central and Western Europe and
slightly less productive in the Southern Europe.
Index Terms— climate change, grain maize, water deficit, yield deficit
————————————————————

1

Introduction

Future climate conditions are likely to intensify current agricultural water management across the Europe. Analysis of the spatial distribution of expected changes in water demand for irrigation in the near
future is a prerequisite to devise appropriate water management strategies, which can stabilize crop
production and increase carbon sequestration. Moreover, irrigation water requirements caused by agricultural expansion and climate change should be integrated into cross-sectoral water management. In
this study we therefore aim to analyse the water requirements and consumption for growing maize in
current and future climatic conditions in Europe. The change between the spatial distributions of water
deficit and maize yield deficit across Europe for the baseline period (centred on 2000) and time horizon
in the future (centred on 2030) is analysed. The simulations are based on a new dataset of future daily
weather data that was especially tailored for crop growth applications in the near future (Donatelli et al.
2012).
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2
2.1

Data and methodology
Data

The simulations require 3 data types: weather, soil and crop calendar data. Weather data for projected
climate change scenarios were generated using regional climate models (RCM) nested in global circulation models (GCM) from the ENSEMBLES project (van der Linden and Mitchell, 2009). RCM simulations
were bias-corrected (Dosio and Paruolo, 2011), since biased RCM simulations can lead to unrealistic crop
ǇŝĞůĚ ƐŝŵƵůĂƚŝŽŶƐ ;Ğ͘Ő͘ dĞƵƚƐĐŚďĞŝŶ ĂŶĚ ^ĞŝďĞƌƚ͕ ϮϬϭϬ͕ ĞŐůĂƌ ĂŶĚ <ĂũĨĞǎ-Bogataj, 2012). Since the biascorrection was only done on a subset of weather variables (rainfall and temperature), this dataset was
further processed by Donatelli et al. (2012)a to ensure that different weather variables of agronomic
importance (such as global solar radiation) remained coherent amongst themselves, thus making them
usable for crop simulations. This processing also included a resampling to a common 25 by 25 km grid
and the use of the ClimGen weather generator (Stöckle et al., 2001) applied to data from short-term
time horizons of 15 years (such as 2013-2027 and 2023-2037) in order to increase the sample size.
In our study, the priority has been given to future projections of the A1B emission scenario given by
HadRM3 RCM nested within the HADCM3 GCM (HADLEY) and HIRHAM5 RCM nested within ECHAM5
GCM (ECHAM). The two realizations can be considered as warm (HADLEY) and cold (ECHAM5) according
to simulated temperature in the future. These two realizations therefore represent the extremes in air
temperature change within those analysed in ENSEMBLES project, allowing us to evaluate the largest
range of uncertainty in weather inputs to the impact model. Two time horizons were compared in our
study. Both cover a length of 30 years, centered on years 2000 (the baseline period) and 2030. Simulated
changes of mean air temperature and cumulative precipitation during the vegetation period between
the 2030s and the baseline period are shown on Fig. 1 and 2.
The most common soil profile across the Europe, which has a medium water-holding capacity, was used
for the simulation purposes. It has to be emphasized that the simulation, limited to soil water, are sensitive to basic soil parameters derived from texture and soil depth, which influence the soil hydraulic
properties. While a more detailed spatial soil database would better represent actual soil depths and
areal presence in a given cell, the differences in the output would not differ markedly, except for extremely shallow soils (Donatelli et al., 2012)b.
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Figure 1: Simulated change of mean air temperature during the vegetation period between the 2030s and the
baseline period (ECHAM5 – left and HADLEY - right).

Figure 2: Simulated change of cumulative rainfall during the vegetation period between the 2030s and the
baseline period (ECHAM5 – left and HADLEY - right).

2.2

Methods

The CropSyst model (Stöckle et al., 1994) was used for simulation of maize growth and development. The
CropSyst is a process-based generic simulator for crops. Different crops can be simulated using appropriate parameters. The CropSyst model has already been used to study the impact of climate change and
climate extremes on crop production in different locations (Tubiello et al., 2000; Moriondo et al., 2011).
Two levels of crop model simulations were used in our study: potential and water-limited (rainfed). The
difference between potential and rainfed yield is called the yield deficit. Yield deficit can be reduced if
additional water is applied to crops during the growing season through irrigation. We introduced an indicator of yield reduction dependence on water deficit. The latter is defined as the difference between potential and actual evapotranspiration. We defined the water deficit productivity index as:

WD

Ypot  Ylim
ETpot  ETlim

,

where Y pot and Y lim represent potential and water-limited yield, whereas ET pot and ET lim represent potential and actual evapotranspiration. The index value therefore represents the productivity of water which
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can be applied to reduce or eliminate water deficit. Index can be used as tool for vulnerability assessment in respect to water deficit; higher index value expresses higher yield reduction per unit of water in
deficit.
The crop simulated in this study is grain maize. Simulations were performed for a major part of Southern,
Western and Eastern Europe, in which maize can be grown. Six important maize production areas were
chosen for more detailed analysis of the impact of climate change on crop production and soil water deficit (see Fig. 3). No adaptation measures have been incorporated into our simulations.

Figure 3: Maize growing areas, where more than 10 % of the cell area is occupied by maize. Shown are
selected regions for the analysis (1-Zaragoza, 2-Aquitaine, 3-Alsace, 4-Lower Saxony, 5-Vojvodina, 6Wallachian plain)

3
3.1

Results with discussion
Water deficit productivity index (WD)

WD indicates the gain in crop yield if water deficit is reduced. Figure 4 shows the dependence of maize
yield deficit on water deficit for selected locations in southern Spain, Lower Saxony (Germany) and Vojvodina (Serbia). Observed weather data from the MCYFS database (daily weather data from 1982 untill
2012) (Genovese, 2004) was used to simulate yield and water deficit over those locations. Different yield
deficit can be observed in the selected regions, with the highest deficit occurring over Spain and the
lowest in Germany. Over the German site, potential yield is almost attained for the majority of simulated
years. In several years, higher yield deficit appeared, which resulted from increasing water deficit. Moreover, accumulated water deficit throughout the growing season, which is lower than 100 mm, does not
seem to significantly reduce the potential yield at the end of the growing season. Increasing water deficit
tends to have the highest impact on maize yield in the interval between 100 and 300 mm. The reduction
4
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of water deficit in this case causes the most significant increase of maize yield. This can be observed for
the majority of points, representing Vojvodina (Serbia). WD values decrease when the water deficit is
higher (e.g. location in southern Spain), when increasing of the yield deficit becomes less significant with
increasing water deficit (Fig. 4, right). Economic value of the water is therefore the highest in the interval, where the reduction of water deficit results in the most significant increase of maize yield (water deficit between 120 and 300 mm, Fig. 4).
The timing of water shortage for plant growth is important as well as the total amount of the water deficit during the growing season. To illustrate the importance of timing, we have coloured the points on the
Fig. 4 according to the amount of accumulated water deficit in the period from flowering to maturity,
relative to the accumulated deficit from the whole growing period. In general, high accumulated water
deficit during the period between flowering and maturity causes higher maize yield deficits, which can
be seen in the case of Spain (Fig. 4, left). Maize yield deficit is decreased in cases when lower accumulated water deficit between flowering and maturity occurred, which can be observed especially in Germany.
dŚĞƉĞƌŝŽĚŶĞĂƌĨůŽǁĞƌŝŶŐŝƐƚŚĞŵŽƐƚƐĞŶƐŝƚŝǀĞƚŽǁĂƚĞƌĚĞĨŝĐŝƚ;ĞŐůĂƌĂŶĚ<ĂũĨĞǎ-Bogataj, 2012). In addition, low water amount after the tasseling period can significantly reduce the grain yield production.

Figure 4: Left - maize yield deficit dependence on water deficit for the period between 1982 and 2012 for three
different locations, characterized by a single grid point: 1) Andalusia (Spain) – circles, 2) Vojvodina (Serbia)– squares
and 3) Lower Saxony (Germany)– triangles. The calculation was performend based on MCYFS data. The color represents the amount of accumulated water deficit in the period between flowering and maturity relative to accumulated water deficit over the whole growing season. Right - water deficit productivity index for the three locations.
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3.2

Simulation of climate change impact on maize yield deficit and water deficit for selected
regions

Figure 5 shows scatterplots of changes in water deficit and maize yield deficit in 2030s relative to water
and maize yield deficits during the baseline period. Simulations from two different climate model runs
are shown on each plot for all grid cells within the selected regions (Fig. 3). Little or no changes in maize
yield deficit and water deficit are expected in the Lower Saxony region. Both climate models predict no
significant changes in the precipitation, whereas warming between 0.4 and 1.0 °C is expected. In other
places, pronounced differences can be observed between ECHAM and HADLEY model runs. In Alsace and
Aquitaine, maize yield deficit is expected to increase more in case of HADLEY model run. HADLEY resulted in significantly higher temperature increase and precipitation decrease in these regions. An increase
of water deficit for 50 mm could lead to increase of maize yield deficit up to 1000 kg per hectare. The
maize yield deficit is expected to decrease in Wallachian plain. Water deficit increases for ECHAM, since
it resulted in lower accumulated precipitation over the growing season (Fig. 2). Since both climate model
runs simulate similar temperature change over the Wallachian plain, the change in yield deficit mainly
depends on precipitation change, which is negative in case of ECHAM and non-significant for HADLEY
model run. The potential maize yield is expected to decrease significantly over the region, mainly due to
water stress and higher temperatures. Higher temperatures lead to shortened growing period and acceleration of all phenological stages, which leads to a shorter grain filling period. Negative change in maize
yield deficit on the graph indicates that the reduction of potential yield is higher than reduction of the
actual yield in the 2030s.
Above the diagonal line on plots in the Figure 5, the WD index change between2030s and 2000s is positive and below the line negative. This indicates that for the points above the line, water deficit will cause
higher negative impact on the final yield and measures that reduce water deficit (irrigation, conservative
tillage, reduced tillage, soil water conservation, …) will become more productive in 2030s than in the
baseline period. Figures 6 and 7 represent the spatial distribution of WD change across the Europe. The
index values generally decrease in Mediterranean and regions around the Black Sea, whereas no change
or slight increase occurs in the central and part of Western Europe. Increasing of WD values can be observed in the case of HADLEY, which simulates a considerable decrease of rainfall over France and parts
of Central Europe.

6

83

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

Alsace

Aquitaine

Lower
Saxony

Wallachian
plain

Vojvodina

Zaragoza

Figure 5: Scatterplots of changes in the maize yield deficit and water deficit between the 2030s and the 2000s period for Alsace, Aquitaine, Lower Saxony, Wallachian plain, Vojvodina and Zaragoza
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Figure 6: Simulated change in water deficit index values during the vegetation period, using the ECHAM (left) and
HADLEY (right) model runs, between the 2030s and the 2000s (baseline) period.

Figure 7: Simulated change in potential maize yield during the vegetation period, using the ECHAM (left) and
HADLEY (right) model runs, between the 2030s and the 2000s (baseline) period.

4

Conclusions

The results of our study have shown that the maize yield is expected to decrease over the Southern Europe as well as regions around the Black Sea during the 2030s. Water deficit productivity is expected to
increase in parts of Central and especially Western Europe, whereas slightly decrease in Southern Europe
and regions around the Black Sea. This indicates that increase of water deficit due to climate change
could increase the risk of yield reduction in Central and Western Europe and slightly less in the Southern
Europe. In addition, large differences occur between two contrasting climate model runs which are reflected in the simulated water deficit productivity as well. Research activities in the future should focus
on how the timing of water deficit occurrence within the growing season impacts the maize yield deficit
at maturity.
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Climate impacts in Europe: an integrated
economic assessment (preliminary results of
the JRC PESETA II project)
Ciscar J-C, Feyen L, Soria A, Lavalle C, Perry M, Raes F, Nemry F, Demirel H, Rozsai M, Dosio A, Donatelli
M, Srivastava A, Fumagalli D, Zucchini A, Shrestha S, Ciaian P, Himics M, Van Doorslaer B, Barrios S,
Ibáñez N, Rojas R, Bianchi A, Dowling P, Camia A, Libertà G, San Miguel J, de Rigo D, Caudullo G, Barredo
J-I, Paci D, Pycroft J, Saveyn B, Van Regemorter D, Revesz T, Mubareka S, Baranzelli C, Rocha Gomes C,
Lung T, Ibarreta D
Joint Research Center (JRC)*
*The views expressed are purely those of the authors and may not in any circumstances be regarded as
stating an official position of the European Commission
Abstract— The JRC PESETA II study integrates the consequences of several separate climate change
impacts into a macroeconomic CGE model. This enables comparison of the different impacts based on
common metrics (household welfare and economic activity). The study uses a large set of climate model
runs (twelve) and impact categories (agriculture, energy demand, river floods, sea-level rise, forest fires,
transport infrastructure).
The results show that there is a wide dispersion of impacts across EU regions, with strong geographical
asymmetries, depending on the specific impact category and climate future. For instance, Northern
Central Europe has negative impacts mainly related to sea level rise and river floods while Southern
Europe is affected mainly by agriculture. The study also explores the significance of transboundary
effects (where climate change causes economic damages outside the region directly affected.
Index Terms—climate impacts, integrated assessment modeling, climate adaptation
————————————————————

1 Introduction
This article presents the methodology and preliminary results of the economic impacts assessment of
the JRC PESETA II project (Projection of Economic impacts of climate change in Sectors of the European
Union based on bottom-up Analysis)1. The integrated methodology also benefits from other impact
evidence derived from the FP7 ClimateCost project (on coastal impacts and agriculture in the 2080s).

1

Preliminary results of the JRC PESETA II project (http://peseta.jrc.ec.europa.eu/), as published the Impact Assessment accompanying the EU
Strategy on Adaptation to Climate Change, April 2013. The project uses climate data from the FP6 ENSEMBLES project, and impact estimates for
agriculture and sea level rise from the FP7 ClimateCost project. The authors wish to thank Daniela Jacob for providing the E1 climate data, and the
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With the proposed methodology high time-space resolution climate data feed highly disaggregated
sector-specific impact models to estimate the biophysical impacts. Such structural approach, as opposed
to the reduced form formulation, aims indeed to consistently integrate what is known on climate
impacts in the various natural sciences disciplines into the economic analysis. With this kind of
methodology it is possible to derive macroeconomic estimates of the economic effects. The main
motivation of this methodology has been then to soundly integrate empirical results from biophysical
models into an economic framework (Ciscar et al. 2012b). The methodology could be applied to any
regional climate impacts assessment.
Regarding the economic assessment, the four main questions to be addressed are the following. Firstly,
how great are the impacts of climate change under future climate scenarios, in particular, under a
reference and a 2°C scenario? Secondly, what are the distributional implications of climate impacts?
Thirdly, by how much can adaptation reduce climate impacts? Fourthly, are spatial (cross-country)
transboundary impacts significant?
The article is organized in four sections, including this introduction. Section 2 presents the main features
of the integrated methodology. Section 3 explains the climate runs used in the project. Section 4
discusses the main economic impact results. Section 5 notes a series of caveats.

2 Methodology and scope of assessment
The methodology here applied has three steps, following Ciscar et al. (2011). In the first stage the
climate runs used as input to all biophysical models are selected. In a second stage, the biophysical
impact models are run to compute the biophysical impacts. In a third step, those impacts are valued in
economic terms using a computable general equilibrium model.
The following climate impact categories have been considered in the preliminary economic assessment:
agriculture, coastal areas, energy, river floods, forest fires, and transport infrastructure. Agriculture
impacts are in terms of crop productivity changes, using the DSSAT model (see Iglesias et al. 2012). The
river floods assessment uses the LISFLOOD hydrological model (Feyen et al. 2012). The energy
assessment computes the changes in heating and cooling demand for both residential and commercial
sectors, based on the energy POLES model (Dowling et al, 2012). Coastal impacts are derived from the
DIVA model (Brown et al. 2012). The forest fires analysis is documented in Camia et al. (2012), and the
transport infrastructure assessment in Nemry and Demirel (2012).
The use of a multi-country general equilibrium model permits that the estimated economic impacts
include both the direct impact of climate change (e.g. the losses in the agriculture sector due to lower
yields) and the indirect consequences in the rest of the sectors (e.g. in the agrofood industry) and the
rest of the world (considered via trade flows). The main economic output variables relate to household
members of the PESETA II project Advisory Board (J Mac Callaway, O B Christensen, C Goodess, M Hanemann, and S Waldhoff,) and JRC colleagues
for their very useful comments and feedbacks.
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welfare, and GDP. Economic impacts on welfare are provided in monetary terms, and are presented
undiscounted, in 2005 Euros. The welfare changes are also compared to GDP.
The study evaluates a counterfactual situation: the impact of future climate on the economy of today.
This approach is known as comparative static.
The results are presented dividing the EU into the following regions, according to their latitude and the
relative economic size, as it was made in PESETA:
-

Northern Europe: Sweden, Finland, Estonia, Lithuania, Latvia, and Denmark.

-

UK & Ireland: UK and Ireland.

-

Central Europe north: Belgium, Netherlands, Germany, and Poland.

Central Europe south: France, Austria, Czech Republic, Slovakia, Hungary, Slovenia, and
Romania.
-

Southern Europe: Portugal, Spain, Italy, Greece, and Bulgaria.

All reported impacts assume that there is not public adaptation, unless otherwise stated. Therefore, the
methodology can be useful to understand where to prioritise adaptation options.

3 Climate scenarios and runs
For the JRC PESETA II study climate simulation runs were obtained from the FP6 ENSEMBLES project (van
der Linden and Mitchell, 2009). Runs were driven either by the SRES A1B emission scenario (Nakicenovic
and Swart, 2000), or the so called E1 emission scenario. The E1 scenario was developed within
ENSEMBLES as an attempt to match the European Union target of keeping global anthropogenic
warming below 2 °C above pre-industrial levels.
It is important to note that climate model outputs may present significant errors (biases) when
compared to observations: for instance, modeled summer temperatures in Southern Europe are usually
overestimated, while large biases exist for precipitation. Consequently, the climate runs originally
obtained from the ENSEMBLES project (12 A1B and 3 E1) were corrected for biases in temperature and
precipitation by Dosio and Paruolo (2011), and Dosio et al. (2012).
The JRC PESETA II study considered four core climate runs:
Reference Run. It is interpreted as representing well the central or average of the A1B runs. This
run is interpreted as business as usual scenario. The two additional A1B runs show significant deviations
from the average climate change signal, being usually warmer and drier (Reference Variant 1) or colder
and wetter (Reference Variant 2) than the average;
-

Reference Variant 1 is the climate run that is warmer and drier than the average;
3
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-

Reference Variant 2 is the climate run that is colder and wetter than the average;

The 2°C Scenario. This run is an example of the E1 scenario. This run is therefore referred to as
'2°C scenario' in the project.

The combination of climate models chosen for each core run is shown in Table 1. All the models driven
by the same A1B emission scenario represent an equally probable projection of the future evolution of
the climate. However, the selected runs show a significant variety in climate change signal for both
temperature and precipitation. One can therefore expect that by using these three simulations as an
input for the study of impact assessment of climate change, the main statistical characteristics of the
A1B scenario as modelled by the whole ensemble of RCMs are relatively well represented.
Table 1: Climate models chosen for PESETA II core runs
Climate Models Employed
Core run

Agriculture

Sea-level rise

All other impacts

Reference run

A1B ECHAM5 (UKMO)

30 cm sea-level rise

A1B KNMI-RACMO2ECHAM5

(median A1B
projection)
Reference Variant 1

A1B ECHAM5 (DMI)

30 cm sea-level rise
(median A1B
projection)

Reference Variant 2

A1B EGMAM2006 (FUB)

30 cm sea-level rise
(median A1B
projection)

2°C run

E1 ECHAM5.4 (MPI)

18 cm sea-level rise

A1B METO-HCHadRM3Q0HadCM3Q0
A1B DMI-HIRHAM5ECHAM5

MPI-REMO-E4

(median E1 projection)

The sea level rise projections come from the ClimateCost project (Brown et al. 2011). For the A1B
scenario, the medium projection for SLR in the 2080s is 30 cm, and 18 cm for the E1 medium projection.
The respective values for SLR in 2100 are 37 cm and 26 cm. The coastal impacts have been computed
taking into account the projected damages for the 2080s.
4
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4 Economic impacts
4.1 Methodology
The GEM-E3 model2 is used to compute the overall economic impacts of climate change. The model uses
a computable general equilibrium (CGE) approach that allows exploring the indirect economic
consequences of climate change due to the cross-sectoral effects within the economy, on top of the
direct economic impacts.
The GEM-E3 CGE model analyses the interactions between the economy, the energy system and the
environment. The current EU version is based on EUROSTAT data (base year 2005), with most member
states individually modelled. The countries are linked through endogenous bilateral trade flows. The
GEM-E3 model integrates micro-economic behaviour into a macro-economic framework and allows the
assessment of medium to long-term implications for policies.
The various impact categories are integrated by changing specific elements of the production structure
and supply-side (capital and labour) of the different sectors and of the consumption structure of
households. Table 2 summarizes how the different impact categories have been interpreted and
implemented in the GEM-E3 model3. For instance, the agriculture model produces estimates of
agriculture yields. They are implemented in the model as changes in productivity in the agriculture
sector.
The CGE method, as it considers trade effects, can be used to estimate how impacts in one region can
affect the rest of Europe. This will be applied to the assessment of the size of the possible transboundary
climate impacts within Europe (see Section 4.2).
Table 2: Implementation of sectoral climate impacts in GEM-E3
Impact

Biophysical model output

Model implementation

Agriculture

Yield change

Productivity change for crops

Coastal
areas

Migration cost

Additional obliged consumption

Sea floods cost

Capital loss

Residential buildings damages

Additional obliged consumption

Production activities losses

Capital loss

Heating and cooling demand changes

Energy demand changes in residential and
service sectors

River floods
Energy

2

www.gem-e3.net

3

A similar methodology was followed in the PESETA project (see Ciscar et al., 2012b).
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Changes in cost of:
Transport
infrastructu
re

Additional obliged consumption

- road asphalt binder application
Capital loss4

Net change in costs related to:
- extreme flooding

Forest Fires

Burned area damage

Capital loss

Reconstruction costs

Obliged consumption

4.2 Results
Figure 1 shows the GDP effects for the EU, decomposed both by impact categories and EU regions.
Under the reference run, losses could reach 1% of EU GDP, mainly because of impacts on coastal areas
and agriculture. The overall GDP loss is reduced under the 2°C scenario. Impacts of changes in energy
demand (led by reduced need for heating) are positive at EU level. Regarding the regional pattern of
impacts, Central Europe north is the area most affected by GDP losses (up to 1.7% of GDP), as a
consequence mainly of sea level rise. Southern Europe GDP losses are also around 1% of GDP, led mainly
by agriculture impacts. In all considered regions, GDP losses become smaller when one moves from the
reference run to the 2°C run.

4

Capital loss can be negative when combined changes in winter conditions and extreme flooding create
conditions that are more benign than the baseline
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Figure 1. GDP impacts (% GDP)

Source: preliminary results of JRC PESETA II project
Welfare change is an appropriate metrics to interpret the results of GEM-E3, as the economic model is
rooted in neoclassical economics, where households pursue the maximisation of their welfare levels.
Figure 2 shows welfare changes for the core runs, expressed as a percentage of GDP. For the EU as a
whole (bars on the right-hand of the figure), the net welfare loss of the reference runs is estimated to be
around 0.7% of GDP.
The most significant negative impacts are linked to coastal areas, agriculture and river floods. Damage
from river floods is more harmful to welfare than GDP because flood damage requires spending on
repairs by households. This is compulsory consumption that brings no welfare benefit (but contributes
to GDP). Moving to a 2°C scenario would reduce the impact on agriculture and river floods for the EU as
a whole and would reduce coastal impacts to a lesser extent.
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Figure 2. Welfare impacts (% GDP)

Source: preliminary results of JRC PESETA II project
The overall EU climate impacts are disaggregated by EU region in the rest of Figure 2. Energy impacts are
positive in most climate runs in all regions, expect Southern Europe. Starting with the Northern Europe
region (bars on the left-hand side), the region could have welfare gains associated with lower energy
expenditure and positive agriculture yield changes. Impacts in coastal areas are the main negative
climate impact, and for Variant 1 run river floods could lead to substantial losses. The negative climate
impacts in UK & Ireland are due to river floods and sea level rise in coastal areas. The negative impacts
in the Central Europe north area are mainly provoked by sea level rise. The Central Europe south region
could register negative impacts due to sea level rise, agriculture and river floods. The Southern Europe
region impacts, all negative, appear to be driven mainly by changes in energy expenditure, and also to
agriculture and coastal damage.
An interesting issue to analyse is to what extent climate impacts occurring in one EU region could affect
the rest of the EU, via trade effects. The intuition is the following. If one region would not adapt to
climate change, it would undergo welfare losses, and they would affect the rest of the EU, via trade
effects, given the high degree of economic integration between the EU member states. Two preliminary
simulations with the reference run setting have been made to explore these trade effects.
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In the first analysis (first column of Table 3), one can imagine a counterfactual situation where only
Central Europe north is affected by sea level rise, while the rest of the EU regions do not suffer any
direct impact. Under such a case, the economic modelling results suggest that Central Europe north
would have a welfare loss of 20.5 billion Euros. There would be an additional 30% welfare loss (5.6
billion Euros) felt in the rest of the EU due to the economic linkages between EU regions.
Table 3. Transboundary effects (reference run)

Northern Europe
UK & Ireland
Central Europe north
Central Europe south
Southern Europe
EU

Coast / Central
Europe North

Agriculture
/ Southern
Europe

-491
-1.677
-20.518
-1.966
-1.530
-26.181

-122
-580
-950
-900
-10.218
-12.770

Source: preliminary results of JRC PESETA II project
A similar simulation regarding agriculture impacts has been estimated. The hypothetical case would be
that only the Southern Europe region would be affected by agriculture impacts. It is then assumed that
the rest of the EU does not experience any initial yield change. In that case the impact in Southern
Europe could be 10 billion Euros. There would be an additional loss of 25% (2.5 billion Euros) in the rest
of the EU regions, leading to an overall welfare loss estimated at 13 billion Euros (second column of
Table 3).

5 Discussion
The preliminary results should be taken with care, due to the inherent uncertainties of the integrated
assessment. The trajectory of GHG emissions and behaviour of the climate system are only a subset of
the factors that could influence the consequences of climate change.
Additional limitations of the assessment are related to the fact that several large climate impact
categories have not been considered, notably the case of all the impacts affecting ecosystems,
biodiversity and human life. Abrupt climate change, including climate tipping points, has also not been
considered in the analysis. It is also assumed that the rest of the world remains unchanged in spite of
climate change, which is not realistic.
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Abstract
The impact of climate changes is increasingly evident through movements of climatic variable such as
temperature and precipitation. Quantification of this impact is necessary in order to better understand
the economic implications these changes. Average global temperature has increased by 0.74 Celsius in
the last 100 years; rainfall has trended downward during 1960–2000; and sea levels have risen between
1 to 3 millimeters per year [IPCC, 2007]. Agriculture is very sensitive to changes in the climatic variables
such as temperature and precipitation as these climatic variables are direct components of the
production process. This paper combines historical crop yield data on two of the major crops grown
around the world - rice and maize, with the respective temperature and precipitation data from 66
countries during 1971-2002 to study the impact of changes in mean and variability of temperature and
precipitation on crop yields. Using Quantile Regression, we find evidence that increases in temperature
and precipitation exceeding a certain threshold can be damaging for both rice and maize yields, while
increases in the variability of the climatic variables has a greater negative effect on countries with lower
yields for rice.
Index Terms
Climate change, crop yields, quantile regression, impact assessment

1. Introduction
The impact of climate change is increasingly evident through movements of climatic variable such as
temperature and precipitation. Quantification of this impact is necessary in order to better understand
the economic implications these changes. According to the fourth assessment report of
Intergovernmental Panel on Climate Change (IPCC), average global temperature has increased by 0.74
Celsius in the last 100 years; rainfall has trended downward during 1960–2000; and sea levels have risen
between 1 to 3 millimeters per year [IPCC, 2007]. The report also contends that temperature and
precipitation are likely to increase in most countries around the world in the next two decades.
There is evidence that crop growth and production is affected by changes in the long-term trend of
the climate variables [Battisti and Naylor, 2009]. This paper provides an analysis of the effects of
changes in the means and variability of temperature and precipitation on crop yields using cross-country
data, where variability is computed by taking the difference from both long-run and short-run trend.

1
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There is conflicting evidence on the possible effects of these variables on crop yields. Higher
temperatures may lead to more flooding and eventually reduce crop yields; however, it may also have a
favorable impact in regions with relatively cooler growing seasons or have an adverse impact in regions
with already high temperature levels [Mendelsohn et al. 2007]. Precipitation affects the moisture
content of soil, thus changes in precipitation can directly influence crop yields. Initial increases in
precipitation allow fertilizer to mix better and increase yields; however, above a certain threshold, the
absorption capacity of the soil decreases leading to an anticipated reduction in yields. Different crops
have different optimal growing conditions with regards to temperature and precipitation. Movement
away from these conditions may be damaging for crops, especially in countries where the current
temperature and precipitation levels are already close to the tolerance limit [FAO, 2000].
This paper combines historical crop yield data on two of the major crops grown around the world,
rice and maize,1 with the respective temperature and precipitation data from 66 (Table 3) countries
during 1971-2002 to study the impact of variations in temperature and precipitation. This paper finds
evidence that increases in temperature and precipitation exceeding a certain threshold can be damaging
for both rice and maize yields, while increases in the variability of the climatic variables has a greater
negative effect on countries with lower yields for rice. The paper provides policy relevant and regional
comparisons quantitative results in line with the visioning document of Impacts World. The paper also
serves as a cross-disciplinary research by drawing from both economic and agricultural research.

2. Literature
The scientific community has long argued that changes in climatic variables such as temperature and
precipitation significantly impact crop yields. Reilly et al. [1996] find that as temperatures move away
from the favorable growing temperature of crops, the growth of the crop is adversely affected. Similarly,
if variability in temperatures is high, crop yields are lower. The authors conclude that places that are too
hot or are too close to the optimum temperature are likely to suffer the most.
Most agricultural economists view the relationship between temperature and crop yields as nonlinear [Schlenker and Roberts, 2008]. The early papers in this discipline mostly used growth functions
and incorporated weather patterns throughout the whole season instead of the average outcome
usually used in simple regression techniques [Adams et al. 1995, Mearns et al. 2001]. The major
1

From the database of FAO; Production of cereal refer to the amount of cereals produced in a given country or
region each year. Cereals include wheat, barley, maize, rye, oats, millet, sorghum, rice, buckwheat, alpiste/canary
seed, fonio, quinoa, triticale, wheat flour, and the cereal component of blended foods.
2
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weakness of this literature is the assumption of homogeneity of the impact of climate change on crop
yields. These studies also fail to control for the fact that climate change may affect different crops
differently in different regions.
The next generation of studies uses hedonic pricing models to examine the effects changes in the
climate change on crop yields; many using reduced-form linear regression models to study the impact
[Mendelsohn et al. 1994, Darwin, 1999]. The hedonic models mostly does not control for critical
variables such as fertilizer and irrigation which are often correlated with temperature and precipitation.
As a result, the regression models used are often incorrect and provide biased estimates [Schlenker and
Roberts, 2006].
This paper investigates the possible effects of changes in climatic variables on quantiles of the crop
yield distribution. Thus, in this framework crop yields is a function of the climatic variables, fertilizer
usage and country-specific fixed effects [Koenker, 2004] to control for unobserved district-specific, timeinvariant effects (such as soil type). Quantile regression, in particular, allows the study of the effects of
climate variables on agricultural production efficiency.
As can be seen from the review of the literature, there is a need for cross country analysis of the
impact of changes in the climate variables on crop yields. This paper examines this relationship in a
cross-country paradigm using panel data and argues that the impact of changes temperature and
precipitation on crop yields across countries is not homogeneous and employs panel data analysis with
country fixed effects to remedy this concern.

3. Data and Summary Statistics
The data for temperature and precipitation comes from the Terrestrial Air Temperature and
Precipitation: 1900-2006 Gridded Monthly Time Series, Version 1.01 (Matsura and Willmott, 2007). Data
on food production and agricultural land area is drawn from the database maintained by the Food and
Agriculture Organization (FAO) of the United Nations.

3.1. Summary Statistics
Summary statistics of the key variables are presented in Table 1.

3
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4. Methodology
4.1.

Model

In order to investigate the impact of climate change on the agricultural crop yields, a modified version of
the Mendelsohn et al. (1999) model is used;
ଶ
ଶ
݈݈݊݀݁݅ݕ௧ ൌ ߙ  ߛ௧   ߚଵ ݈ܽ݃Ǥ ݃ǡ௧   ߚଶ Ǥ ܶǡ௧  ߚଷ ܶǡ௧
 ߚସ Ǥ ܲǡ௧  ߚହ ܲǡ௧
 ߚ Ǥ ܨǡ௧  ߝ௧

where lnyieldit represents the crop yield in a given year in country i in year t, αi represents country
fixed effects and γt represents time fixed effects. Crop yield is expressed in log units, thus a given change
in either T (Temperature mean/variability) or P (Precipitation mean/variability) will produce percent
increases in crop yield, independent of the absolute levels of production. 2

4.2.

Variability

Since we are more interested in the variability of climatic variables rather than changes in the average,
variability of the climatic variables along with annual deviations and the mean temperature and
precipitation are used for analysis. Variability for precipitation and temperature is estimated by taking
the squared difference for each annual observation, Tt or Pt for each country i from the mean (ܲത ܽ݊݀ܶത ሻ
of the centennial mean for that particular country;

For temperature: (ܶ௧ െ ܶത ሻ
For precipitation: (ܲ௧ െ ܲത )
4.3.

Quantile Regression

Quantile regression offers a method for inferring the conditional distribution of an outcome of interest
over the entire support of its distribution. This allows us to examine the effect of covariates at different
points on the distribution. If countries with lower yields are affected more by changes in climatic
variables, then there is a major cause for concern. The quantile regression model can be expressed as;
ሺሻ

ሺሻ

ଶሺሻ

݈݈݊݀݁݅ݕ௧ ൌ ߙ  ߛ௧   ߚଵ ݈ܽ݃Ǥǡ௧   ߚଶ Ǥ ܶǡ௧  ߚଷ ܶǡ௧

ሺሻ

ሺሻ

ሺሻ

ሺሻ ͵

 ߚସ Ǥ ܲǡ௧  ߚହ Ǥ ܲǡ௧  ߚ Ǥ ܨǡ௧  ߝǡ௧

The estimated coeﬃcients of the explanatory variables from quantile regression also vary based on
heterogeneity. However, inclusion of individual fixed eﬀects often changes the interpretation of the
coeﬃcients of these variables. Koenker [2004] and Harding and Lamarche [2009] focused on treating the

2
3

See Annex 1, Table 1 for details
Where 0 < p < 1 indicates the proportion of crop yields below the percentile at p.
4
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fixed effects in the context of a penalized estimator by separating the estimation of the fixed effects and
the other covariates though an l2-penalty4. Since the l1 penalty (scalar) allows the shrinkage of the fixed
effects and as a result decreases the variability in the estimation of β, this method, along with setting
the penalty term equal to zero, is used in this paper.

5. Results
Apart from quantile regression, all the other regressions use heteroskedastic and correlated error
structure.

5.1.

Rice

When controlling for annual mean of the climatic variables, the estimation shows that the linear term of
temperature is negative and significant (1 percent level) while the squared term for temperature is
negative and significant at the 1 percent level. The linear term for precipitation is positive and significant
at the 5 percent level, while the squared term is negative and significant at the 10 percent level.
When controlling for the variability of the climatic variables from the series mean, both temperature
and precipitation variability have a positive and significant effect (5 percent level) while the squared
temperature and precipitation variability have significant negative effects.
The positive and significant lagged variability coefficient of precipitation, suggesting that, at least in
the short term, increased precipitation is expected to boost rice yields while the squared variability of
precipitation is negative and significant at the 1 percent level.
Evidence from the agronomist literature suggests that crops such as rice and maize have the highest
yields at their optimum long term condition and movement away from these conditions can be
damaging to crops [Challinor et al. 2005]5. When controlled for the variability of the climatic variables
from the centennial mean, the squared measure of variability is negative and statistically significant at

4

L1 and L2 penalized estimation methods shrink the estimates of the regression coefficients towards zero relative
to the maximum likelihood estimates. The purpose of this shrinkage is to prevent over-fit arising due to either
collinearity of the covariates or high-dimensionality. Although both methods are shrinkage methods, the effects of
L1 and L2 penalization are quite different in practice. Applying an L2 penalty tends to result in all small but nonzero regression coefficients, whereas applying an L1 penalty tends to result in many regression coefficients shrunk
exactly to zero and a few other regression coefficients with comparatively little shrinkage [Goeman and Meijer,
2012].
5
Agronomist literature suggests that for rice the optimum condition is between 8°C and 34°C and for maize it is
between 6°C and 28°C [Schlenker, 2006].
5
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the 1 percent level. This suggests that, as the variability crosses a certain threshold, the initial positive
impact is negated.

5.2.

Maize

The coefficients of variability of temperature and precipitation have the expected negative signs and are
statistically significant at the 5 percent and 1 percent levels respectively. This suggests that movement
away from the trend can be damaging for production of maize once temperature and precipitation cross
a certain threshold.
The lagged effects are also similar to that of rice, variability being positive and statistically significant
while the squared variability being negatively significant; suggesting that the effects of increased
variability of temperature and precipitation are persistent for at least one year.
When controlling for variability from centennial mean, the negative coefficient on the lagged GDP
suggests that during years of high growth, soil loses its fertility which has a negative effect on crop yields
the following year. The coefficient for fertilizer is positive and statistically significant at the 1 percent
level.

5.3.

Aggregate Crop Yield

The estimation results when aggregate crop yield is used as the dependent variable are similar in
direction and statistical significance. Results further suggest that while increased variability in
temperature and precipitation may aid aggregate crop yields in the short run, increases in variability
beyond a certain threshold are expected to have a negative impact on crop yields.

5.4.

Quantile Regression Results

Quantile regression allows us to examine if some quantiles of crop yields are more affected by the
explanatory variables. The value of the shrinkage parameter is an ongoing research question, thus for
the purposes of this study it has been set to the simplest homogenous settings of the ratio of the scale
parameters of the fixed effects and the idiosyncratic errors.

5.4.1. Rice
The results from the quantile regression on rice yields suggest that increases in temperature variability
seem to have a greater effect on the countries with lower yields. While coefficients of temperature
6
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variability and the squared temperature variability are statistically significant for the 75 th and the 25th
quantile, they are not statistically significant for the median of the distribution for yield. The results also
suggest that the effect of increases in precipitation variability is negative and significant for the 25th
percentile but not for the 50th or 75th percentiles (Table 4).
Interestingly, lagged agricultural GDP growth is only negative significant for lower yield countries
(τ=0.25), suggesting that countries with higher yield are also better at using technology in order to
prevent soil fertility from declining.

5.4.2. Maize
The coefficients for the climatic variables show no significant differential effects between countries with
high and low yields due to climate change. However, both temperature and precipitation variability are
positive and significant at the 10 percent level while the squared variability terms are negative and
statistically significant at the 5 percent level (Table 5).

5.4.3. Aggregate Crop Yields
The estimates from the quantile regression using aggregate crop suggest that temperature and
precipitation variability are positive and significant for all the three percentiles used. Squared variability
of temperature is negative but is only statistically significant for the 25 th percentile suggesting that as
the variability of temperature crosses a certain threshold it will have a larger effect on lower yield
countries compared to higher yield countries (Table 6).

6. Conclusion
The empirical estimations in this paper are consistent with both the existing literature and theory of
climate change and agriculture. After controlling for changes in the climatic variables to analyze their
impacts on crop yields, we find that increases in variability of both temperature and precipitation are
expected to benefit crop yields up to a certain extent. However, as the variability exceeds a certain
threshold which is the major cause for concern among climatologists, it is expected to have a negative
impact on crop yields. As variability of temperature causes the conditions to move away from the
optimum growing conditions for crops, yields are expected to fall. At the same time, as variability of
precipitation increases, the optimum absorption capacity of soil is affected and this is expected to affect
crop yields negatively. These results are consistent with the findings from agronomists’ literature
7
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[Battisti and Naylor, 2009].

Analysis also suggests that increasing variability of precipitation and

temperature has a persistent negative effect on crop yields for at least one year.
Most importantly, results from the quantile regression for rice, the most grown crop in the world,
suggest that increases in temperature and precipitation variability has greater adverse effects on lower
yield countries. We find no significant differential impact of climate change on high yield and low yield
land regarding yield of maize. However, there is evidence of increases in temperature variability past a
certain threshold causing greater damage for lower yield countries in the case of aggregate crop yields.
Considering the results, the production of climate resilient crops should be promoted in order to
minimize the loss of yields due to climate change in developing countries. It must be considered that the
adverse impact on yields and subsequently food supply may lead to inflation and that a 10 percent
increase in domestic food prices could push 64 million people into poverty.
The findings of the paper are policy relevant and cross-disciplinary in nature. The quantitative results
are methodologically robust and provide comparisons among countries based on production efficiency.
These are in line with the visioning document of the Impacts World.
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Annex 1

Variable
lnyield
lag.gdp
T (Temperature)
P (Precipitation)
F (Fertilizer)
Temperature Variability
Precipitation Variability
Squared Variability

Variable
Mean Temperature (°C)
Mean Precipitation (mm)
Temperature Diff. from Centennial
Mean
Precipitation Diff. from Centennial
Mean
Aggregate Yield (hectogram /hectare)
Rice Yield (hectogram /hectare)
Maize Yield (hectogram /hectare)
Fertilizer (tons)
Agricultural GDP Growth (%)
Log (Aggregate Yield)
Log (Rice Yield)
Log (Maize Yield)

Table 1: Variable Definition
Definition
Log of yield (rice, maize and aggregate)
Lagged agricultural GDP growth in country i
Mean annual temperature in country i
Mean annual precipitation in country i
Nitrogenous fertilizer consumption in country i
Difference from the short-run/long-run mean temperature
Difference from the short-run/long-run mean precipitation
Squared difference from the short-run/long-run mean

Table 2: Summary Statistics
Observation
Mean
s
2112
18.09
2112
88.70

Std. Dev.

Min

Max

9.48
148.42

-4.27
0.30

146.34
577.51

2112

4.73

8.788808

-25.39

119.39

2112

-98.52

169.88

-330.75

5513.16

2112
1520
1833
2112
2112
2112
1520
1833

27226.78
34105.31
32506.53
819642.20
2.48
9.99
10.29
10.05

17195.55
17249.10
28488.54
2498275
8.48
0.72
0.59
0.83

860
2607
1303
52446
-43.95
6.76
7.87
7.17

89000
93888
203750
25400000
78.01
11.40
11.45
12.22
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Algeria
Argentina
Austria
Bahrain
Barbados
Brazil
Canada
Chad
Chile
China
Colombia
Costa Rica
Cote D'Ivoire
Cuba
Denmark
Ethiopia
France
Germany
Greece
Hungary
India
Indonesia

Table 3: List of Countries
Iran
Ireland
Israel
Japan
Kenya
Latvia
Libya
Malawi
Malaysia
Malta
Mauritania
Mauritius
Mexico
Mongolia
Morocco
Mozambique
Nepal
Netherlands
New Zealand
Niger
Norway
Pakistan

Paraguay
Peru
Philippines
Poland
Portugal
Romania
Senegal
South Africa
South Korea
Spain
Sri Lanka
Sweden
Switzerland
Thailand
Tunisia
Turkey
UK
Uruguay
USA
Venezuela
Vietnam
Zambia
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Table 4: Quantile Regression Results for Rice
Quantiles
75
50
25
Variables
LNRICE
LNRICE
LNRICE
Lag Agricultural GDP
-0.00238
-0.00372
-0.00414**
(-0.00154)
(-0.0025)
(-0.00182)
Temperature Variability
0.000008***
0.000124
0.00148***
(-7.58E-05)
(-0.000119)
(-6.16E-05)
Precipitation Variability
3.61E-07
1.13e-06**
1.85e-06***
(-3.78E-08)
(-4.65E-07)
(-2.56E-07)
Squared Temperature Variability -8.78e-08***
-5.64E-09
-1.08e-07***
(-4.46E-09)
(-8.39E-09)
(-5.55E-09)
Squared Precipitation Variability
-1.15E-14
-2.81e-13** -2.55e-07***
(1.04E-14)
(1.53E-14)
(8.43E-15)
Fertilizer
2.48e-08*** 3.58e-08*** 5.31e-08***
(-4.24E-09)
(-7.92E-09)
(-5.54E-09)
Constant
9.82***
9.14***
8.03***
(-0.0175)
(-0.0289)
(-0.0182)
Observations
2,046
2,046
2,046
Number of Countries
66
66
66
Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

Table 5: Quantile Regression Results for Maize
Quantiles
Variables
Lag Agricultural GDP

75
50
LNMAIZE
LNMAIZE
-0.00414
-0.00645**
(0.00261)
(0.00279)
Temperature Variability
0.000820
0.00122*
(-0.00129)
(0.00153)
Precipitation Variability
1.64e-06
4.56e-07**
(6.38e-07)
(5.22e-07)
Squared Temperature Variability
-5.38e-08
-7.81e-08*
(9.35e-08)
(1.07e-07)
Squared Precipitation Variability
-5.46e-14
-1.50e-14**
(2.11e-13)
(1.72e-13)
Fertilizer
6.95e-08***
3.43e-08***
(8.38e-09)
(9.21e-09)
Constant
10.48***
9.891***
(0.0335)
(0.0306)
Observations
1,798
1,798
Number of Countries
56
56
Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

25
LNMAIZE
-0.00306
(0.00224)
0.000351
(-9.75E-04)
1.12e-05
(2.62e-07)
-3.33e-08
(7.16e-07)
3.70e-13
(8.62e-13)
5.74e-08***
(7.30e-09)
9.709***
(0.0209)
1,798
56
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Table 6: Quantile Regression Results for Aggregate Crop Yield
Quantiles

75
50
Variables
LNAGGREGATE
LNAGGREGATE
Lag Agricultural GDP
-0.0121***
-0.0101***
(0.00202)
(0.00251)
Temperature Variability
0.000850***
0.000264**
(0.000102)
(0.000128)
Precipitation Variability
1.30e-06*
1.94e-06***
(6.67e-07)
(5.12e-07)
Squared Temperature Variability
-5.63e-08
-1.32e-08
(7.45e-08)
(9.01e-09)
Squared Precipitation Variability
-4.28e-14
-6.43e-14
(2.19e-13)
(1.68e-13)
Fertilizer
3.21e-08***
3.82e-08***
(6.74e-09)
(8.57e-09)
Constant
10.48***
10.06***
(0.0283)
(0.0277)
Observations
2,046
2,046
2
Pseudo R
0.0336
0.0373
Number of Countries
66
66
Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

25
LNAGGREGATE
-0.00517**
(0.00215)
0.000833***
(8.16e-05)
1.81e-05***
(2.54e-07)
-6.53e-08***
(5.98e-09)
-5.95e-13
(8.35e-13)
6.19e-08***
(7.86e-09)
9.945***
(0.0188)
2,046
0.1288
66
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Pastoral strategies for reducing social conflict
regarding water resources in climate change
context in Benin, West Africa.
Djohy, G., Edja, H., Akponikpè, P.I., Olokesusi, F., Belem, M.
Abstract— Animal production plays a crucial role in the economy of West African countries.
However, in the context of climate change, the scarcity of water resources due to drought and
high spatio-temporal variability of precipitations, influences considerably pastoral activities.
This has driven conflicts among herders in most arid and semi-arid areas especially in the
Fourth Transhumance Corridor of ECOWAS. The study investigates the adaptation strategies of
herders to spatio-temporal variability of water resources in Benin. This view will propose
through multi-agents simulations, a better adaptation strategy for decision making about
environment conservation policies and reducing the vulnerability of actors and productions.
The data were collected with 30 flocks’ keepers in northern Benin. Results reveal that three
categories of herders utilize natural resources in divergent manner based on their perception,
their programmed and moved distance, the abundance and the condition of the water
resources. An increasing transhumant way permits to balance the number of the used water
resources during pastoral season and reduces the number of conflicts among actors varying
from 165 in normal season to 120 in disturbed season. The findings suggest an actor-oriented
policy and local resources planning to control the movement of herbivorous livestock in open
range and also enhance adaptation to climate change within the context of indigenous animal
system in West Africa.
Index Terms— Climate change, Water resources, Pastoralism, ECOWAS transhumance corridor
in Benin, Adaptation
————————————————————

1

Introduction

Stretched between the Gulf of Benin and the valley of Niger (6°17 to 12°04 North latitude), Benin
Republic integrates an abrupt climatically induced rain forest fragmentation known as Dahomey gap, a
forest relic characterized by a decline in annual precipitation, a reduction of sea and air surface temperatures causing climate anomaly (Bokonon-Ganta, 1987; Hayward and Oguntoyinbo, 1987; Salzmann and
Hoelzmann, 2005). The country is influenced by climate change since 1970 with strong spatio-temporal
rainfall variability. The consequences are soils degradation, desertification, deterioration of grasslands
and water resources (Parry et al. 2007). The worrisome aspect is glaring with respect to water resources
which are life-blood of the economies of West African countries (Kunstmann and Junge, 2005). Crop production and animal husbandry, the main economic activities have a hard coexistence due to an intense
competition making the interactions and exchanges more difficult among actors (De Haan et al. 1990;
McCarthy et al. 2001; Morton, 2006). In northern Benin, which receives each year a numerous foreign
livestock from bordering countries like Niger, Burkina Faso and Nigeria, several bloody conflicts have
1
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been recorded not only between the two groups, but within each group. This paper outlines how the
socio-technical knowledge used by herders to gain access to water resources is at the same time a factor
that reduces the recurring clashes between them.

2

Theoretical and methodological frameworks

Our socio-anthropological research referred to action theories to provide conceptual and methodological frameworks to understand actors’ logic and mechanisms in coping with climate change. Fieldworks
were conducted in Alibori (north Benin), which has 692,210 out of 2,058,000 of the national bovine herd
(FAO, 2013) 1. It is also the preferred area for foreign herders from Burkina Faso, Niger and Nigeria. Data
were supplied through semi-structured interviews and focus group by thirty herders partially followed
along the fourth animal route of the Economic Community of West-African States (ECOWAS). The sample included five large scale herds (шϭϬϬͿ, fourteen medium scale herds (ϮϬч ,ĞƌĚф ϭϬϬͿ and eleven
small scale herds (ϭч,ĞƌĚфϮϬͿ. Through CORMAS 2 and StarUML 3, a ^ŝŵtĂƚĞƌ model was built and two
scenarios were compared in relation to the access to water in normal (NCS) and abnormal (VCS) seasons
during 210 days of mobility. Herds move by daily time according to water scarcity and the strategy of
the shepherds. Conflicts appear in the model when two or more herds share the same restricted water
resource.

3

Results

3.1

Actors and resources

ϯ͘ϭ͘ϭ ŝĨĨĞƌĞŶƚ,ĞƌĚĞƌƐǁŝƚŚƐƉĞĐŝĨŝĐǁĂƚĞƌƌĞƐŽƵƌĐĞƐ
The endogenous typology made with actors reveals that herders make a difference among them and between the water resources they use to feed animals (table1). Three classes of herders exploit three types
of watering sources: “Dianpoui” available all the seasons; “Dianseeda” whose half of the number disappears after two abnormal dry months and “Dianpete” which completely dry up after an additional month
of normal dry season.

1

CountrySTAT is a web-based information technology system developed by the FAO, http://www.countrystat.org
CORMAS is the Common Resources Management Agent-based System developed by CIRAD http://cormas.cirad.fr/fr/outil/outil.htm
StarUML is an Open Source UML/MDA Platform, http://staruml.sourceforge.net/en

22
3
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Table1. Actors and resources Characteristics
Categories
Herd size & Fulbe names

Water size & Fulbe name

Abundance Herd шϭϬϬ

Large Scale Herder

Permanent rivers,

Big Water Sources (Dpo)

sources

(LSH) ͞KǁŽŽĚŝŶĂŢ͟

large dams

“DiĂŶƉŽƵŝ͟

Medium Scale

Seasonal rivers, back-

Medium Water Sources

Herder (MSH)

water, shadows, cas-

(Dse) “DŝĂŶƐĞĞĚĂ͟

͞KǁŽŽĚŝƐĞĞĚĂ͟

cade, water collectors

Small Scale Herder

Pastoral Tanks, artesian wells, creeks,
overdigs

Moderate

ϮϬч,ĞƌĚфϭϬϬ

sources

Limited

ϭч,ĞƌĚфϮϬ

sources

(SSH) ͞KǁŽŽĚĂ͟

Small Water Sources
(Dpe) “DŝĂŶƉĞƚĞ͟

^ŽƵƌĐĞ͗ũŽŚǇ͕ϮϬϭϬΘϮϬϭϮ

ϯ͘ϭ͘Ϯ ĞĐŝƐŝŽŶƉƌŽĐĞƐƐĨŽƌǁĂƚĞƌŝŶŐĐĂƚƚůĞŚĞƌĚƐ
The main factor of water resource choice varies according to the herders (Fig.1a). LSH are influenced by
the natural abundant rangeland; MSH are affected by the possibility of crop residues and supplementation (Fig.1b) and SSH are affected by the access to livestock market (Fig.1c).

3
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To perceive pasture (2km)

To perceive pasture (5km)

To perceive pastures (2-3km)

Natural Vegetation

To select nearest resources area

Livestock market?
To look for pasture

no

yes To select nearest resources area
Pasture pattern

To Select resources area
Pasture pattern?
yes

no

To pasture

To pasture

To pasture

no

yes

no

To prospect water resources

Time>48hrs

Crop fodder (residues)

To contract pastoral agreement

Cattle Thirsty?

Thirsty?

Cattle thirsty?

Natural vegetation

Crop fodder (residues)

Natural vegetation

To contract pastoral agreement

no

yes

yes

To prospect water resources

To prospect water resources
Time>48hrs

Find?

Time>96hrs

yes

no
no

yes

To water

(a)

3.2

Find?

Find?
no

To water

yes

To water

(b)
(c)
&ŝŐ͘ϭ͘,ĞƌĚĞƌƐ͛ĚĞĐŝƐŝŽŶƉƌŽĐĞƐƐĨŽƌǁĂƚĞƌƌĞƐŽƵƌĐĞƐĂĐĐĞƐƐ

Water resources access and intra-professional conflicts

Three strategies were developed according to each type of herders (Table2).

ϯ͘Ϯ͘ϭ >ĂƌŐĞ^ĐĂůĞ,ĞƌĚĞƌƐ͛ǁĂƚĞƌŝŶŐƐƚƌĂƚĞŐǇ
Owoodinaï herders’ movements are based on observation and assumption of water availability and access to it. This group of herders has the capability to treck long distances by choice. One LSH could observe and move up to 5 kilometers (km), select abundant grazing area and water points sufficient to cover the needs of his big flock. When the LSH realise their animals’ watering need they will first look for an
abundant water source. They operate a dual mode of choice depending of resources availability. Between the three categories of water points, they prefer the big and the medium water points respectively. Once they find such water points, they water animals and then continue in search of new grazing area.
When resources are abundant in one area, they stay for a maximum of four days to prevent probable
risks related to long stay. No matter the appetency level of the animals toward some type of fodder, the
lack of water reduces their grazing duration. Thus they undertake transhumance over long distances
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along route N°4 and follow some secondary pathways in the forests or particular zones.

3.2.2 DĞĚŝƵŵ^ĐĂůĞ,ĞƌĚĞƌƐ͛ǁĂƚĞƌŝŶŐƐƚƌĂƚĞŐǇ
The MSH strategy is a combination of natural spaces and farm harvest residues ;ƌŝĐĞĂŶĚŽƚŚĞƌĐĞƌĞĂůƐ͕
ŐƌŽƵŶĚŶƵƚĂŶĚŐĂƌĚĞŶƌĞƐŝĚƵĞƐͿfor optimal satisfaction of the herds. All guidance system of the animals
toward fodder and water resources are in a dialectics of timely returning back to their semi-permanent
residential huts in their communities to watch over the family and get ready for the upcoming farming
season. Therefore, a typical MSH does not move beyond 2km and selects the nearest pasture and water
points. In case of natural pasture, animals are left to graze adequately to meet their needs and he determines their water need by their behavior and decides to let them continue grazing or not. He stays for
a maximum of three days in the same zone, for animal grazing and watering. If the rangeland is artificial
(harvest residues), he contracts with farmers by paying them money (pecuniary contract) or temporary
stationery so that the animals can feed on crop land (manure contract) and alternatively waters the
flock.

3.2.3 ^ŵĂůů^ĐĂůĞ,ĞƌĚĞƌƐ͛ǁĂƚĞƌŝŶŐƐƚƌĂƚĞŐǇ
A key coping strategy of the SSH is to explore the possibility of combining the sale of cattle with search
for pasture and water during the transhumance journeys. Many herders in this category have few herds
due to the effects of successive epizooties, climatic crises and unfavourable inheritance conditions. They
restrict their movement to less than 2km for grazing areas close to livestock markets. If the nearest pasture is close to a zone of harvest, he engages in a contract of pasture choosing some cattle not necessarily for selling, but especially as mediator for the merchandising of livestock. They could dig some water
points for their cattle. When a SSH finds a livestock market, he will enter into a contract with farmers,
leave the flock and go to the market. He stays for a day and then continues to prospect for resources and
market opportunities.

Table2. Herdes’ watering strategies
Herders
LSH
Strategy
Extensive
Move factors
Natural abundant resources position
Searching radius
5km
Stay duration
Four days
Preferred resources
Dpo+Dse+Dpe=Dpo

MSH
Semi-extensive
Harvest pasturing resources position
2-3km
Three days
Water resources (Dpo,

SSH
Market oriented
Proximate Livestock
Market position
2km
One day
Water resources (Dpo,
5
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Dpo+Dse=Dpo
Dpo+Dpe=Dpo
Dse+Dpe=Dse
Dpo=Dpo
Dse=Dse
Dpe=Dpe

Dse or Dpe) near harvest residues

Dse or Dpe) near livestock market

^ŽƵƌĐĞ͗ũŽŚǇ͕ϮϬϭϮ


3.2.4 DĂŝŶƚĞŶŝŶŐŽĨǁĂƚĞƌŝŶŐƐŽƵƌĐĞƐĨƌŽŵŶŽƌŵĂůƚŽĐŚĂŶŐĞĚƐĞĂƐŽŶ
To satisfy their herd’s need for water under NCS, the LSH went through 42 watering sources during the
entire pastoral season, while the MSH and SSH visited 53 and 70 sources respectively. These numbers
remained fairly the same under VCS (Figure 2a and b). The number of browsed water points is not very
different in the two scenarios, in spite of the growth of the distance in dry season. This can be explained
by the fact that in terminal areas, the herders overdig some dried water points and stay much longer
than they would normally have. The SSH undertake livestock trade in Gogounou district which is known
as the biggest livestock market in Alibori Department. The LSH would either stabilize in the valleys of
permanent rivers or deviate from the formal route No4 of ECOWAS. It can be concluded that the increase
on distance travelled is not proportional to an increase in the observed watering sources.

(a)

(b)

&ŝŐ͘2͗EƵŵďĞƌŽĨǁĂƚĞƌƉŽŝŶƚƐƵŶĚĞƌE^;ĂͿĂŶĚs^;ďͿ

3.2.5 RĞĚƵĐŝŶŐŽĨĐŽŶĨůŝĐƚƉƌĞǀĂůĞŶĐĞĂƌŽƵŶĚǁĂƚĞƌƌĞƐŽƵƌĐĞƐ
Herders’ strategies bring down the number of intra-professional conflicts (herders against herders) during the transhumance in changing season. Under the two scenarios, the curves of conflicts for 210 days
of migration reveal that the increase in the number of conflicts is a function of the number of day of
transhumance, but keeping in the moved water resources permit to decrease from 165 in NCS to 120 in
VCS (Fig. 3, a and b).
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(a)
(b)
&ŝŐ͘3͗EƵŵďĞƌŽĨĐŽŶĨůŝĐƚƵŶĚĞƌE^;ĂͿĂŶĚs^;ďͿ

4

Discussions

Pastoralism in indigenous communities is important to properly achieve the Millennium Development
Goals of the United Nations in 2015 (Cordone et al. 2009). If water is a great challenge for extensive animal production systems (Abdullaev et al. 2009; Martius et al. 2009, Winckler et al. 2012), pastoralists
have to look at the future and execute a good adaptation strategy. The presence of animals in grassland
around villages permits them to put up with the available resources to limit or to avoid the risk on the
next kilometers during their mobility. However, it is for a relatively short period because herders for reason of distrust think indispensable not to get used to a territory to undergo other tragedies such as the
flight of livestock, the poisoning of the livestock or any other teasings. The carefull management of the
staying days is the technical measure for countering the crisis of trust between farmers and them. The
existence of livestock markets along the route is an important factor for small scale herders’ adaptation
to water resources access. Regarding the precarious conditions of SSH, this new form of access to the
market as “Intermediate seller” or “Intermediate purchaser” is an endogenous adaptation measure by
pastoralists in the context of climate scarcity along route N°4.

5

Conclusion

Through this study we understand that the ways of thinking and acting by migratory animal herders are
premised on a “make-or-break” or “do-or-die” logic. They mobilise all strategies to develop their activities and save their herds which eventually will be bequeathed to their children. Government support to
pastorialists would reinforce the significance of animal husbandry in national economies. Therefore, improvement in natural resources and the enhancement of the infrastructure in animal markets must be a
given priority.
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1. Introduction
A key challenge today’s policy makers are facing concerns the reduction of greenhouse gases
emissions, representing the major cause of climate change. The ultimate objective of the United
Nations Framework Convention on Climate Change (the 1992 established UNFCCC) (Article 2) is to
“stabilize greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous
anthropogenic interference with the climate system”. This key-principle has been enhanced under
the Kyoto Protocol (KP), which establishes emissions reduction targets by 2012 for most advanced
countries in the world. However, a common perception is that much greater reductions are needed
beyond those established by the KP to achieve the UNFCCC objective. Consistent with this, there has
been significant discussion of Post-2012 action, the last during COP 17 in Doha last December 2012.
If emissions continue to grow as during the last century, the consequences on the ecologic and
human systems could be daunting. That also may provoke huge economic costs. This is the main
reason that underlines the search for economic efficient climate policies. More precisely, policy
makers should base the choice of environmental regulations on analyses allowing reliable and robust
comparisons of the costs and the benefits of each given policy.
In this context, the assessment of the economic costs of climate change effects, often known as the
‘Costs of Inaction’, is becoming more and more influent in the policy debate and represents the
starting point to design effective and efficient strategies (both in terms of adaptation and
mitigation).
A pioneering study which tried to assess the welfare impacts of climate change was developed by
Nordhaus (1991), which estimated the cost of climate change for the U.S. and extended those
estimates to the world. From then on, many studies have performed assessment of the global
economic costs of climate change in their many aspects (for instance, Fankhauser 1995; Hope 2006;
Maddison 2003; Mendelsohn et al. 2000; Nordhaus 1994, 2006; Nordhaus and Boyer 2000;
Nordhaus and Yang 1996; Rehdanz and Maddison 2005; Tol 1995, 2002).
Each of these starts by some reduced form carbon cycle models linking emissions, future
concentrations of greenhouse gases in the atmosphere and different levels of global average
temperature change. These on their turn feed-back on the economic activity through reduced-form
damage functions where each degree of temperature increase translates in a given GDP loss.
Calibration of these functions derive from experts opinion and/or from aggregation of impact
studies such as those related to sea-level rise, changes in the frequency and intensity of floods,
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changes in crops’ productivity etc. and their economic consequences. If the broad methodological
approach is similar across studies, these then vary on assumptions on the geographical and spatial
scale, on the underlying economic context, the extent of feasible adaptation to climate change, the
number of impacts considered, their nature – e.g. market or non-market, catastrophic non
catastrophic -, inter-generational and intra-generational equity criteria and other crucial aspects.
Some rough comparisons of results are however possible. Tol (2010) reports main outcomes from
recent research: GDP is expected to change in response to climate change from -0.4 percent
(Rehdanz and Maddison 2005) to +2.3 percent (Tol 2002) for a 1 °C warming. Under a level of
warming equal to 2.5 °C, the estimates of GDP change vary between -1.5 percent (Nordhaus and
Boyer 2000) and +0.9 percent (Hope 2006).

2. Modeling the impacts of climate change: a CGE approach
In this background, this study aims to make an update assessment of the economic consequence of
climate change in the first half of the century deriving from a wide set of climate change impacts.
The reference climatic scenario is the A1b IPCC SRES scenario, implying a 1.92 °C increase in 2050
compared to the pre-industrial level. 1
The initial inputs for the exercise are the results of a set of bottom-up partial-equilibrium impact
assessments. These allow to physically quantifying climate change consequences on sea-level rise,
energy demand, agricultural productivity, tourism flows, net primary productivity of forests, floods
and health (in terms of reduced work capacity due to thermal discomfort). 2
The innovative feature of the work is the application for the final economic assessment of a topdown recursive-dynamic CGE model, ICES (Inter-temporal General Equilibrium System). 3
The appeal of such tools, with respect to other methodologies, is the explicit modeling of market
interactions between sectors and regions that reduced form damage equations cannot capture. 4
1
1.92 °C warming by 2050 with respect to pre-industrial temperature is the average coming from the use of 12 Global Circulation Models within
the ClimateCost project (http://www.climatecost.cc/). Estimates of different impacts and the general equilibrium economic assessment share
consistent assumptions with such an estimate on average global warming.
2
The last two impacts – floods and health – only cover European Union.
3
ICES is a recursive-dynamic model improving upon the static structure of the GTAP-E model (Burniaux and Troung 2002). The calibration year is
2001, data come from the GTAP6 database (Dimaranan 2006) and the simulation time is 2001-2050. For details please refer to Eboli et al. 2010 and
http://www.feem-web.it/ices/
4
In fact, CGE models are increasingly used to assess costs and benefits associated with climate change impacts (for a partial list, see e.g. Deke et al.
2002, Darwin and Tol 2001, Bosello et al. 2007, on sea-level rise; Bosello et al. 2006, on health; Darwin 1999, Ronneberger et al. 2009, on
agriculture; Berrittella et al. 2007, Calzadilla et al. 2008, on water scarcity; Aaheim and Wey 2009, on sea-level rise, agriculture, health, energy
demand, tourism, forestry, fisheries, extreme events, energy supply; Eboli et al. 2010, on agriculture, energy demand, health, sea-level rise,
tourism; Ciscar et al. 2011, on sea-level rise, agriculture, tourism, river floods; Roson and van der Mensbrugghe, 2012, on agriculture, sea level rise,
water availability, tourism, energy demand, human health and labour productivity).
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Inter-industry and international trade flows are indeed explicitly modeled and react to any price
change, be it policy driven or scarcity induced by climatic impacts. In other words, not only direct
costs but also higher-order effects can be determined. It is therefore interesting to compare how the
insights driven by this approach differ or are similar to reduced form results.

3. The economic impacts of climate change and the role of market-driven
adaptation
Once the abovementioned impacts, appropriately translated into changes in key model variables,
are imputed to ICES, global GDP losses amount to the 0.5% compared to a hypothetical scenario
where no climate change is assumed to occur (Fig. 1).

Fig. 1. Real world GDP: % change w.r.t. no climate change (ref. +1.92°C in 2050)

This result is roughly placed in the average range of benchmark studies. As a main relevant feature
of the modeling framework used, it does consider market driven adaptation to climate change which
partly reduces the direct impacts of temperature increases. However, it does not cover non-market
impacts, such as those associated to ecosystem losses, nor catastrophic events. This implies, on the
one hand, that climate change costs can reasonably expected to be higher, even when lying below
the 2° C of temperature increase, recognized from many parts as the target to not go beyond as
irreversible effects may occur (EU Commission, 2010; UNFCCC, 2013); on the other hand, that the
working of market forces is not sufficient alone to eliminate the need for proactive mitigation and
adaptation policies.
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Turning to more specific results, global GDP loss is mainly driven by decreases in crop productivity,
followed by the redistribution of tourism flows and land loss to sea-level rise. 5 Agriculture impacts
strongly affect low-latitude regions, even at relatively low temperature increases because of their
greater physical vulnerability and of the higher importance of this sector in their economy. Impacts
on tourism sector determine the second highest losses, in addition to strong distributional effects.
Tourism flows will be gradually re-directed away from warmer regions, becoming increasingly too
hot, towards more moderate, high-latitude regions. Agriculture and infrastructures are adversely
affected by sea-level rise, which due to the related land and capital induced losses, is the third major
driver of economic impacts at the world level. Other impacts (on energy demand, forest primary
productivity, river floods and on-the-job performance) are generally of lower importance.
Regional differences are also interesting. In the EU as a whole (Fig. 2), the overall effect on Gross
Domestic Product is slightly positive (+0.01%). Gains in Northern Europe (NEUR) (+0.18%) slightly
overcompensate losses in the Mediterranean (MEUR) (-0.15%) and Eastern Europe (EEUR) (-0.21%).
NEUR mainly benefits from positive impacts on crop productivity and an increase in its tourism
attractiveness. MEUR experiences major adverse effects from decreases in labor productivity from
worsened “on the job” performance, and increases in energy demand due to the prevalence of a
cooling effect. The latter exerts its negative impacts on the trade balance in a region already heavily
dependent on international energy imports. Note also the positive GDP effects of impacts on
agriculture and tourism. In the EEUR, adverse consequences are mostly due to a decrease in crop
productivity and flooding.

Fig. 2. Macro regional % of real world GDP change detailed by impacts
with respect to no climate change (ref. +1.92°C in 2050)
5

This is overall consistent with the recent work by Roson and van der Mensbrugghe (2012); the main differences are that they isolate agricultural
productivity and water availability to explain impact on agricultural yield and consider also impact on human health induced by changes in mortality
and morbidity (not available within ClimateCost).
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Looking outside EU, in USA and China climate change net effect on GDP is positive. In the former the
tourism effect dominates, while in the latter the major driver is the increase in crops’ productivity.
The research also confirms the higher vulnerability of least developed regions. The drivers of
negative GDP performance (ranging from -1.5% in Sub Saharan Africa (SSA) to -3.1% in South Asia
(SASIA)) are clearly the adverse impacts on crops’ productivity, even enhanced by lower tourism
attractiveness and land loss to sea-level rise. Both factors play a detectable role in North Africa (NAF)
and SASIA, respectively. It is interesting to note that the initial impact on developing countries’
agricultural sector is in magnitude comparable or smaller than that affecting Mediterranean Europe.
The implications are much more negative though. This is the result of the higher dependence of
developing economies on agriculture and of their lower possibility to substitute land stock with
capital stock.
To conclude, it is interesting to emphasize the difference between direct impacts and final
consequences on GDP. Fig. 3 provides an example for the case of sea-level rise. Generally, but not
always, direct effects are larger than final effects. In fact, market-driven adaptation, primarily the
possibility to substitute a scarcer production factor or consumption item with a cheaper one,
provides a partial buffer against initial negative shocks. However, this general mechanism is more
evident when primary factors of productions are concerned (see land losses to sea-level rise or
decrease in land productivity). 6 It is more ambiguous when demand re-composition effects are
involved. In the latter case, substitution mechanisms are less clear and it may well happen that a
decrease in demand in a sector drives negative impacts in other related sectors with a multiplicative
effect that a direct costing approach cannot capture. This is, for instance, the case of the decreasing
tourism demand in China, Middle East, and Sub Saharan Africa and of the increasing one in the USA,
Eastern Europe, Korea and South Africa.

6

An additional motivation of the prevalence of direct costs on GDP costs when primary factor of production are affected, is that GDP itself is a flow
measure. Therefore, large stock losses, like for instance those on land, not to mention those on labour, are only marginally reflected by the ability
of a country to produce flows of goods and services, which is GDP.
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Fig. 3. Direct vs Indirect impacts in 2050: Sea-Level Rise

4. Conclusions
The present research describes a climate change integrated impact assessment exercise, of which
economic evaluation is based on a CGE approach and modeling effort.
The impact assessment is partial because it only focuses on some of the market impacts, and only on
1.92 °C temperature increase. Still it represents a first step toward the development of a
methodology that integrates impact assessments based on CGEs and policy analysis based on
Integrated Assessment Models. Moreover, it makes use of the most recent available information.
It is worth noting that the general equilibrium estimates tend to be lower, in absolute terms, than
the bottom-up, partial equilibrium estimates. The difference is to be attributed to the effect of
market-driven adaptation. Markets react to climate change impacts with changes in commodity and
primary factor prices that allow for adjustments in consumption and production. This induced
adaptation partly reduces the direct impacts of temperature increases, leading to lower estimates.
However, this general mechanism is more evident when primary factors of productions are
concerned (see land losses to sea-level rise or decrease in land productivity). It is more ambiguous
when demand re-composition effects are involved. In this last case substitution mechanism are less
clear and it well may happen that a decrease in demand in a sector drives negative impacts in other
related sectors with a multiplicative effect that a direct costing approach cannot capture.
The final message we would like to convey is that, albeit its impact smoothing potential, marketdriven adaptation cannot be the solution to the climate change problem: its distributional and scale
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consequences need to be addressed with proactive policy-driven mitigation and adaptation
strategies.
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AdaptationtoClimateChange:ACaseStudyof
RuralFarmingHouseholdsinEkitiState,Nigeria.
A.I. Fatuase, A.I. Ajibefun
Abstract— Climate change is expected to have serious environmental, economic and social impacts on

Nigeria,particularlyonruralfarmerswhoselivelihoodsdependlargelyonrainfall. Thisstudytherefore
investigatedthefactorsresponsibleforthechoicesofadaptationemployedbycropfarminghouseholds
in the study area. The study examined the adaptation choices of respondents from the two agroͲ
ecological zones in Ekiti State. Data were collected and analyzed from a total of 40 respondents from
each agroͲecologicalzone. Descriptivestatistics andmultinomiallogitregression analysiswereused to
analysethecollecteddata.Thestudyexaminedhowfarmer’sperceptionscorrespondwithclimatedata
recorded at meteorological stations of Ekiti State. The statistical analysis of the climate data revealed
thattemperatureandrainfallwereincreasing.Theperceptionsoffarmersontemperaturewereinline
withrecordedclimatedatabutcontrarywiththatofrainfallwhichwereperceivedtobedecreasingby
thefarmers.Therespondentsidentifiedinadequatefundsandclimateinformationasthemajorserious
constraintstoadaptation.Thestudythereforeconcludedthateducationallevel,farmingexperience,acͲ
cesstoextensionservices,accesstoclimateinformationandaccesstocreditweremajorfactorsstatistiͲ
cally affecting choice of climate adaptation measures using multinomial logit regression. Government
policiesandinvestmentstrategiesmustfocusonhowtointensifyawarenessonclimatechangeandacͲ
cesstocreditinordertorescuethepoorruralfarminghouseholdsfromthedangerofclimatechangein
thestudyarea.

Keywords:adaptation,climatechange,multinomiallogit,perception
————————————————————

1

Introduction

Climate is the primary determinant of agricultural productivity. Adaptation toclimate change refers to
adjustmentin naturalorhuman systems inresponse to actual or expectedclimatic stimuli ortheirefͲ
fects,whichmoderatesharmorexploitsbeneficialopportunities(IPCC,2001).Fussel(2007)arguesthat
emphasis should focus on adaptation because human activities have already affected climate, climate
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changecontinuesgivenpasttrends,andtheeffectofemissionreductionswilltakeseveraldecadesbeͲ
foreshowingresults,andadaptationcanbeundertakenatthelocalornationallevelasitdependsless
ontheactionsofothers.Therefore,toincreasemanagementefficiencyofnaturalresources,thepercepͲ
tionsofthepeopledirectlyinvolvedneedtobetakenalongwiththoseofexperts(Kamau,2010).Again,
failuretoaddresstheissueofclimatechangemayleadtoasituationwhereNigeriaandotherWestAfͲ
rica countries incur agricultural losses of up to 4% of GDP due to climate change (Mendelsohn et al.,
2005).PartsofthecountrythatexperiencedsoilerosionandoperaterainͲfedagriculturecouldhavedeͲ
clined in agricultural yield of up to 50% within 2000Ͳ2020 due to increasing impact of climate change
(IPCC, 2007). Considering the above, it is pertinent to examine farmers’ perception about climate
change, identify major constraints to adopt adaptation measures and determine factors influencing
choiceofadaptationmeasuresamongruralfarminghouseholdsinEkitiState,Nigeria.

2.ResearchMethodology
2.1Methods
The study was carried out in Ekiti State, Nigeria. Both primary and secondary data were used for this
study.AmultiͲstagesamplingtechniquewasusedfortherandomselectionofrespondents.Itstartedby
purposively selecting one Local Government Area (LGA) from each agroͲecological zone for the study
whichareIseͲorunandOyeLGAsinthetropicalforestandguineasavannazonesrespectivelybasedon
theircontributiontotheoverallproductionofagriculturalproductionintheState.Four(4)communities
were randomly selected from each LGA while ten (10) respondents were randomly selected in each
community.Therefore,atotalofeighty(80)farminghouseholdswererandomlyselectedforthestudy.
The data collected were analyzed using descriptive statistics and multinomial logit regression model
(MNL)

2.2.1MultinomialLogitRegressionAnalysis
Thestandardformofthelogitmodelis
Log[P/(1ͲP)]=ɲ0+єɲiXi+ɸ…………………………(1)
WhereP=probabilitythatthedependentvariableY=1;
(1ͲP)istheprobabilitythatY=0
ɲsareparameterestimatesfortheindependentvariable,X
Andɸistheunexplainedrandomcomponent.

2


133

ImpactsWorld2013,InternationalConferenceonClimateChangeEffects,
Potsdam,May27Ͳ30

XisavectorofsocioeconomiccharacteristicswhichareFarmingexperience(years),Household
size(numbers),Accesstoclimateinformation(dummy:yes=1and0otherwise),Farmsize(hectares),AcͲ
cess to climate change information (dummy: yes=1 and 0 otherwise), Access to credit (dummy: yes=1
and 0otherwise),Accesstoextensionservices(dummy:yes=1and0otherwise), Levelof educationof
householdhead(years).
Marginaleffectsoftheexplanatoryvariablesfromtheaboveequationaregivenas:
J 1
wPj
=Pj(ɴjk  ¦ Pjɴjk)………………………..(2)
wXk
J 1

ThemarginaleffectsarefunctionsoftheprobabilityitselfandmeasuretheexpectedchangeinprobabilͲ
ityofaparticularchoicebeingmadewithrespecttoaunitchangeinanindependentvariablefromthe
mean.

3.ResultsandDiscussion
3.1ConsistenciesandContradictionsinClimatePerceptionsandMeteorologicalRecords
3.1.1PerceptionsaboutTemperatureChanges
Over95percentoftherespondentsinterviewedperceivedlongͲtermchangesintemperature.Mostof
them(93.7%or75farmers)perceivedtemperaturetobeincreasing.Itwasonly2.5percentofthereͲ
spondentsthatnoticedadecreaseintemperaturewhile2.5percentalsonoticedthattemperaturehas
stayed the same over the years. Only one respondent (1.3%) does not know whether temperature is
changingornotasshowninTable1below.
Table1:Perceptionsoffarminghouseholdsonchangesintemperatureovertheyears.
Temperature

Frequency

Percent

Increase

75

93.7

Decrease

2

2.5

Nochange

2

2.5

Donotknow

1

1.3

Total

80

100.0

Source:ComputedfromFieldsurvey,2011.
TheclimatedatarecordedatmeteorologicalstationsonannualmeantemperatureofEkitibetween1975
and 2007was statistically analyzed to depictits trendoverthe years. The resultshowed anincreasing
trendasindicatedinFigure1.In32years,thetemperaturehadrisenaround0.5degreeCelsiuswithan
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average of 26.00C inthe study area. Therefore, it appears that farmers’ perceptions are in accordance
withthestatisticalrecordinthestudyarea.
Linear Trend Model
Y = 25.6814 + 1.73E-02*X

Temperature
(oC)

27

Key
26
Actual
Fits
Actual
Fits
MAPE:
MAD:
MSD:

25
1975

1985

1995

1.06482
0.27703
0.11102

2005

Years


Figure1:TrendAnalysisforAnnualMeanTemperaturedataforthestudyarea:1975–2007.
Source:Computedbyauthor
3.1.2PerceptionsaboutChangeinRainfall
About98percentoftherespondentsobservedchangesinrainfallpatternsovertheyears.70percent(56
respondents)noticedadecreaseintheamountofrainfall(ashorterrainyseason)overtheyears.InconͲ
trary,27.4percentobservedincreasewhile1.3percentsaidthatamountofrainfallhadstayedthesame
overthepast20yearsasallindicatedinTable2below.
Table2:Perceptionsoffarminghouseholdsonchangesinrainfallpatternovertheyears.
Rainfall

Frequency

Percent

Increase

22

27.4

Decrease

57

71.3

Nochange

1

1.3

Donotknow

Ͳ

Ͳ

Total

80

100.0

Source:ComputedfromFieldsurvey,2011.
ThestatisticalrecordofrainfalldatafromEkitibetween1975and2007showedanincreasetrendover
theyears(Figure2).In32years,amountofrainfallhasbeenincreasingby0.312cmperyear(averageof
120.6mm/year).Theresultfrommeteorologicalstationanalysisonrainfallwascontrarytotheviewof
4
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farmersonperceptionsonrainfallinthestudyarea.Alargeproportionoffarmersnoticedadecreasein
rainfallwhichwascontrarytotheoutcomeofmeteorologicaltrendanalysisonrainfallandthiscouldbe
explainedbythefactthatduringthelastfewyearsmostespeciallylastandpresentyears,therewasa
substantialdecreaseintheamountofrainfall.Thus,farmers’perceptionsofareductioninrainfallover
theyearscouldbeexplainedbythefactthatmostofthefarmersplacedmoreweightonrecentinformaͲ
tionthanitsefficientasalsonoticedbyMaddison(2006)andGbetibouo(2009).
Linear Trend Model
Y = 115.254 + 0.311631*X
150

Rainfall
(mm/year)

140
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Key

120
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110
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Actual
Fits

100
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Figure2:TrendAnalysisforRainfallDataintheStudyArea:1975–2007
Source:Computedbyauthor
Theissueofrainfallpatternsanalyzedabovewasincontrarywithseveralstudiesbutthatoftemperature
has been in accordance with several studies carried out on perceptions of and adaptation to climate
changemostespeciallyinSub–SaharanAfrica.IshayaandAbaja(2008),Deressaetal.(2009),Gbetibouo
(2009),Benedictaetal.(2010)amongothershaveobservedincreasedintemperatureandadecreasein
theamountofrainfallovertheyears.

3.2IdentifyingMajorBarrierstoAdaptationMeasuresintheStudyArea.
TheresultpresentedinFigure3indicatedmainconstraintstofullyadoptmostoftheadaptationmeasͲ
uresidentifiedbythefarminghouseholds.Themajorbarriersidentifiedwereinadequatefunds(89.6%),
inadequateinformation(64.4%),shortageoflabour(41.5%),shortageofland(34.1%),inadequatetechͲ
nologyknowhow(29.6%)andothers(23%).Mostoftheseconstraintswereassociatedwithpovertyand
negligentofagriculturalsectorbythegovernment.
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Percentage



BarrierstoAdaptationMeasures


*Multipleresponse
Figure3:MajorBarrierstoAdaptationtoClimateChangeintheStudyArea
Source:ComputedfromFieldSurvey,2011.

3.4AnalyzingFactorsInfluencingFarmers’ChoiceofAdaptationMeasuresusingMNLModel.
The results of MNL model showed how factors of socioͲeconomic characteristics influence farmers’
choiceofadaptationmeasuresinthestudyarea.Therefore,thechoicesetintheMNLmodelincluded
thefollowingadaptationoptions:
1.ChangePlantingDate2. PlantingDifferentCrops3.Planting DifferentVarieties4.Otheradaptations
and5.Noadaptation(monoͲcropping).
TheestimationoftheMNLmodelforthisstudywasundertakenbynormalizingonecategory,whichis
normallyreferredtoasthe“basecategory”.Inthisanalysis,thefirstcategory(noadaptation)wasthe
basecategory.ThelikelihoodratiostatisticsfromMNLmodelindicatedthatʖ2statistics(83.51)arehighͲ
lysignificant(P<0.0005),suggestingthemodelhasastrongexplanatorypower.Therefore,Table3preͲ
sentsthemarginaleffectsalongwiththelevelsofstatisticalsignificance.
Educationallevel:educationallevel’scoefficienthasapositiveandsignificantrelationshipwithadaptaͲ
tionmeasure.Aunitincreaseintheyearofeducationofafarmer,increasetheprobabilityofchoosing
changeplantingdates,plantingdfferentcropsandnoadaptationasanadaptationmeasureusedinthe
study area. The probable reason for the positive relationship is due to the fact that educated farmers
6
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have more knowledge of climate change and already aware of various techniques and management
practicesthatcanbeemployedtocombateffectsofclimatechange.
Householdsize:Thisincreasesthelikelihoodofusingotheradaptation(i.e.cropfarmingtononfarming,
croptolivestock,useofchemicalandsoon)asanadaptationmeasure.ThisresultisinlinewithCropͲ
penstedtetal.(2003)andDeressaetal.(2011)whoalsonoticedthattheprobablereasonforthisrelaͲ
tionshipisduetothelargefamilysizewhichisnormallyassociatedwithahigherlabourendowmentand
thiswouldenableahouseholdtoaccomplishvariousagriculturaltasksespeciallyatthepeakseasons.
Farming experience: The result revealed that experienced farming households have an increase likeliͲ
hoodofchoosingchangeplantingdate,plantingdifferentcropsandplantingdifferentvarietiesasanadͲ
aptationmeasure.Experiencehastaughtmostofthefarmersonthevariousfarmmanagementpractices
andtechniquesthatcanbeusedinthefaceofanticipatedclimatechange.Thishasreallyhelpedfarmers
inthestudyareatoswitchfromoneadaptationmeasuretoanotherbasedonthesituationofclimate
variables.TheseresultsconfirmthefindingsofNhemachenaandHassan(2007)andGbetibouo(2009).
Accesstocredit:AccesstocreditincreasesthelikelihoodofchoosingplantingdifferentcropsandplantͲ
ingdifferentvarietiesasanadaptationmeasure.LackoffundsisoneofthemainconstraintstoadjustͲ
menttoclimatechange.AccordingtoGbetibouo(2009),hesaidthat“inthestudycarriedoutinTanzaͲ
nia,O’Brienetal.(2000)reportedthatdespitethenumerousadaptationoptionsthatfarmersareaware
of and willing to apply, the lack of sufficient financial resources to purchase the necessary inputs and
otherassociatedequipment,isoneofthesignificantconstraintstoadaptation”.Similarresultwasalso
found out inthis study where almost 90% of the crop farming households made mention that lack of
fundshasbeenabarriertoadaptationinthestudyarea.
Accesstoextensionservices:ThecoefficientsofaccesstoextensionserviceshaveasignificantandposiͲ
tiverelationshipwiththelikelihoodofchoosingadaptationmeasuresuchaschangeplantingdateand
plantingdifferentcrops.Thisimpliesthatfarmerswhohaveaccesstoextensionservicesaremorelikely
tobeawareofclimaticconditionsaswellastheknowledgeofvariousmanagementpracticesthatthey
couldemploytoadapttochangeintheclimaticconditionsasnoticedbyGbetibouo(2009).Itwasalso
observedthatextensionagentsdoenlightenfarmersonwhattime/periodoftheyearthataparticular
cropcouldbebestgrownasaresultofvariationinweatherconditions.
Farm size:Farm size hasa significant butnegativecorrelationwiththeprobability of choosingchange
plantingdateandotheradaptations(i.e.cropfarmingtononfarming,croptolivestock,useofchemical
andsoon)asanadaptationmeasure.Whilepositiverelationshipexistsbetweenfarmsizeandchoosing
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of planting different crops as adaptation measures. The negative relationship between adaptation and
farmsizeiscontrarytothestudycarriedoutbyGbetibouo(2009)butinlinewithDeressaetal.(2011)
whosaidthattheprobablereasoncouldbeduetothefactthatadaptationisplotͲspecific.Thismeans
thatitisnotthesizeofthefarmbutthespecificcharacteristicsofthefarmthatdictatestheneedfora
specificadaptationmethodtoclimatechange.
Accesstoclimateinformation:Thishasasignificantimpactinusingadaptationmeasures.Itimpliesthat
accesstoclimateinformationhasincreasedtheprobabilityofusingadaptationmeasuressuchaschange
plantingdate,plantingdifferentcropsandplantingdifferentvarieties.Informationonclimatevariables
liketemperatureandrainfallhasreallyhelpedfarmersinthestudyareaonthetimetoplantaparticular
cropfortheseason.Ithasalsopreparedthemtoadapteasilytothechangingclimaticconditions.
Table3:ResultofmarginaleffectsofexplanatoryvariablesfromMNLadaptationmodel.
Explanatory
Variables

Educational
Level
Householdsize
Farming ExperiͲ
ence
AccesstoCredit
AccesstoExtenͲ
sionService
Farmsize
Access to CliͲ
mate InformaͲ
tion

Change Planting
Date
Coefficient
(PͲvalue)
6.4772***
(0.001)
Ͳ0.1011
(0.601)
0.0120**
(0.012)
0.4790
(0.134)
0.0401**
(0.037)
Ͳ0.0015***
(0.001)
0.0950***
(0.001)

Planting DifferͲ
entCrops
Coefficient
(PͲvalue)
0.0729***
(0.001)
0.0018
(0.252)
0.0022**
(0.031)
0.1312**
(0.011)
0.0124**
(0.010)
0.0019**
(0.022)
0.0311*
(0.080)

Planting DifferͲ
entVarieties
Coefficient
(PͲvalue)
Ͳ4.5191
(0.197)
Ͳ0.0012
(0.741)
0.0015**
(0.041)
0.0231**
(0.041)
0.0016
(0.831)
Ͳ0.0008
(0.110)
Ͳ0.4847***
(0.001)

Other AdaptaͲ
tions
Coefficient
(PͲvalue)
Ͳ0.9911
(0.145)
0.0141*
(0.089)
Ͳ0.0002
(0.471)
Ͳ0.0551
(0.841)
Ͳ0.0052
(0.352)
Ͳ0.0048***
(0.002)
0.1212
(0.711)

NoAdaptation
Coefficient
(PͲvalue)
0.0226
(0.729)
0.0011
(0.851)
Ͳ0.0049*
(0.057)
Ͳ0.0551
(0.133)
Ͳ0.0537
(0.181)
0.0371
(1.690)
Ͳ0.0003
(0.880)

Note:***significantat1%,**significantat5%,*significantat10%.
Source:ComputedfromFieldSurvey,2011


4.SummaryandRecommendation
Theperceptionsoffarmersaboutclimatechangeandvariabilityrevealedthatover93%oftheresponͲ
dent perceived temperature to be increasing. This observation was in line with meteorological trend
analysisfromrecordeddataonthetemperature.Inthesamevein,70%oftherespondentnoticedadeͲ
creaseintheamountofrainfallovertheyears.TherainfallobservationwascontrarytothetrendanalyͲ
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sis on recorded rainfall data from meteorological stations which tend to be increasing. This difference
couldbeasaresultoferraticrainfallinthelasttwoseasonsbecausefarmersputmoreweightonrecent
information.Thestudyalsodiscoveredinadequatefundsandinformationonclimatechangeasthemain
seriousconstraintsfacedbythefarminghouseholdstobeadequatelyadoptedadaptationmeasuresin
thestudyarea.Again,theresultsofMNLrevealedthateducationallevel,farmingexperience,accessto
extension services, access to climate information and access to credit were the factors enhancing the
adaptivecapacitytoclimatechangeamongfarmersinthestudyarea.
Government policies and investmentstrategiesmustsupportthefactors highlightedabovein orderto
rescuethepoorfarmersfromthedangerofclimatechange.Thepolicymustalsobedesignedinsucha
waythatfarmersshouldhaveaccesstoaffordablecreditaswellassubsidizedagriculturalinputsinorder
toincreasetheirabilityandflexibilitytochangeproductionstrategiesinresponsetotheforecastedcliͲ
maticconditions.Futurepolicycouldalsofocusoncreatingawarenessofclimatechangeandfacilitating
thedevelopmentandadoptionofadaptationstrategies.Theintensiveawarenessonclimatechangewill
bebestachievedinthestudyareathroughextensionagents,massmedia,town/villagecry,agricultural
show,symposiumandthelikes.
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Abstract— In southern Europe, water availability is already a concern and climate scenarios
indicate a decrease in precipitation and an increase of droughts frequency and intensity for
this region. This might lead to water stress conditions at a basin scale with significant impacts
for the different existent water uses, including water supply. The project ADAPTACLIMA is
promoted by EPAL, the largest Portuguese Water Supply Utility. It aims to provide the
company with an adaptation strategy to reduce their system vulnerabilities to climate change.
The work presented here focus on the water quantity related vulnerabilities assessment for
the two main EPAL superficial water resources in climate change scenarios. This assessment
was based in downscaled A2 and B2 climate and water use scenarios until 2100 for the area of
interest of EPAL. The generated climate, water availability and consumption time series were
compiled into several indices according to EPAL’s environmental, legal and operational
standards. Overall results suggest a high potential future vulnerability for both water sources
driven by a 20-50% decrease of water inflows in the Tagus and Zêzere basins and an increase
in overall drought severity across the different climate change scenarios.
Index Terms— water supply system, climate change vulnerabilities, water availibility
————————————————————

1

Introduction

In Portugal a trend has been observed in the 20th century towards drier conditions, with decreases in
rainfall and more frequent and persistent drought episodes (Nunes et al., 2008). This trend will become
more severe in the future, with climate scenarios showing reductions in precipitation between 20 and
40%, during the 21st century, and an increase of the average annual temperature between 3ºC and 7ºC
(IPCC WG II, 2007; SIAM, 2006). The Tagus basin, the largest Portuguese watershed (25 655 km2), with a
population of aproximatelly 3.2 million inhabitants and several concurrent water uses (e.g., water supply,
irrigation, hydropower production) will be particularly vulnerable to those variations, as demonstrated in
previous studies (Nunes et al., 2008; Nunes and Seixas, 2011).
Nevertheless, the specific impacts to the existing water supply systems, resulting from the complex interaction between climate, hydrological and socioeconomic variables are not well known and require
further study. Quantifying those impacts in a climate change context is of paramount significance because of the strategic importance of this sector and its high exposure to climatic extreme events. For this
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reason EPAL, the largest Portuguese Water Supply Utility, promoted the project ADAPTACLIMA, aiming to
provide the company with an adaptation strategy to reduce their climate change related medium and
long term vulnerabilities. The focus of this paper will be on results regarding the water quantity related
vulnerabilities for the two main EPAL water resources, the Castelo de Bode Dam and the Valada-Tejo river abstraction.

1.1

Study Area

EPAL is responsible for supplying water to 34 municipalities located in the Tagus Basin (Figure 1(a)), corresponding to a total population of about 3 million inhabitants and an annual water consumption of у
240 hm3. Their water supply system relies on two main superficial water resources, responsible for 90%
of the total abstractions:
1. The Castelo de Bode Dam, situated in the lower part of the Zêzere sub-catchment, is a multiuse reservoir (water supply, hydropower generation, flood protection and recreational activities), responsible for 67% (уϭϲϬŚŵ3) of the EPAL’s water supply. Their four uptake points are
distributed along one tower, situated near the dam wall;
2. Valada-Tejo, a river abstraction with a single uptake point, situated 30 km upstream from the
Tagus river mouth and responsible for 24% of the system water consumption.

(a)

(b)

Figure 1 - (a) Municipalities served by EPAL (marked in blue); (b) Location of the main superficial water resources
of EPAL: Castelo de Bode e Valada-Tejo.

2

Methods

EPAL’s potential vulnerabilities to climate variability and climate change were assessed based on the impacts to each water source calculated following the methodology shown in Figure 2.

2
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Figure 2 - ADAPTACLIMA general methodology

Precipitation, temperature, population, land use and water consumption time series were provided by
statistically downscaled A2 and B2 HadCM3 climatic and CIESIN socioeconomic scenarios (Pulquério et
al., submitted; Jacinto et al., 2013). Daily flow time series for both superficial resources were generated
using the Soil and Water Assessment Tool (SWAT) model (Neitsch et al., 2011). Those inflows were translated into dam hydrometric levels using a water balance model (Nunes et al., 2013). Several assumptions
related to the definition of minimum dam water level (100 m) and water supply, excess discharges and
electricity production regimes limit the conclusions that can be reached using its results to only the definition of future dam water level trends. Water quantity impact assessement was complemented by additional information, namely:
1. A statistical analysis of flows at different time scales to identify significant trends in scenario
streamflow projections
2. The calculation of a water exploitation index (WEI), defined as “the ratio of annual freshwater
abstraction to long-term water availability” (EEA, 2012). Freshwater abstractions were given
by estimated monthly and annual average consumption values and long-term water availability by projected annual and monthly inflows. This index identifies long term water resource
overexploitation periods.
3. The estimation of the total water deficit hydrological drought index, which calculates drought
severity as the product of the duration D (in years), during which flows are consistently below
some truncation level and the magnitude M (in hm3), which is the average departure of
streamflow from the truncation level during the drought period (Keyantash and Dracup,
2002). The chosen truncation level was the 2005 streamflow, a historical drough year where,
although the EPAL system was not affected, several national and municipal drought action
plans were put into action to assure water supply. This index and its components will detect
changes in typical drought characteristics.
Vulnerability matrix values were then obtained through expert judgement by pondering risk, determined
3
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by the severity of an impact to the water resource, the probability of such impact and the adaptative
capacity of the system to reduce the vulnerability of such an impact. Confidence values were established
as the combination between impact evidence and impact agreement.

3

Results

Climate scenarios precipitation and temperature time series for the Tagus Basin indicate, for the beginning (2010-2039) and the end of the century (2070-2099): 1) an average rainfall decrease ranging from 8
to 10% (B2) and 5 to 18% (A2), respectively; 2) a temperature increase between 0.4 and 1.7° C (B2) and
0.2 and 3° C (A2). Scenario B2 usually provides higher variations in earlier periods (2010-2039), while A2
leads to extremer values by the end of the century (Pulquerio et al., submitted). Both scenarios present
higher seasonal anomalies in Autumn. All socioeconomic scenarios point to a significant decrease in water consumption, driven mostly by an increase in use efficiency and a decrease in agricultural land use.
To establish a worst case scenario, results incorporated in the following sections refer to current water
supply and hydropower generation water consumptions.

3.1

Castelo de Bode Dam

SWAT estimated annual streamflows to Castelo de Bode show a decrease ranging from 12 (B2) and 5%
(A2) in the beginning of the century to 20 and 34% by its end. Those decreases are mostly concentrated
in Autumn and are characterized by the increasingly smaller annual flow variability in later periods of the
century.

(a)

(b)
th

th

Figure 3 - Annual inflow variability to the Castelo de Bode Dam (lower and upper box limits - 25 and 75
percentiles; whiskers limits - 10th and 90th percentiles for the (a) B2 and (b) A2 scenarios

Results given by the water balance model translate those reductions in inflow into lower mean dam hydrometric levels and a higher number of months where the 100 m minimum level is reached. The percentage of such months varies from 20% in the reference period (1980-2009) to 39% by the end of the
4
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century in the B2 scenario and 67% in the A2 scenario. Unfortunately the limitations in simulating these
levels restrict any conclusions related with impacts in water uptake and can only be interpreted as an
indicator of a long term decrease in water availability.
Despite this expected decrease, Castelo de Bode current water supply consumptions (у160 hm3) only
represent, in the 2070-2099 period of the A2 scenario (1225hm3.y-1), 13 to 45% of the average and low
(given by the 10th percentile) inflows years respectively. Problems only arise when hydropower generation present consumptions (у1400 hm3) are included. Annual combined consumptions, which nowadays
represent 85% of the average water inflows, will exceed them, varying in the end of the century between
118% in the B2 scenario and 140% in the A2. Seasonally, the water deficit period will tend to increase
and include almost all months, except for December and January (Figure 4). Although priority should be
given to supply needs and restrictions to hydropower generation are expected to compensate for inflow
decrease, this possible water use conflict constitutes a risk that must be considered in the future vulnerabilities assessment.

(b)

(a)

Figure 4 - WEI monthly values (EPAL + hydropower generation) for the different future climatic periods in the
(a) B2 and (b) A2 scenarios

Drought severity is also expected to intensify, especially in the A2 end of the century period (Figure 5
(b)). When compared with the 2005 drought, total water deficit drought information for the A2 end of
the century results show that: 1) near miminum flows registered in 2005 will become average; 2) the
number of consecutive years below the 2005 inflow threshold will increase significantly to a maximum of
у3 years, pointing to a higher drought persistence; 3) average drought magnitude will also tend to increase, with drought periods registering yearly flow values of 20% below the 2005 level.
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(a)

(b)
Figure 5 - Annual inflow comparison with the values estimated in 2005 for the (a) B2 and (b) A2 scenarios. The
red areas refer to periods where yearly flows are lower than 2005

All these different indicators suggest a significantly higher risk to the main EPAL water resource, altough
none can provide evidence of a possible disruption in water supply, due mainly to limitations in estimating realistic water dam levels. The final vulnerability index for this water resource has raised from the
current low class to high, with a robust degree of confidence, since both scenarios agree on impact signal.

3.2

Valada-Tejo river abstraction

Future streamflow estimates to the Valada-Tejo river abstraction suggest an even more significant decrease in this water resource due to a high dependency on inflows coming from Spain, which are more
sensitive to climate change (Nunes et al., 2013). Those decreases range correspond to 20 and 16% in the
in B2 and A2 scenarios (2010-2039 period) and to 31 and 49% in the end of the century and have similar

6

147

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

seasonal characteristics as the ones estimated for Castelo de Bode.

(a)

(b)

Figure 6 - Annual inflow variability to the Valada-Tejo river abstraction for the (a) B2 and (b) B2 scenarios
(same percentiles represented in boxplot as in Figure 3)

Despite those reductions the inflows by the end of the century (4800 hm3.y-1 in A2 and 6500 hm3.y-1 in
B2) still greatly exceed EPAL water needs (у60 hm3.y-1). Nevertheless this discrepancy does not reflect a
higher resilience of this resource to climate change since the main constraint to water abstraction in
Valada is the minimum retrieval level. However, future estimates of daily mean water levels at the uptake
point, cannot be calculated since rating curves are unavailable for that river section. To partially overcome this limitation, trends in daily flows were analysed showing that the most severe impacts were on
high (given by the 90th percentile) and average flows, with decreases of 49 and 65% in the 2070-2099
period of the A2 scenario. Low flow days (given by the 10th percentile) are less affected, with a reduction
of 23%, by the end of the century.
Regarding drought intensity the trend and characteristics are very similar to the ones observed in Castelo
de Bode with higher impacts in the A2 scenario (Figure 7(b)), an average drought duration of 2.8 years
and an average magnitude with flows 26% below the 2005 estimates.
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(a)

(b)
Figure 7 - Annual inflow comparison with the values estimated in 2005 for the (a) B2 and (b) A2 scenarios. The
red areas refer to periods where yearly flows are lower than 2005.

Combining the information given by these different indicators, the vulnerability value increased from the
current value of medium to high in future climate scenarios. However, considering the limitations in estimating river water levels, we cannot correctly assess the possibility of medium to long term breaks in
EPAL water supply, and therefore our confidence in this vulnerability assessment is limitted.

4

Conclusions

The results presented in this paper confirmed an increased risk for water availability failure in the two
main water resources of the EPAL system in climate change scenarios, driven by a decrease in precipitation and flows in the Tagus and Zezere basins and significant increase in drought frequency, persistence
and magnitude. This apparent higher vulnerability can be minimized by a correct management of concurrent water uses such as irrigation and hydropower generation, in the case of Castelo de Bode, and
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through the introduction of structural changes in the Valada-Tejo river abstraction or the inclusion of
new water uptake points.

5
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ϭ͘

/ŶƚƌŽĚƵĐƚŝŽŶ


ůŝŵĂƚĞĐŚĂŶŐĞŝƐĂŵĂũŽƌŐůŽďĂůƚŚƌĞĂƚƚŚĂƚŚĂƐĂůƌĞĂĚǇŚĂĚĂŶŽďƐĞƌǀĞĚŝŵƉĂĐƚŽŶŶĂƚƵƌĂůĞĐŽƐǇƐƚĞŵƐ
;D ϮϬϬϱ͖ /W ϮϬϬϳďͿ͘ ĂƌůǇ ƉƌĞĚŝĐƚŝŽŶƐ ĂŶĚ ŵŽĚĞůƐ ŽĨ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚƐ ŵĂĚĞ ƚŚĞ ďƌŽĂĚ
ĂƐƐƵŵƉƚŝŽŶ ƚŚĂƚ ƚŚĞ ĚĞǀĞůŽƉŝŶŐ ǁŽƌůĚ ǁŽƵůĚ ĨĂĐĞ ĚĞǀĂƐƚĂƚŝŶŐ ŝŵƉĂĐƚƐ ;/W ϮϬϬϳĂ͖ ĞƌŶƐƚĞŝŶ Ğƚ Ăů͘
ϮϬϬϳͿ ŚŽǁĞǀĞƌ ůĂƚĞƐƚ ĨŝŶĚŝŶŐƐ ĨŝƌŵůǇ ĐŽŶĨŝƌŵ ƚŚĂƚ ĞǀĞŶ ĚĞǀĞůŽƉĞĚ ĐŽƵŶƚƌŝĞƐ ĂƌĞ ŶŽƚ ŝŵŵƵŶĞ ƚŽ ƚŚĞ
ŝŵƉĂĐƚƐ ;ĞƌŬŚŽƵƚ ϮϬϬϱ͖  ϮϬϭϮͿ͘ ǀĂŝůĂďůĞ ĐůŝŵĂƚĞ ƐĐĞŶĂƌŝŽƐ ŵĂŬĞ ĂĚĂƉƚĂƚŝŽŶ ƚŽ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ
ĞǆƚƌĞŵĞůǇ ŝŵƉŽƌƚĂŶƚ ĂƐ ƐŽŵĞ ŝŵƉĂĐƚƐ ĐĂŶŶŽƚ ďĞ ĂǀŽŝĚĞĚ ;ĞƌŬŚŽƵƚ ϮϬϬϱͿ͘ /Ŷ ĂĚĚŝƚŝŽŶ͕ ƉƌĞĚŽŵŝŶĂŶƚ
͞ŚĂƌĚ͟ĂĚĂƉƚĂƚŝŽŶŵĞĂƐƵƌĞƐĂƌĞĐŽƐƚůǇ͕ƌĞƐŽƵƌĐĞŝŶƚĞŶƐŝǀĞ͕ŽďƐƚƌƵĐƚŶĂƚƵƌĂůĨůŽǁĂŶĚĐĂŶƌĞƐƵůƚŝŶŵĂůͲ
ĂĚĂƉƚĂƚŝŽŶ ;/W ϮϬϭϮ͖ :ŽŶĞƐ Ğƚ Ăů͘ ϮϬϭϮ͖ <ůĞŝŶ Ğƚ Ăů͘ ϮϬϬϳ͖ ,ƵƋ Ğƚ Ăů͘ ϮϬϬϯͿ͕ ƉƌŽŵŽƚĞ ͞ŶĞŐĂƚŝǀĞ
ĚĞǀĞůŽƉŵĞŶƚ͟ ;WĠƌĞǌ͖ Ğƚ Ăů͘ ϮϬϭϬ͖ dƐĐŚĂŬĞƌƚ Θ ŝĞƚƌŝĐŚ ϮϬϭϬͿ͕ ĚĞǀĞůŽƉ ƚŚƌĞĂƚƐ ƚŽ ďŝŽĚŝǀĞƌƐŝƚǇ ĂŶĚ
ĞĐŽƐǇƐƚĞŵƐ;ĂŵƉďĞůůĞƚĂů͘ϮϬϬϵ͖ϮϬϬϵ͖ϮϬϬϵͿĂŶĚĚŽŶŽƚŐƵĂƌĂŶƚĞĞƚŽŵĞĞƚƚŚĞĐŚĂůůĞŶŐĞƐŽĨ
ĨƵƚƵƌĞĐůŝŵĂƚĞĐŚĂŶŐĞ;:ŽŶĞƐĞƚĂů͘ϮϬϭϮ͖WĠƌĞǌ͖ĞƚĂů͘ϮϬϭϬͿ͘
ƵƌƌĞŶƚůǇ͕ƚŚĞƌĞŝƐĂŶŝŶĐƌĞĂƐŝŶŐŝŶƚĞƌĞƐƚƚŽĂĚĂƉƚĂŶĞǁĂƉƉƌŽĂĐŚĐĂůůĞĚĐŽƐǇƐƚĞŵďĂƐĞĚĚĂƉƚĂƚŝŽŶ
;ďͿǁŚŝĐŚĐůĂŝŵƐƚŽŚĂǀĞƚŚĞƉŽƚĞŶƚŝĂůƚŽŽǀĞƌĐŽŵĞŵĂůͲĂĚĂƉƚĂƚŝŽŶĂŶĚƚŚĞŝŶĂĚĞƋƵĂƚĞĐŽŶƐŝĚĞƌĂƚŝŽŶ
ŽĨďŝŽĚŝǀĞƌƐŝƚǇǁŚŝůĞĐŽŶƐŝĚĞƌŝŶŐďĞƚƚĞƌƚŚĞƐŽĐŝĂůƉĂƌƚŽĨĂĚĂƉƚĂƚŝŽŶĞĨĨŽƌƚƐ͕ĂŶĚŚĞůƉŝŶŐƚŽĂǀŽŝĚƐŽĐŝĂů
ŝŶĞƋƵĂůŝƚǇ ĂŶĚ ĚŝƐĞŵƉŽǁĞƌŵĞŶƚ ;ŽƐǁĂůĚ Θ KƐƚŝ ϮϬϭϭ͖ &ŝƚƚĞƌ Ğƚ Ăů͘ ϮϬϭϬ͖ ǀĞƌĂƌĚ ϮϬϬϵ͖ 'ŝƌŽƚ Ğƚ Ăů͘
ϮϬϭϮͿ͘


Ϯ͘

ĐŽƐǇƐƚĞŵďĂƐĞĚĚĂƉƚĂƚŝŽŶ;ďͿ 


Ϯ͘ϭ

ŚĂƌĂĐƚĞƌŝƐƚŝĐƐĂŶĚĚĞĨŝŶŝƚŝŽŶŽĨď

ĐŽƐǇƐƚĞŵ ďĂƐĞĚĚĂƉƚĂƚŝŽŶŝƐĂŶ ĂƉƉƌŽĂĐŚŽĨ ƉůĂŶŶŝŶŐ ĂŶĚ ŝŵƉůĞŵĞŶƚŝŶŐĐůŝŵĂƚĞĐŚĂŶŐĞĂĚĂƉƚĂƚŝŽŶ
ĐŽŶƐŝĚĞƌŝŶŐĞĐŽƐǇƐƚĞŵƐĞƌǀŝĐĞƐĂŶĚŝƚƐƵƐĞƐĨŽƌŚƵŵĂŶǁĞůůďĞŝŶŐ;DϮϬϬϱ͖'ŝƌŽƚĞƚĂů͘ϮϬϭϮͿ͘sŝŐŶŽůĂ
Ğƚ Ăů͘ ;ϮϬϬϵͿ ĂŶĚ DĞƌĐĞƌ Ğƚ Ăů͘;ϮϬϭϮͿ ĂƌŐƵĞĚ ƚŚĂƚ ď ĞŶĐŽƵƌĂŐĞƐ ƚŚĞ ƵƐĞ ŽĨ ůŽĐĂů ĂŶĚ ĞǆƚĞƌŶĂů
ŬŶŽǁůĞĚŐĞĂďŽƵƚĞĐŽƐǇƐƚĞŵƐƚŽŝĚĞŶƚŝĨǇĐůŝŵĂƚĞĐŚĂŶŐĞĂĚĂƉƚĂƚŝŽŶĂƉƉƌŽĂĐŚĞƐ͕ƌĞĐŽŐŶŝǌĞƐƚŚĞĚŝǀĞƌƐŝƚǇ
ŽĨ ůŽĐĂů ƐŝƚƵĂƚŝŽŶƐ ĂŶĚ ĐƌĞĂƚĞƐ Ă ĨĂĐŝůŝƚĂƚŝŶŐ ĞŶǀŝƌŽŶŵĞŶƚ ĨŽƌ ĞĨĨĞĐƚŝǀĞ ůŽĐĂů ĂĚĂƉƚĂƚŝŽŶ ĂŶĚ ĞĐŽƐǇƐƚĞŵ
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ŵĂŶĂŐĞŵĞŶƚ͘ 'ŝƌŽƚ Ğƚ Ăů͘ ;ϮϬϭϮͿ ŚŝŐŚůŝŐŚƚĞĚ ƚŚĂƚ ď ĂůƐŽ ƉƌŝŽƌŝƚŝĞƐ ŶĂƚƵƌĂů ƌĞƐŽƵƌĐĞ ĐŽŶƐĞƌǀĂƚŝŽŶ ĂƐ
ŽŶĞ ŽĨ ƚŚĞ ŬĞǇ ƉƌŝŶĐŝƉůĞƐ ǁŚŝĐŚ ĞŶŚĂŶĐĞƐ ĞĨĨĞĐƚŝǀĞŶĞƐƐ ŽĨ ĂĚĂƉƚĂƚŝŽŶ͘ ď ŝƐ ĂŶ ĂƉƉƌŽĂĐŚ ƚŚĂƚ ďƵŝůĚƐ
ƌĞƐŝůŝĞŶĐĞĂŶĚƌĞĚƵĐĞƐ ƚŚĞǀƵůŶĞƌĂďŝůŝƚǇŽĨůŽĐĂůĐŽŵŵƵŶŝƚŝĞƐƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ;WĠƌĞǌĞƚĂů͕͘ϮϬϭϬͿ͘/ƚ
ƉůĂĐĞƐ ƐƉĞĐŝĂů ĞŵƉŚĂƐŝƐ ŽŶ ĞĐŽƐǇƐƚĞŵ ƐĞƌǀŝĐĞƐ ƚŚĂƚƵŶĚĞƌƉŝŶ ŚƵŵĂŶǁĞůůͲďĞŝŶŐ ŝŶ ƚŚĞ ĨĂĐĞ ŽĨ ĐůŝŵĂƚĞ
ĐŚĂŶŐĞ͘dŚĞƵŶĚĞƌůǇŝŶŐŚǇƉŽƚŚĞƐŝƐŝƐƚŚĂƚĞĐŽƐǇƐƚĞŵͲďĂƐĞĚƐŽůƵƚŝŽŶƐĐĂŶĐŽŶƚƌŝďƵƚĞƚŽĂĚĚƌĞƐƐĐůŝŵĂƚĞ
ĐŚĂŶŐĞĂĚĂƉƚĂƚŝŽŶƚŚƌŽƵŐŚĞĐŽƐǇƐƚĞŵĐŽŶƐĞƌǀĂƚŝŽŶĂŶĚĞĐŽƐǇƐƚĞŵƐĞƌǀŝĐĞƉƌŽǀŝƐŝŽŶƚŽƚŚĞƐŽĐŝĞƚǇ͘

ďŝƐĚĞĨŝŶĞĚĂƐ͞ŝŶƚĞŐƌĂƚŝŽŶŽĨƐƵƐƚĂŝŶĂďůĞƵƐĞŽĨďŝŽĚŝǀĞƌƐŝƚǇĂŶĚĞĐŽƐǇƐƚĞŵƐĞƌǀŝĐĞƐŝŶƚŽĂŶŽǀĞƌĂůů
ĂĚĂƉƚĂƚŝŽŶ ƐƚƌĂƚĞŐǇ ĐĂŶ ďĞ ĐŽƐƚͲĞĨĨĞĐƚŝǀĞ ĂŶĚ ŐĞŶĞƌĂƚĞ ƐŽĐŝĂů͕ ĞĐŽŶŽŵŝĐ ĂŶĚ ĐƵůƚƵƌĂů ĐŽͲďĞŶĞĨŝƚƐ ĂŶĚ
ĐŽŶƚƌŝďƵƚĞƚŽƚŚĞĐŽŶƐĞƌǀĂƚŝŽŶŽĨďŝŽĚŝǀĞƌƐŝƚǇ͟;ϮϬϬϵ͕Ɖ͘ϰϭͿ͘ďŝƐĚĞƉĞŶĚĞŶƚŽŶǁĞůůĨƵŶĐƚŝŽŶŝŶŐ
ĞĐŽƐǇƐƚĞŵƐ ǁŚŝĐŚ ĂƌĞ ƵƐƵĂůůǇ ŵŽƌĞ ĂďůĞ ƚŽ ĐŽŶƚŝŶƵĞ ƚŽ ƉƌŽǀŝĚĞ ĞĐŽƐǇƐƚĞŵ ƐĞƌǀŝĐĞƐ ĂŶĚ ƌĞƐŝƐƚ ĂŶĚ
ƌĞĐŽǀĞƌŵŽƌĞƌĞĂĚŝůǇĨƌŽŵĞǆƚƌĞŵĞǁĞĂƚŚĞƌĞǀĞŶƚƐƚŚĂŶĚĞŐƌĂĚĞĚ͕ŝŵƉŽǀĞƌŝƐŚĞĚĞĐŽƐǇƐƚĞŵƐ;ŽůůƐĞƚ
Ăů͘ ϮϬϬϵͿ͘ ŽŵƉůĞƚĞ ĐŽŶĐĞƉƚƵĂůŝǌĂƚŝŽŶ ĂŶĚ ƵŶĚĞƌƐƚĂŶĚŝŶŐ ŽĨ ď ŝƐ Ɛƚŝůů ŝŶ Ă ĚĞǀĞůŽƉŵĞŶƚ ƐƚĂŐĞ͕
ŶŽŶĞƚŚĞůĞƐƐƚŚĞƌĞĂƌĞĞǆĂŵƉůĞƐŽĨŽŶŐŽŝŶŐďƉƌĂĐƚŝĐĞƐĂƌŽƵŶĚƚŚĞǁŽƌůĚ͘&ŽƌĞǆĂŵƉůĞ͕ŽƐǁĂůĚĂŶĚ
KƐƚŝ;ϮϬϭϭͿŝĚĞŶƚŝĨŝĞĚϰϵďƉƌŽũĞĐƚƐĨŽƌŶĂƚƵƌĞĐŽŶƐĞƌǀĂƚŝŽŶĐŽǀĞƌŝŶŐŽǀĞƌϭϳƵƌŽƉĞĂŶĐŽƵŶƚƌŝĞƐǁŝƚŚ
ĂŵĂũŽƌŝƚǇĨƌŽŵƚŚĞhŶŝƚĞĚ<ŝŶŐĚŽŵ͕ĨŽůůŽǁĞĚďǇ'ĞƌŵĂŶǇĂŶĚdŚĞEĞƚŚĞƌůĂŶĚƐ͘dŚĞƐƚƵĚǇĨŽƵŶĚƚŚĂƚ
ŶĞĂƌůǇ Ăůů ĐĂƐĞ ƐƚƵĚŝĞƐ ƵƐŝŶŐ ĞĐŽƐǇƐƚĞŵͲďĂƐĞĚ ĂƉƉƌŽĂĐŚĞƐ ƚŽ ĂĚĂƉƚ ƚŽ ĨůŽŽĚŝŶŐ ƌĞƐƵůƚƐ ŝŶ ďĞŶĞĨŝƚƐ ĨŽƌ
ďŽƚŚƉĞŽƉůĞĂŶĚŶĂƚƵƌĞ;ŽƐǁĂůĚΘKƐƚŝ͕ϮϬϭϭͿ͘


Ϯ͘Ϯ

/ŶĚŝĐĂƚŽƌƐĂŶĚWƌŝŶĐŝƉůĞƐŽĨď

ǀĂŝůĂďůĞůŝƚĞƌĂƚƵƌĞŽŶďĚĞƐĐƌŝďĞƐƉƌŝŶĐŝƉůĞƐĂŶĚŝŶĚŝĐĂƚŽƌƐŽĨďŝŶĚŝĨĨĞƌĞŶƚĐŽŶƚĞǆƚƐ͘ůŝƚĞƌĂƚƵƌĞ
ƌĞǀŝĞǁĂůůŽǁĞĚĞƐƚĂďůŝƐŚŝŶŐĂƐĞƚŽĨďƉƌŝŶĐŝƉůĞƐĨŽƌƚŚŝƐƐƚƵĚǇǁŚŝĐŚŶĞĞĚƐƚŽďĞƐĞĞŶĂƐĂŐĞŶĞƌĂůŝǌĞĚ
ůŝƐƚ͖ ŝ͘Ğ͘ ŶŽƚ ŶĞĐĞƐƐĂƌŝůǇ ĂĐĐŽƵŶƚŝŶŐ ĨŽƌ Ăůů ƉůĂĐĞ ďĂƐĞĚ ĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ ƐƵĐŚ ĂƐ ƚŚĞ ůŽĐĂů ĞŶǀŝƌŽŶŵĞŶƚ͕
ĐŽŶĚŝƚŝŽŶƐ͕ĞĐŽƐǇƐƚĞŵƐĞƌǀŝĐĞƐ͕ŝŶƐƚŝƚƵƚŝŽŶĂůƐĞƚƚŝŶŐĂŶĚƉŽůŝƚŝĐĂůƉƌŽĐĞƐƐ͘dŚĞŝĚĞŶƚŝĨŝĞĚŝŶĚŝĐĂƚŽƌƐŚĂǀĞ
ŐŽŶĞƚŚƌŽƵŐŚĂƐǇƐƚĞŵŝǌĂƚŝŽŶƉƌŽĐĞƐƐƌĞƐƵůƚŝŶŐŝŶĐůƵƐƚĞƌƐŽĨƉƌŝŶĐŝƉůĞƐ͘ƚŽƚĂůŽĨϵƉƌŝŶĐŝƉůĞƐŚĂǀĞďĞĞŶ
ŝĚĞŶƚŝĨŝĞĚďĂƐĞĚŽŶϯϴŝŶĚŝĐĂƚŽƌƐ;WůĞĂƐĞƌĞĨĞƌdĂďůĞϭͿ͘
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dĂďůĞϭ͗DĂũŽƌƉƌŝŶĐŝƉůĞƐĂŶĚ/ŶĚŝĐĂƚŽƌƐŽĨď
EŽ

ϭ

Ϯ


/ŶĚŝĐĂƚŽƌƐ
WƌŝŶĐŝƉůĞ
&ůĞǆŝďůĞ
ĚĂƉƚŝǀĞŵĂŶĂŐĞŵĞŶƚĂƉƉƌŽĂĐŚĞƐ
ŵĂŶĂŐĞŵĞŶƚ /ŶĐŽƌƉŽƌĂƚĞĐůĞĂƌƉůĂŶŶŝŶŐƉƌŝŶĐŝƉůĞƐ
ƐƚƌƵĐƚƵƌĞ
WƌŽŵŽƚĞĞǆŝƐƚŝŶŐďĞƐƚƌĞƐŽƵƌĐĞŵĂŶĂŐĞŵĞŶƚƉƌĂĐƚŝĐĞƐ

<ŶŽǁůĞĚŐĞ
ďĂƐĞĚ
ĂĚĂƉƚĂƚŝŽŶ

ŽŵŵƵŶŝƚǇďĂƐĞĚŵĂŶĂŐĞŵĞŶƚ

ƵŝůĚŬŶŽǁůĞĚŐĞĂŶĚĂǁĂƌĞŶĞƐƐ
>ŽĐĂůƐĐŝĞŶĐĞͲŵĂŶĂŐĞŵĞŶƚƉĂƌƚŶĞƌƐŚŝƉƐ
ĞƐƚĂǀĂŝůĂďůĞƐĐŝĞŶĐĞĂŶĚůŽĐĂůŬŶŽǁůĞĚŐĞ
ƵůƚƵƌĂůůǇĂƉƉƌŽƉƌŝĂƚĞ
DĂǆŝŵƵŵƐƚĂŬĞŚŽůĚĞƌƐ
/ŶǀŽůǀŝŶŐůŽĐĂůĐŽŵŵƵŶŝƚŝĞƐ
DƵůƚŝͲƉĂƌƚŶĞƌƐƚƌĂƚĞŐǇ
ŽůůĂďŽƌĂƚŝŽŶĂŶĚƚƌƵƐƚ

ϯ

DĂǆŝŵƵŵ
ƐƚĂŬĞŚŽůĚĞƌ
ŝŶǀŽůǀĞŵĞŶƚ

ϰ

sĂƌŝĞƚǇ

ϱ

DƵůƚŝ ^ĐĂůĞ /ŶƚĞŐƌĂƚŝŽŶǁŝƚŚĚĞǀĞůŽƉŵĞŶƚƐƚƌĂƚĞŐŝĞƐ
ŽƉĞƌĂƚŝŽŶ
^ƵƉƉŽƌƚƐĞĐƚŽƌĂůĂĚĂƉƚĂƚŝŽŶƉůĂŶŶŝŶŐ

tŽƌŬǁŝƚŚƵŶĐĞƌƚĂŝŶƚŝĞƐ
ǆƉůŽƌĞĂŶĚƉƌŝŽƌŝƚŝĞƐƉŽƚĞŶƚŝĂůĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚƐ
ǆƉůŽƌĞĂǁŝĚĞƐƉĞĐƚƌƵŵŽĨĂĚĂƉƚĂƚŝŽŶŽƉƚŝŽŶƐ
hŶĚĞƌƐƚĂŶĚƚƌĂĚĞͲŽĨĨƐ

ŵƵůƚŝͲƐĞĐƚŽƌĂůĂƉƉƌŽĂĐŚĞƐ
ϲ

ŶƐƵƌŝŶŐ
ŐŽǀĞƌŶĂŶĐĞ

ϳ

ZĞƐŝůŝĞŶĐĞ
ďƵŝůĚŝŶŐ

ϴ

ϵ

DĂŝŶƚĂŝŶŝŶŐ
ĞĐŽƐǇƐƚĞŵ

/ŶƚĞŐƌĂƚŝŶŐ

ŵƵůƚŝƉůĞŐĞŽŐƌĂƉŚŝĐƐĐĂůĞƐ
ĐĐŽƵŶƚĂďůĞ
dƌĂŶƐƉĂƌĞŶƚĚĞĐŝƐŝŽŶŵĂŬŝŶŐ
'ĞŶĚĞƌďĂůĂŶĐŝŶŐ
ƋƵŝƚǇ
DŽŶŝƚŽƌĂŶĚĞǀĂůƵĂƚĞƐǇƐƚĞŵĂƚŝĐĂůůǇ
ZĞƐŝůŝĞŶĐĞǀƐ͘ƌĞƐŝƐƚĂŶĐĞ
DĂŶĂŐĞĐůŝŵĂƚĞǀĂƌŝĂďŝůŝƚǇ
DĂŶĂŐĞůŽŶŐͲƚĞƌŵĐůŝŵĂƚĞĐŚĂŶŐĞ
ZĞĚƵĐŝŶŐZZǀƵůŶĞƌĂďŝůŝƚǇ
ZĞĚƵĐŝŶŐŶŽŶͲĐůŝŵĂƚĞƐƚƌĞƐƐĞƐ
WƌŽŵŽƚĞƌĞƐŝůŝĞŶƚĞĐŽƐǇƐƚĞŵƐ
DĂŝŶƚĂŝŶĞĐŽƐǇƐƚĞŵƐĞƌǀŝĐĞƐ
ŶŚĂŶĐŝŶŐďŝŽĚŝǀĞƌƐŝƚǇ

>ŝƚĞƌĂƚƵƌĞƐŽƵƌĐĞƐ
;ŽƐǁĂůĚΘKƐƚŝ͕ϮϬϭϭͿ
;ŽůůƐĞƚĂů͕͘ϮϬϬϵͿ
;DĞƌĐĞƌĞƚĂů͕͘ϮϬϭϮͿ
;tĂƚƐŽŶ ϮϬϭϭ͖ tĂƚƐŽŶ Ğƚ Ăů͘
ϮϬϭϮͿ
;ŽƐǁĂůĚΘKƐƚŝ͕ϮϬϭϭͿ
;DĐĐĂƌƚŚǇ͕ϮϬϭϮͿ
;DĞƌĐĞƌĞƚĂů͕͘ϮϬϭϮͿ

;ŽƐǁĂůĚ Θ KƐƚŝ͕ ϮϬϭϭͿ ;tĂƚƐŽŶ
ĞƚĂů͕͘ϮϬϭϮͿ
ŽůůƐĞƚĂů͕͘ϮϬϬϵ
;tĂƚƐŽŶĞƚĂů͕͘ϮϬϭϮͿ;ŽƐǁĂůĚΘ
KƐƚŝ͕ϮϬϭϭͿ
;:ŽŶĞƐĞƚĂů͕͘ϮϬϭϮͿ
;DĞƌĐĞƌĞƚĂů͕͘ϮϬϭϮͿ

;ŽƐǁĂůĚΘKƐƚŝ͕ϮϬϭϭͿ
;ŽůůƐĞƚĂů͕͘ϮϬϬϵͿ
;dƌĂǀĞƌƐĞƚĂů͘ϮϬϭϮͿ
;DĞƌĐĞƌĞƚĂů͕͘ϮϬϭϮͿ
;ŽƐǁĂůĚΘKƐƚŝ͕ϮϬϭϭͿ
;:ŽŶĞƐĞƚĂů͕͘ϮϬϭϮͿ

;tĂƚƐŽŶĞƚĂů͕͘ϮϬϭϮͿ
;DĐĐĂƌƚŚǇ͕ϮϬϭϮͿ
;ŽůůƐĞƚĂů͕͘ϮϬϬϵͿ

ZĞƐŽƵƌĐĞĐŽŶƐĞƌǀĂƚŝŽŶ
ǀŽŝĚŵĂůͲĂĚĂƉƚĂƚŝŽŶ

;dƌĂǀĞƌƐĞƚĂů͕͘ϮϬϭϮͿ
;DĞƌĐĞƌĞƚĂů͕͘ϮϬϭϮͿ
;ŽůůƐĞƚĂů͕͘ϮϬϬϵͿ
;DĐĐĂƌƚŚǇ͕ϮϬϭϮͿ
;tĂƚƐŽŶ͕ϮϬϭϭͿ
;ŽƐǁĂůĚΘKƐƚŝ͕ϮϬϭϭͿ

WƌŽǀŝĚŝŶŐƐŽĐŝĂů͕ĞĐŽŶŽŵŝĐĂŶĚĞŶǀŝƌŽŶŵĞŶƚĂůďĞŶĞĨŝƚ

;ŽůůƐĞƚĂů͕͘ϮϬϬϵͿ;
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ĚĞǀĞůŽƉŵĞŶƚ ŶŚĂŶĐŝŶŐůŝǀĞůŝŚŽŽĚƐƵƉƉŽƌƚ
ŽƐƚĞĨĨĞĐƚŝǀĞŶĞƐƐ

ϯ͘

WĠƌĞǌ͖ĞƚĂů͕͘ϮϬϭϬͿ

DĞƚŚŽĚŽůŽŐǇŽĨƚŚĞƌĞƐĞĂƌĐŚ


ϯ͘ϭ

ŽĐƵŵĞŶƚƐƐĞůĞĐƚŝŽŶ͗

dŚĞ ƌĞƐĞĂƌĐŚ ĨŽůůŽǁĞĚ Ă ůŝƚĞƌĂƚƵƌĞ ƌĞǀŝĞǁ ďĂƐĞĚ ĂƉƉƌŽĂĐŚ ĂŶĚ ĚĞǀĞůŽƉĞĚ ƚŚƌĞĞ ƌĞůĞǀĂŶƚ ŐƵŝĚŝŶŐ
ƋƵĞƐƚŝŽŶƐƚŽƐĞĞŬĂŶƐǁĞƌƐƐƵĐŚĂƐ͗
•

/ƐďďĞŝŶŐŝŵƉůĞŵĞŶƚĞĚĂƐĂĚĂƉƚĂƚŝŽŶŝŶƚĞƌǀĞŶƚŝŽŶ͍

•

tŚĂƚĂƌĞƚŚĞŵĂŝŶĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐŽĨƚŚĞĐƵƌƌĞŶƚďƉƌĂĐƚŝĐĞƐ͍

•

,ŽǁĚŽĐƵƌƌĞŶƚďĞǆĂŵƉůĞƐĐŽŵƉůǇǁŝƚŚƐƵƐƚĂŝŶĂďůĞĂĚĂƉƚĂƚŝŽŶƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ͍

/Ŷ ŽƌĚĞƌ ƚŽ ƐĞĞŬ ƚŚĞ ĂŶƐǁĞƌƐ͕ ƌĞůĞǀĂŶƚ ƉƵďůŝĐĂƚŝŽŶƐ ŽŶ ď ǁĞƌĞ ŝĚĞŶƚŝĨŝĞĚ ďǇ ƵƐŝŶŐ /^/ ǁĞď ŽĨ
<ŶŽǁůĞĚŐĞƵƐŝŶŐƚŚĞŬĞǇƚĞƌŵ;ĐŽƐǇƐƚĞΎďĂƐĞΎĚĂƉƚĂƚŝŽΎͿEdŽƉŝĐс;ůŝŵĂƚΎŚĂŶŐΎͿ͕;ĚĂƉƚĂƚŝŽΎͿ
E ;ĐŽƐǇƐƚĞΎͿ ĂŶĚ ;ůŝŵĂƚΎ ŚĂŶŐĞͿ͘ dŚĞ ŝŶŝƚŝĂů ƐĞĂƌĐŚ ƌĞƚƌŝĞǀĞĚ ϭϯϬϲ ƌĞƐƵůƚƐ ŽŶ ƚŚĞ ŬĞǇ ƚĞƌŵƐ͘
^ĞĐŽŶĚƌŽƵŶĚŽĨƐĐƌĞĞŶŝŶŐŝŶĐůƵĚĞĚƉƵďůŝĐĂƚŝŽŶƐĚƵƌŝŶŐƚŚĞƚŝŵĞŽĨϮϬϬϰͲϮϬϭϯ͕ĂŶĚƵŶĚĞƌƚŚĞƌĞƐĞĂƌĐŚ
ĂƌĞĂƐ ͞ŶǀŝƌŽŶŵĞŶƚĂů ^ĐŝĞŶĐĞƐ ĐŽůŽŐǇ͕ 'ĞŽŐƌĂƉŚǇ͕ ^ŽĐŝŽůŽŐǇ͕ DĞƚĞŽƌŽůŽŐǇ͕ ƚŵŽƐƉŚĞƌŝĐ ^ĐŝĞŶĐĞƐ͕
ŐƌŝĐƵůƚƵƌĞ͕^ŽĐŝĂů/ƐƐƵĞƐ͕ŝŽĚŝǀĞƌƐŝƚǇŽŶƐĞƌǀĂƚŝŽŶĂŶĚ&ŽƌĞƐƚƌǇ͟ĂŶĚϯϴϱŶƵŵďĞƌƐŽĨĂƌƚŝĐůĞƐƌĞŵĂŝŶĞĚ͘
dŚĞĨŝŶĂůƐĐƌĞĞŶŝŶŐǁĂƐĚŽŶĞďĂƐĞĚŽŶƚŚĞĨŽůůŽǁŝŶŐĞǆĐůƵƐŝŽŶĂŶĚŝŶĐůƵƐŝŽŶĐƌŝƚĞƌŝĂ͗
•

/ŶĂƉƉƌŽƉƌŝĂƚĞƐƚƵĚŝĞƐĂƌĞĞǆĐůƵĚĞĚďĂƐĞĚŽŶƚŝƚůĞĂŶĚĂďƐƚƌĂĐƚ

•

WƌĞƐĞŶĐĞŽĨΗďΗŝŶƚŝƚůĞĂŶĚďƐƚƌĂĐƚĂƌĞŝŶĐůƵĚĞĚ

•

ZĞůĞǀĂŶĐĞ͗ dŽ ďĞ ŝŶĐůƵĚĞĚ͕ Ă ƐƚƵĚǇ ŵƵƐƚ ĚŝƐĐƵƐƐ ƐŝŐŶŝĨŝĐĂŶƚůǇ ď ĂƐ Ă ŵĂũŽƌ ĂĚĂƉƚĂƚŝŽŶ
ŝŶƚĞƌǀĞŶƚŝŽŶ͘ĐŽƐǇƐƚĞŵďĂƐĞĚDĂŶĂŐĞŵĞŶƚ;ďDͿŝƐŶŽƚŝŶĐůƵĚĞĚ

•

/ŶƚĞƌǀĞŶƚŝŽŶ ƚǇƉĞ͗ ŶǇ ƚǇƉĞ ŽĨ ď ŝŶƚĞƌǀĞŶƚŝŽŶ ƚŽ ŵŝƚŝŐĂƚĞ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚƐ ƐƵĐŚ ĂƐ
ďŝŽĚŝǀĞƌƐŝƚǇ͕ƌĞƐŽƵƌĐĞĐŽŶƐĞƌǀĂƚŝŽŶ͕ZZĂŶĚƐĞĂůĞǀĞůƌŝƐĞŝƐŝŶĐůƵĚĞĚ͘

ĨƚĞƌ ƚŚŝƐ ƌŽƵŶĚ ŽĨ ƐĞůĞĐƚŝŽŶ͕ ϭϳ ŵŽƐƚ ƌĞůĞǀĂŶƚ ƉĂƉĞƌƐ ŽŶ ď ǁĞƌĞ ƌĞƚĂŝŶĞĚ ĨŽƌ ƌĞǀŝĞǁ͘ /ƚ ƐŚŽƵůĚ ďĞ
ĂĐŬŶŽǁůĞĚŐĞĚƚŚĂƚĨŽĐƵƐŝŶŐŽŶϭϳƉƵďůŝĐĂƚŝŽŶƐŵŝŐŚƚďĞĂĐŽŶƐƚƌĂŝŶƚ͘,ŽǁĞǀĞƌ͕ƚŚŽƐĞǁĞƌĞŝĚĞŶƚŝĨŝĞĚĂƐ
ƚŚĞŵŽƐƚƉĞƌƚŝŶĞŶƚƉƵďůŝĐĂƚŝŽŶƐĂǀĂŝůĂďůĞƚŽĚĂƚĞďǇƚŚĞĂƵƚŚŽƌƐ͘dŚĞŝŶĐůƵƐŝŽŶŽĨĨƵƌƚŚĞƌƉƵďůŝĐĂƚŝŽŶƐŝƐ
ĞŶǀŝƐĂŐĞĚŝŶƚŚĞĨƵƚƵƌĞ͘
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ϯ͘Ϯ

ŽĐƵŵĞŶƚŶĂůǇƐŝƐ

dŚĞƉƵďůŝĐĂƚŝŽŶƐǁĞƌĞĂŶĂůǇǌĞĚƵƐŝŶŐĂƋƵĞƐƚŝŽŶŶĂŝƌĞďĂƐĞĚŽŶƚŚĞϵƉƌŝŶĐŝƉůĞƐĂŶĚϯϴŝŶĚŝĐĂƚŽƌƐŽĨď
;dĂďůĞϭͿ͘ ĂƐĞĚ ŽŶ ƐƵďũĞĐƚŝǀĞ ũƵĚŐŵĞŶƚ ŽĨ ƚŚĞ ƌĞƐĞĂƌĐŚĞƌƐ͕ĞĂĐŚ ƉƵďůŝĐĂƚŝŽŶ ƌĞĐĞŝǀĞĚ ĨŽƌĞĂĐŚ ŽĨƚŚĞ
ŝŶĚŝĐĂƚŽƌƐĂƐĐŽƌĞ͘&ŽƌĞǆĂŵƉůĞ͕ŝŶĚŝĐĂƚŽƌƐŚĂǀŝŶŐĞŵƉŝƌŝĐĂůĞǆĂŵƉůĞǁĂƐŐŝǀĞŶϮ͕ǁŝƚŚŽƵƚĞǆĂŵƉůĞǁĂƐ
ŐŝǀĞŶϭĂŶĚƉƵďůŝĐĂƚŝŽŶƐŶŽƚĚĞĂůŝŶŐǁŝƚŚƚŚĞŝŶĚŝĐĂƚŽƌǁĂƐŐŝǀĞŶϬ͘


ϰ͘

ZĞƐƵůƚƐ


ϰ͘ϭ

'ĞŶĞƌĂůŽǀĞƌǀŝĞǁŽĨƚŚĞƉĂƉĞƌƐ

ŵŽŶŐ ƚŚĞ ϭϳ ƌĞǀŝĞǁĞĚ ƉĂƉĞƌƐ͕ ϵ ĚĞƐĐƌŝďĞĚ ď ĐĂƐĞ ƐƚƵĚŝĞƐ ďǇ ƵƐŝŶŐ ĞŵƉŝƌŝĐĂů ĚĂƚĂ͕ ϱ ĚĞĂůƚ ǁŝƚŚ
ĐŽŶĐĞƉƚƵĂůƵŶĚĞƌƐƚĂŶĚŝŶŐŽĨď͕ǁŚŝůĞƚŚĞƌĞƐƚ;ϯƉĂƉĞƌƐͿƌĞǀŝĞǁĞĚĚŝĨĨĞƌĞŶƚĐŽŶĐĞƉƚƐĂŶĚĐĂƐĞƐƚƵĚǇ
ƌĞƐƵůƚƐ͘ /Ŷ ƚĞƌŵƐ ŽĨ ƚŚĞŵĂƚŝĐ ĨŽĐƵƐ͕ ϱ ƉĂƉĞƌƐ ĨŽĐƵƐĞĚ ŽŶ ƵƌďĂŶ ƐĞĐƚŽƌƐ͕ ϯ ƉĂƉĞƌƐ ŽŶ ďŝŽĚŝǀĞƌƐŝƚǇ
ŵĂŶĂŐĞŵĞŶƚ͕ ϯ ƉĂƉĞƌƐ ŽŶ ŐĞŶĞƌĂů ĂƐƉĞĐƚƐ ŽĨ ď͕ Ϯ ƉĂƉĞƌƐ ŽŶ ĂĚĂƉƚĂƚŝŽŶ ĂŶĚ ƌĞƐŝůŝĞŶĐĞ ĂŶĚ ĐŽĂƐƚĂů
ǌŽŶĞ ŵĂŶĂŐĞŵĞŶƚ͕ ǁŚŝůĞ ǁĂƚĞƌ ƌĞƐŽƵƌĐĞ ŵĂŶĂŐĞŵĞŶƚ ĂŶĚ ƉŽůŝĐŝĞƐ ǁĞƌĞ ƚŚĞ ƚŽƉŝĐ ŝŶ ϭ ƉĂƉĞƌ ĞĂĐŚ͘
dŚĞƌĞǁĞƌĞƐƉĂƚŝĂůǀĂƌŝĂƚŝŽŶƐĂƐǁĞůů͘ŵŽŶŐƚŚĞϭϳƉĂƉĞƌƐ͕ϳƉĂƉĞƌƐŚĂĚŐůŽďĂůĨŽĐƵƐ͕ϱƉĂƉĞƌƐĨŽĐƵƐĞĚ
ŽŶ ĚĞǀĞůŽƉĞĚ ĐŽƵŶƚƌŝĞƐ͕ ϯ ƉĂƉĞƌƐ ŽŶ ^ŵĂůů /ƐůĂŶĚ ĞǀĞůŽƉŝŶŐ ^ƚĂƚĞƐ ;^/^Ϳ ĂŶĚ Ϯ ƉĂƉĞƌƐ ŽŶ ;ŽƚŚĞƌͿ
ĚĞǀĞůŽƉŝŶŐ ĐŽƵŶƚƌŝĞƐ͘ &ŝŶĂůůǇ͕ ƚŚĞ ƉĂƉĞƌƐ ǁĞƌĞ ĂůƐŽ ĐůĂƐƐŝĨŝĞĚ ĂĐĐŽƌĚŝŶŐ ƚŽ ŚĂǌĂƌĚ ƉƌŝŽƌŝƚǇ͖ ϲ ƉĂƉĞƌƐ
ĚŝƐĐƵƐƐĞĚ ŵƵůƚŝͲŚĂǌĂƌĚ ƌŝƐŬƐ Ğ͘Ő͘ ĨůŽŽĚŝŶŐ͕ ĞƌŽƐŝŽŶ ĞƚĐ ǁŚŝůĞ ϴ ƉĂƉĞƌƐ ĚŝĚ ŶŽƚ ƉƌŽǀŝĚĞ ƐƉĞĐŝĨŝĐ ŚĂǌĂƌĚ
ĐŽŶƚĞǆƚ͘ dŚĞ ŚĂǌĂƌĚ ŝŶĚĞƉĞŶĚĞŶƚ ƉĂƉĞƌƐ ĐŽŶƐŝĚĞƌĞĚ ď ŶĞĐĞƐƐĂƌǇ ĨŽƌ ŵŝƚŝŐĂƚŝŶŐ ƚŚĞ ƌŝƐŬƐ ĂŐĂŝŶƐƚ
ĐůŝŵĂƚĞŝŶĚƵĐĞĚŚĂǌĂƌĚƐŝŶŐĞŶĞƌĂů͘ϮƉĂƉĞƌƐĚŝƐĐƵƐƐĞĚƐƉĞĐŝĨŝĐĂůůǇĨůŽŽĚŝŶŐĂŶĚϭĨŝƌĞƌĞůĂƚĞĚŚĂǌĂƌĚƐ͘


ϰ͘Ϯ

ZĞƉƌĞƐĞŶƚĂƚŝŽŶŽĨƚŚĞƉƌŝŶĐŝƉůĞƐŽĨď

&ŝŐƵƌĞϭƐŚŽǁƐƚŚĞŐĞŶĞƌĂůĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐĂŶĚĨŽĐƵƐŽĨƚŚĞŝĚĞŶƚŝĨŝĞĚďůŝƚĞƌĂƚƵƌĞĂĐĐŽƌĚŝŶŐƚŽƚŚĞď
ƉƌŝŶĐŝƉůĞƐ ;dĂďůĞ ϭͿ͘ ϯϳй ŽĨ Ăůů ůŝƚĞƌĂƚƵƌĞ ŚĂƐ Ă ŐĞŶĞƌĂů ĨŽĐƵƐ ŽŶ ƌĞƐŝůŝĞŶĐĞ ďƵŝůĚŝŶŐ ĂŶĚ ĞĐŽƐǇƐƚĞŵ
ŵĂŝŶƚĞŶĂŶĐĞ͘sĂƌŝĞƚǇ͕ĚĞǀĞůŽƉŵĞŶƚĐŽŶƐŝĚĞƌĂƚŝŽŶ͕ŵĂŶĂŐĞŵĞŶƚ͕ŬŶŽǁůĞĚŐĞĂŶĚƐĐĂůĞĂůƐŽŽĐĐƵƉŝĞĚĂ
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ĨĂŝƌƐŚĂƌĞŝŶƚŚĞůŝƚĞƌĂƚƵƌĞ͘,ŽǁĞǀĞƌ͕ƚŚĞŝƐƐƵĞŽĨŐŽǀĞƌŶĂŶĐĞ ŝƐŽĨƚĞŶŽŵŝƚƚĞĚ͘KŶůǇϯй ŽĨƚŚĞƉĂƉĞƌƐ
ŚĂǀĞĚŝƐĐƵƐƐĞĚŽŶƚŚĞŐŽǀĞƌŶĂŶĐĞĂƐƉĞĐƚƐŽĨďŝŶĂďƌŝĞĨĞǆƚĞŶƚ͘


&ůĞǆŝďůĞŵĂŶĂŐĞŵĞŶƚƐƚƌƵĐƚƵƌĞ
<ŶŽǁůĞĚŐĞďĂƐĞĚĂĚĂƉƚĂƚŝŽŶ

ϴй

ϭϬй

DĂǆŝŵƵŵƐƚĂŬĞŚŽůĚĞƌŝŶǀŽůǀĞŵĞŶƚ

ϭϭй

sĂƌŝĞƚǇ

ϭϵй
ϳй

DƵůƚŝ^ĐĂůĞŽƉĞƌĂƚŝŽŶ
ŶƐƵƌŝŶŐŐŽǀĞƌŶĂŶĐĞ

ϭϯй
ϭϴй

ZĞƐŝůŝĞŶĐĞďƵŝůĚŝŶŐ
DĂŝŶƚĂŝŶŝŶŐĞĐŽƐǇƐƚĞŵ

ϯй

ϭϭй

/ŶƚĞŐƌĂƚŝŶŐĚĞǀĞůŽƉŵĞŶƚ


&ŝŐƵƌĞϭ͗ZĞƉƌĞƐĞŶƚĂƚŝŽŶŽĨƚŚĞƉƌŝŶĐŝƉůĞƐŽĨď
ůƚŚŽƵŐŚ Ăůů ƉƌŝŶĐŝƉůĞƐ ǁĞƌĞ ƌĞƉƌĞƐĞŶƚĞĚ ŝŶ ƚŚĞ ƉƵďůŝĐĂƚŝŽŶƐ͕ ŶŽƚ Ăůů ƚŚĞ ƵŶĚĞƌůǇŝŶŐ ŝŶĚŝĐĂƚŽƌƐ ǁĞƌĞ
ŵĞŶƚŝŽŶĞĚ͘ Ɛ ƐŚŽǁŶ ŝŶ &ŝŐƵƌĞ Ϯ͕ Ăůů ƚŚĞ ŝŶĚŝĐĂƚŽƌƐ ƵŶĚĞƌ ƚŚĞ ƉƌŝŶĐŝƉůĞƐ ͞ƌĞƐŝůŝĞŶĐĞ ďƵŝůĚŝŶŐ͟ ĂŶĚ
͞ŵĂŝŶƚĂŝŶŝŶŐ ĞĐŽƐǇƐƚĞŵ͟ ĂƌĞ ĨƌĞƋƵĞŶƚůǇ ƌĞĨĞƌƌĞĚ ƚŽ ǁŝƚŚ Žƌ ǁŝƚŚŽƵƚ ĞǆĂŵƉůĞƐ ďǇ ŵŽƐƚ ŽĨ ƉĂƉĞƌƐ͘

ϭϴ
ϭϲ

ϭϱ

ϴ

ϴ

ZĞƐŝůŝĞŶĐĞǀƐ͘
ƌĞƐŝƐƚĂŶĐĞ

DĂŶĂŐĞ
ĐůŝŵĂƚĞ
ǀĂƌŝĂďŝůŝƚǇ

ϭϬ

ϵ

ϭϲ

ϭϭ
ϳ

DĂŶĂŐĞůŽŶŐͲ ZĞĚƵĐŝŶŐZZ ZĞĚƵĐŝŶŐŶŽŶͲ
ĐůŝŵĂƚĞ
ƚĞƌŵĐůŝŵĂƚĞ ǀƵůŶĞƌĂďŝůŝƚǇ
ƐƚƌĞƐƐĞƐ
ĐŚĂŶŐĞ

WƌŽŵŽƚĞ
ƌĞƐŝůŝĞŶƚ
ĞĐŽƐǇƐƚĞŵƐ

ZĞƐŝůŝĞŶĐĞďƵŝůĚŝŶŐ

DĂŝŶƚĂŝŶ
ĞĐŽƐǇƐƚĞŵ
ƐĞƌǀŝĐĞƐ

ŶŚĂŶĐŝŶŐ
ďŝŽĚŝǀĞƌƐŝƚǇ

ZĞƐŽƵƌĐĞ
ĐŽŶƐĞƌǀĂƚŝŽŶ

ǀŽŝĚŵĂůͲ
ĂĚĂƉƚĂƚŝŽŶ

DĂŝŶƚĂŝŶŝŶŐĞĐŽƐǇƐƚĞŵ

&ŝŐƵƌĞϮ͗ƵŵƵůĂƚŝǀĞƐĐŽƌĞƐŽĨŝŶĚŝĐĂƚŽƌƐƵŶĚĞƌ͞ƌĞƐŝůŝĞŶĐĞďƵŝůĚŝŶŐ͟ĂŶĚ͞ŵĂŝŶƚĂŝŶŝŶŐĞĐŽƐǇƐƚĞŵ͟
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/Ŷ ĐŽŶƚƌĂƐƚ͕ ŝŶĚŝĐĂƚŽƌƐ ƵŶĚĞƌ ƚŚĞ ƉƌŝŶĐŝƉůĞ ͞ƐƚĂŬĞŚŽůĚĞƌ ƉĂƌƚŝĐŝƉĂƚŝŽŶ͟ ĂŶĚ ͞ŐŽǀĞƌŶĂŶĐĞ͟ ǁĞƌĞ ŶŽƚ
ĨƌĞƋƵĞŶƚůǇ ĐŝƚĞĚ ďǇ ƚŚĞ ƌĞǀŝĞǁĞĚ ƉĂƉĞƌƐ͘ ^ŽŵĞ ŽĨ ƚŚĞ ƵŶĚĞƌůǇŝŶŐ ŝŶĚŝĐĂƚŽƌƐ ǁĞƌĞ ŽĐĐĂƐŝŽŶĂůůǇ
ŵĞŶƚŝŽŶĞĚ Ğ͘Ő͘ ͞ůŽĐĂů ĐŽŵŵƵŶŝƚŝĞƐ ŝŶǀŽůǀĞŵĞŶƚ͟ ďƵƚ ƐŽŵĞ ŽĨ ƚŚĞ ŝŶĚŝĐĂƚŽƌƐ ǁĞƌĞ ŶĞǀĞƌ ĐŝƚĞĚ Ğ͘Ő͘
͞ĐŽůůĂďŽƌĂƚŝŽŶĂŶĚƚƌƵƐƚ͟ĂŶĚ͞ĞƋƵŝƚǇ͘͟ &ŝŐƵƌĞ ϯ ƐŚŽǁƐ ƚŚĞĐƵŵƵůĂƚŝǀĞ ƐĐŽƌĞŽĨ ƚŚĞŝŶĚŝĐĂƚŽƌƐ͞ϯ͟ĂŶĚ
͞ϲ͘͟

ϭϰ

ϴ

ϰ
ϯ
Ϯ
ϭ
Ϭ

DĂǆŝŵƵŵ /ŶǀŽůǀŝŶŐůŽĐĂů DƵůƚŝͲƉĂƌƚŶĞƌ ŽůůĂďŽƌĂƚŝŽŶ ĐĐŽƵŶƚĂďůĞ
ƐƚĂŬĞŚŽůĚĞƌƐ ĐŽŵŵƵŶŝƚŝĞƐ
ƐƚƌĂƚĞŐǇ
ĂŶĚƚƌƵƐƚ

dƌĂŶƐƉĂƌĞŶƚ
ĚĞĐŝƐŝŽŶ
ŵĂŬŝŶŐ

DĂǆŝŵƵŵƐƚĂŬĞŚŽůĚĞƌŝŶǀŽůǀĞŵĞŶƚ

Ϭ

Ϭ

'ĞŶĚĞƌ
ďĂůĂŶĐŝŶŐ

ƋƵŝƚǇ

DŽŶŝƚŽƌĂŶĚ
ĞǀĂůƵĂƚĞ
ƐǇƐƚĞŵĂƚŝĐĂůůǇ

ŶƐƵƌŝŶŐŐŽǀĞƌŶĂŶĐĞ



&ŝŐƵƌĞ ϯ͗ ƵŵƵůĂƚŝǀĞ ƐĐŽƌĞƐ ŽĨ ƚŚĞ ŝŶĚŝĐĂƚŽƌƐ ƵŶĚĞƌ ƚŚĞ ƉƌŝŶĐŝƉůĞƐ ͞ƐƚĂŬĞŚŽůĚĞƌ ŝŶǀŽůǀĞŵĞŶƚ͟ ĂŶĚ
͞ŐŽǀĞƌŶĂŶĐĞ͟

dĂďůĞϯ͗KǀĞƌĂůůĐŽŵƉĂƌĂƚŝǀĞƉŝĐƚƵƌĞŽĨĞĂĐŚƉƌŝŶĐŝƉůĞ͕ŝŶĚŝĐĂƚŽƌƐĂŶĚŝƚƐƐĐŽƌĞ
/ŶĚŝĐĂƚŽƌǁŝƚŚŵŽƌĞƐĐŽƌĞ

^ĐŽƌĞ

/ŶĚŝĐĂƚŽƌǁŝƚŚůĞƐƐƐĐŽƌĞ

^ĐŽƌĞ

DĂŶĂŐĞůŽŶŐͲƚĞƌŵĐůŝŵĂƚĞĐŚĂŶŐĞ

ϭϴ

ǆƉůŽƌĞĂǁŝĚĞƐƉĞĐƚƌƵŵŽĨĂĚĂƉƚĂƚŝŽŶŽƉƚŝŽŶƐ

ϴ

ŽƐƚĞĨĨĞĐƚŝǀĞŶĞƐƐ

ϭϴ

/ŶƚĞŐƌĂƚŝŽŶǁŝƚŚĚĞǀĞůŽƉŵĞŶƚƐƚƌĂƚĞŐŝĞƐ

ϴ

ŶŚĂŶĐŝŶŐďŝŽĚŝǀĞƌƐŝƚǇ

ϭϲ

DŽŶŝƚŽƌĂŶĚĞǀĂůƵĂƚĞƐǇƐƚĞŵĂƚŝĐĂůůǇ

ϴ

ZĞƐŽƵƌĐĞĐŽŶƐĞƌǀĂƚŝŽŶ

ϭϲ

ZĞƐŝůŝĞŶĐĞǀƐ͘ƌĞƐŝƐƚĂŶĐĞ

ϴ

ZĞĚƵĐŝŶŐZZǀƵůŶĞƌĂďŝůŝƚǇ

ϭϱ

DĂŶĂŐĞĐůŝŵĂƚĞǀĂƌŝĂďŝůŝƚǇ

ϴ

/ŶǀŽůǀŝŶŐůŽĐĂůĐŽŵŵƵŶŝƚŝĞƐ

ϭϰ

ĚĂƉƚŝǀĞŵĂŶĂŐĞŵĞŶƚĂƉƉƌŽĂĐŚĞƐ

ϳ

tŽƌŬǁŝƚŚƵŶĐĞƌƚĂŝŶƚŝĞƐ

ϭϯ

ǀŽŝĚŵĂůͲĂĚĂƉƚĂƚŝŽŶ

ϳ

ƵŝůĚŬŶŽǁůĞĚŐĞĂŶĚĂǁĂƌĞŶĞƐƐ

ϭϮ

/ŶĐŽƌƉŽƌĂƚĞĐůĞĂƌƉůĂŶŶŝŶŐƉƌŝŶĐŝƉůĞƐ

ϲ

ĞƐƚĂǀĂŝůĂďůĞƐĐŝĞŶĐĞĂŶĚůŽĐĂůŬŶŽǁůĞĚŐĞ

ϭϮ

ŶŚĂŶĐŝŶŐůŝǀĞůŝŚŽŽĚƐƵƉƉŽƌƚ

ϲ

ŵƵůƚŝͲƐĞĐƚŽƌĂůĂƉƉƌŽĂĐŚĞƐ

ϭϮ

WƌŽŵŽƚĞĞǆŝƐƚŝŶŐďĞƐƚƌĞƐŽƵƌĐĞŵĂŶĂŐĞŵĞŶƚƉƌĂĐƚŝĐĞƐ

ϱ
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ŵƵůƚŝƉůĞŐĞŽŐƌĂƉŚŝĐƐĐĂůĞƐ

ϭϮ

DĂǆŝŵƵŵƐƚĂŬĞŚŽůĚĞƌƐ

ϰ

DĂŝŶƚĂŝŶĞĐŽƐǇƐƚĞŵƐĞƌǀŝĐĞƐ

ϭϭ

DƵůƚŝͲƉĂƌƚŶĞƌƐƚƌĂƚĞŐǇ

ϯ

>ŽĐĂůƐĐŝĞŶĐĞͲŵĂŶĂŐĞŵĞŶƚƉĂƌƚŶĞƌƐŚŝƉƐ

ϭϬ

ƵůƚƵƌĂůůǇĂƉƉƌŽƉƌŝĂƚĞ

Ϯ

ǆƉůŽƌĞ ĂŶĚ ƉƌŝŽƌŝƚŝĞƐ ƉŽƚĞŶƚŝĂů ĐůŝŵĂƚĞ
ĐŚĂŶŐĞŝŵƉĂĐƚƐ

ϭϬ

^ƵƉƉŽƌƚƐĞĐƚŽƌĂůĂĚĂƉƚĂƚŝŽŶƉůĂŶŶŝŶŐ

Ϯ

hŶĚĞƌƐƚĂŶĚƚƌĂĚĞͲŽĨĨƐ

ϭϬ

dƌĂŶƐƉĂƌĞŶƚĚĞĐŝƐŝŽŶŵĂŬŝŶŐ

Ϯ

WƌŽŵŽƚĞƌĞƐŝůŝĞŶƚĞĐŽƐǇƐƚĞŵƐ

ϭϬ

ĐĐŽƵŶƚĂďůĞ

ϭ

ŽŵŵƵŶŝƚǇďĂƐĞĚŵĂŶĂŐĞŵĞŶƚ

ϵ

ŽůůĂďŽƌĂƚŝŽŶĂŶĚƚƌƵƐƚ

Ϭ

ZĞĚƵĐŝŶŐŶŽŶͲĐůŝŵĂƚĞƐƚƌĞƐƐĞƐ

ϵ

'ĞŶĚĞƌďĂůĂŶĐŝŶŐ

Ϭ

ƋƵŝƚǇ

Ϭ

WƌŽǀŝĚŝŶŐ
ƐŽĐŝĂů͕
ĞŶǀŝƌŽŶŵĞŶƚĂůďĞŶĞĨŝƚ

ĞĐŽŶŽŵŝĐ

ĂŶĚ ϵ


ϱ͘

ŝƐĐƵƐƐŝŽŶ

dŚĞĂŶĂůǇƐŝƐŽĨƚŚĞĂƉƉĞĂƌĂŶĐĞŽĨĐĞƌƚĂŝŶďͲƐƉĞĐŝĨŝĐŝŶĚŝĐĂƚŽƌƐŝŶƐĞůĞĐƚĞĚƉƵďůŝĐĂƚŝŽŶƐƌĞǀĞĂůĞĚƚŚĂƚ
ď ŚĂƐ ŚƵŐĞ ƉŽƚĞŶƚŝĂů ƚŽ ŵŝƚŝŐĂƚĞ ůŽŶŐ ƚĞƌŵ ĐůŝŵĂƚĞ ƌŝƐŬƐ ;dĂďůĞ ϯͿ͘ ŝƐĂƐƚĞƌ ƌŝƐŬ ƌĞĚƵĐƚŝŽŶ ;ZZͿ͕
ƌĞƐŽƵƌĐĞ ĐŽŶƐĞƌǀĂƚŝŽŶ ĂŶĚ ďŝŽĚŝǀĞƌƐŝƚǇ ŵĂŶĂŐĞŵĞŶƚ ĂƌĞ ƚŚĞ ƚŚƌĞĞ ŵĂũŽƌ ƐĞĐƚŽƌƐ ǁŚĞƌĞ ď ŝƐ
ĐŽŶƐŝĚĞƌĞĚ ĂƐ ƌĞůĞǀĂŶƚ ĂŶĚ ĂŶ ŝŵƉŽƌƚĂŶƚ ĂĚĂƉƚĂƚŝŽŶ ŝŶƚĞƌǀĞŶƚŝŽŶ͘ ŽŶƐĞƌǀĂƚŝŽŶ ĂŶĚ ďŝŽĚŝǀĞƌƐŝƚǇ
ŽƌŝĞŶƚĞĚ ƉĂƉĞƌƐ ŝŶ ƚŚĞ ď ĐŽŶƚĞǆƚ  ĨŽĐƵƐĞĚ ŵŽƐƚůǇ ŽŶ ƚŚĞ ĚŝĨĨĞƌĞŶƚ ĐŽŶƐĞƌǀĂƚŝŽŶ ƐƚƌĂƚĞŐŝĞƐ ĨŽƌ
ĞŶŚĂŶĐŝŶŐďŝŽĚŝǀĞƌƐŝƚǇĂŶĚƚŚĞƌĞƐŝůŝĞŶĐĞŽĨĞĐŽƐǇƐƚĞŵƐ;'ƌĂŶƚŚĂŵ͕ĞƚĂů͕͘ϮϬϭϭ͖DĐĐĂƌƚŚǇ͕ϮϬϭϮͿ͘KŶ
ƚŚĞŽƚŚĞƌŚĂŶĚ͕ƚŚĞƌŽůĞŽĨďŝŶĂĐŚŝĞǀŝŶŐĚŝƐĂƐƚĞƌƌŝƐŬƌĞĚƵĐƚŝŽŶŝƐĂůƐŽƐŝŐŶŝĨŝĐĂŶƚůǇĞŵƉŚĂƐŝǌĞĚďǇƚŚĞ
ƌĞǀŝĞǁĞĚƉƵďůŝĐĂƚŝŽŶƐ͘/ƌƌĞƐƉĞĐƚŝǀĞŽĨƐĞĐƚŽƌƐ͕ƚŚĞĂŶĂůǇƐŝƐƐŚŽǁĞĚƚŚĂƚŝŶĐĂƐĞďǁĂƐŝŵƉůĞŵĞŶƚĞĚ
ƚŚĞ ƉƌŽĐĞƐƐ ĂĐŬŶŽǁůĞĚŐĞĚ ǀĂƌŝŽƵƐ ď ƉƌŝŶĐŝƉůĞƐ ƐƵĐŚ ĂƐ ĐŽƐƚ ĞĨĨĞĐƚŝǀĞŶĞƐƐ͕ ŝŶǀŽůǀĞŵĞŶƚ ŽĨ ůŽĐĂů
ĐŽŵŵƵŶŝƚŝĞƐ͕ ĨůĞǆŝďůĞŵĂŶĂŐĞŵĞŶƚ͕ĞǀŝĚĞŶĐĞďĂƐĞďƵŝůĚŝŶŐ͕ ĂŶĚƚŚĞƵƐĞ ŽĨĂǀĂŝůĂďůĞƐĐŝĞŶĐĞĂŶĚůŽĐĂů
ŬŶŽǁůĞĚŐĞ ĐŽŶƐŝĚĞƌŝŶŐ ŵƵůƚŝƉůĞ ŐĞŽŐƌĂƉŚŝĐ ƐĐĂůĞƐ͘   ,ŽǁĞǀĞƌ͕ ƚŽ ďĞ ĂŶ ĞĨĨĞĐƚŝǀĞ ĂŶĚ ƐƵƐƚĂŝŶĂďůĞ
ĂĚĂƉƚĂƚŝŽŶ ŵĂŶĂŐĞŵĞŶƚ ƚŽŽů͕ ď ĂůƐŽ ŶĞĞĚƐ ƚŽ ĐŽŶƐŝĚĞƌ ƚŚĞ ƌĞŵĂŝŶŝŶŐ ƉƌŝŶĐŝƉůĞƐ ŝŶ ƚŚĞ ĚŽŵĂŝŶƐ ŽĨ
ŐŽǀĞƌŶĂŶĐĞ͕ ƐƚĂŬĞŚŽůĚĞƌ ƉĂƌƚŝĐŝƉĂƚŝŽŶ ĂŶĚ ǀĂƌŝĞƚǇ ;DĞƌĐĞƌ Ğƚ Ăů͘ ϮϬϭϮ͖ sŝŐŶŽůĂ Ğƚ Ăů͘ ϮϬϬϵͿ͘ dŚĞ
ŝŵƉůĞŵĞŶƚĂƚŝŽŶ ŽĨ ƚŚĞƐĞ ƉƌŝŶĐŝƉůĞƐ ǁĞƌĞ ƌĂƌĞůǇ ƌĞƉŽƌƚĞĚ ŝŶ ƚŚĞ ƉƵďůŝĐĂƚŝŽŶƐ͕ ĂůďĞŝƚ͕ ƚŚĞƌĞ ĂƌĞ ǀĞƌǇ
ŝŵƉŽƌƚĂŶƚƚŽĂĐĐŽŵŵŽĚĂƚĞƚŚĞĐŽŵŵƵŶŝƚǇŶĞĞĚƐĂŶĚĞǆƉĞĐƚĂƚŝŽŶƐ;ƉůĞĂƐĞƌĞĨĞƌƚŽdĂďůĞϯͿ͘dŚŝƐƌĞƐƵůƚ
ŵŝŐŚƚ ďĞ ďŝĂƐĞĚ ƚŚŽƵŐŚ ďǇ ƚŚĞ ĂƉƉůŝĞĚ ĨŽĐƵƐ ŽŶ ƉƵďůŝĐĂƚŝŽŶƐŝŶ ƚŚĞ ƐĞůĞĐƚĞĚ ƌĞƐĞĂƌĐŚ ĂƌĞĂƐ ŝŶ ƚŚĞ/^/
ůŝƚĞƌĂƚƵƌĞƐĞĂƌĐŚ͘ŶĞǆƚĞŶƐŝŽŶŽĨƚŚĞĂŶĂůǇƐŝƐƚŽŵŽƌĞƐŽĐŝĂůƐĐŝĞŶĐĞĚŽŵŝŶĂƚĞĚũŽƵƌŶĂůƐŝƐŶĞĞĚĞĚƚŽ
ĐŽŶĨŝƌŵƚŚĞǀĂůŝĚŝƚǇŽĨƚŚĞƉƌĞƐĞŶƚĞĚƌĞƐƵůƚƐ͘
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KŶĞŽĨƚŚĞŵĂũŽƌƌĞǀŝĞǁĨŝŶĚŝŶŐƐŝƐƚŚĂƚŵĂŶǇĂƵƚŚŽƌƐĞ͘Ő͘<ĂŶŽƵŶŶŝŬŽĨĨĞƚ͘Ăů͕;ϮϬϭϭͿ͖DŽƌĞĐƌŽĨƚ͕ĞƚĂů͕͘
;ϮϬϭϮͿ͕,ĞůůĞƌ Θ ĂǀĂůĞƚĂ͕ ;ϮϬϬϵͿ͖ :ĂŵĞƐ ͕͘ Ğƚ Ăů͕͘ ;ϮϬϭϯͿ͕ :ŽŶĞƐ Ğƚ Ăů͕͘ ;ϮϬϭϮͿ ĂŶĚ 'ĞƌŽ Ğƚ͘Ăů͕ ;ϮϬϭϭͿ
ƵŶĞƋƵŝǀŽĐĂůůǇ ĂƌŐƵĞĚ ĂĚĂƉƚŝŶŐ ď ŵĞĐŚĂŶŝƐŵƐ ĨŽƌ ůŽŶŐ ƚĞƌŵ ƌĞƐŝůŝĞŶĐĞ ďƵŝůĚŝŶŐ ĂŐĂŝŶƐƚ ďŽƚŚ ƐŚŽƌƚ
ƚĞƌŵĐůŝŵĂƚĞǀĂƌŝĂďŝůŝƚŝĞƐĂŶĚ ůŽŶŐƚĞƌŵĐůŝŵĂƚĞŝŵƉĂĐƚƐ͘dŚĞǇĚĞŵŽŶƐƚƌĂƚĞĚƚŚĂƚď ĂĐĐŽƵŶƚĞĚƚŚĞ
ĂĚĂƉƚĂƚŝŽŶŚŝŐŚĞƐƚƉŽƚĞŶƚŝĂůƐĂŵŽŶŐƚŚĞƉƌĞǀĂŝůŝŶŐĂĚĂƉƚĂƚŝŽŶŵĞĐŚĂŶŝƐŵƐƚŽďĞƐƵƐƚĂŝŶĞĚ͘dŚĞĂƵƚŚŽƌƐ
ĂůƐŽ ĂƌŐƵĞĚ ƚŽ ŝŵƉůĞŵĞŶƚWĂǇŵĞŶƚ ŽĨ ĐŽƐǇƐƚĞŵ ^ĞƌǀŝĐĞƐ;W^Ϳ ƐĐŚĞŵĞƐ ĨŽƌ ĞŶƐƵƌŝŶŐ ƐĂĨĞƚǇ͕ ĨƵŶĚŝŶŐ͕
ĂŶĚƌĂƚŝŽŶĂůƌĞƐŽƵƌĐĞƐƵƐĞŝŶĂŶƵŶĐĞƌƚĂŝŶĨƵƚƵƌĞ͘ůŝŵĂƚĞĐŚĂŶŐĞƵŶĐĞƌƚĂŝŶƚǇĂŶĚƚŚĞƌŝƐŬŽĨƉƌŽĂĐƚŝǀĞ
ƉůĂŶŶŝŶŐ ŝŶ ĂŶ ƵŶĐĞƌƚĂŝŶ ĨƵƚƵƌĞ ǁĂƐ ĂŶ ŽĨƚͲƌĞƉĞĂƚĞĚ ŝŶĚŝĐĂƚŽƌ ƚŚĂƚ ŵŽƐƚ ŽĨ ƚŚĞ ƉĂƉĞƌƐ ĞŵƉŚĂƐŝǌĞĚ
;'ƌŝŵƐĚŝƚĐŚ͕;ϮϬϭϭͿ͖'ƌŽǀĞƐĞƚĂů͕͘;ϮϬϭϮͿ͖DŽƌĞĐƌŽĨƚ͕ĞƚĂů͕͘;ϮϬϭϮͿ͖ZŽďĞƌƚƐĞƚĂů͕͘;ϮϬϭϭͿ͖tŝůďǇĞƚĂů͕͘
;ϮϬϭϬͿͿ͘/ŶƌĞƐƉŽŶƐĞ͕'ƌŽǀĞƐĞƚĂů͕͘;ϮϬϭϮͿĂŶĚZŽďĞƌƚƐĞƚĂů͕͘;ϮϬϭϭͿĞŵƉŚĂƐŝǌĞĚďŝŶƚĞƌǀĞŶƚŝŽŶƐƐƵĐŚ
ĂƐ ͞ƐǇƐƚĞŵĂƚŝĐ ĐŽŶƐĞƌǀĂƚŝŽŶ ƉůĂŶŶŝŶŐ͟ ǁŚŝĐŚ ĐĂŶ ŵŝŶŝŵŝǌĞ ƚŚĞ ͞ƵŶĐĞƌƚĂŝŶƚǇ͟ ƌŝƐŬƐ ŝŶ Ă ŐƌĞĂƚĞƌ ƐĐĂůĞ͘
>ŝŬĞǁŝƐĞ͕ĂŶƵŵďĞƌŽĨƉĂƉĞƌƐĂůƐŽŵĞŶƚŝŽŶĞĚƚŚĞŝŵƉŽƌƚĂŶĐĞŽĨƵŶĚĞƌƐƚĂŶĚŝŶŐƚŚĞƚƌĂĚĞŽĨĨƐďĞƚǁĞĞŶ
ĚŝĨĨĞƌĞŶƚ ĂǀĂŝůĂďůĞ ĂĚĂƉƚĂƚŝŽŶ ŽƉƚŝŽŶƐ ;dĂďůĞ ϯͿ  ǁŚŝĐŚ ŚŝŶƚƐ ƚŽ ƚŚĞ ŶĞĞĚ ĨŽƌ Ă ĐĂƌĞĨƵů ƐĞůĞĐƚŝŽŶ ŽĨ
ĂĚĂƉƚĂƚŝŽŶĐŚŽŝĐĞƐ;'ƌŽǀĞƐĞƚĂů͕͘ϮϬϭϮ͖,ĞůůĞƌΘĂǀĂůĞƚĂ͕ϮϬϬϵ͖sĞƌďƵƌŐ͕ĞƚĂů͕͘ϮϬϭϮͿ͘
WĂƉĞƌƐ ĂůƐŽ ĐĂŵĞ ƵƉ ǁŝƚŚ ĞŶƚƌǇ ƉŽŝŶƚƐ ŽĨ ď ŝŶ ĚŝƐĂƐƚĞƌ ƌŝƐŬ ƌĞĚƵĐƚŝŽŶ ;ZZͿ͘ 'ĞƌŽ Ğƚ Ăů͕͘ ;ϮϬϭϭͿ
ĂĚǀŽĐĂƚĞĚ ĨŽƌ ĐůŽƐĞƌ ƌĞůĂƚŝŽŶƐŚŝƉ ŽĨ  ĂŶĚ ZZ͘ dŚĞ ƉĂƉĞƌ ƐŚŽǁĞĚ ZZ ĂŶĚ  ŶĞĞĚ ƚŽ ĨŽůůŽǁ Ă
ĐŽŵŵŽŶĂƉƉƌŽĂĐŚŽĨŽƉĞƌĂƚŝŽŶƐŽƚŚĂƚZZĐĂŶ ďĞĂŶĞŶƚƌǇƉŽŝŶƚ ŽĨĂůŽŶŐƚĞƌŵĂĚĂƉƚĂƚŝŽŶ ƉƌŽĐĞƐƐ
;'ĞƌŽĞƚĂů͘ϮϬϭϭͿ͘EŽƚĂůůƚŚĞĐƵƌƌĞŶƚZZŝŶƚĞƌǀĞŶƚŝŽŶƐĞ͘Ő͘ŚĂƌĚ͕ĞŶŐŝŶĞĞƌŝŶŐŽƉƚŝŽŶƐĂƌĞŶŽƚĞƋƵĂůůǇ
ĞĨĨĞĐƚŝǀĞ ƚŚĞƌĞĨŽƌĞ͕ ď ĐĂŶ ďĞ Ă ƉŽƚĞŶƚŝĂů ďƌŝĚŐŝŶŐ ƉŽŝŶƚ ĨŽƌ ZZ ĂŶĚ ;:ŽŶĞƐ Ğƚ Ăů͘ ϮϬϭϮͿ͘ /Ŷ Ă
ĚŝĨĨĞƌĞŶƚĂŶŐůĞ͕WƌĂŵŽǀĂ͕ĞƚĂů͕͘;ϮϬϭϭͿ͕ƐŚŽǁĞĚŝŶĨƌĞƋƵĞŶƚƵƉƚĂŬĞŽĨƚŚĞĞĐŽƐǇƐƚĞŵƐĞƌǀŝĐĞƐĂƉƉƌŽĂĐŚ
ĨŽƌĂĚĂƉƚĂƚŝŽŶŵĞĐŚĂŶŝƐŵŝŶEĂƚŝŽŶĂůĚĂƉƚĂƚŝŽŶWůĂŶƐŽĨĐƚŝŽŶ;EWƐͿ;ŝŶϯϭйŽĨƚŚĞƚŽƚĂůƉƌŽũĞĐƚƐͿ͘
dŚĞ ĂƵƚŚŽƌ ĂƌŐƵĞĚ ƚŽ ĞŶĐŽŵƉĂƐƐ ď ŝŶ ŶĂƚŝŽŶĂů ĂĚĂƉƚĂƚŝŽŶ ƉůĂŶ ƐŽ ƚŚĂƚ ď ĐĂŶ ďƌŝĚŐĞ ƚŚĞ ŐĂƉ ŽĨ
ĂĚĂƉƚĂƚŝŽŶ͕ĚĞǀĞůŽƉŵĞŶƚĂŶĚZZŝŶƚĞƌǀĞŶƚŝŽŶƐ͘tŝůůŝĂŵƐ͕ĞƚĂů͕͘;ϮϬϭϮͿĂŶĚ,ĞůůĞƌΘĂǀĂůĞƚĂ͕;ϮϬϬϵͿ
ĞǆƚĞŶĚĞĚƚŚĞĂƌŐƵŵĞŶƚƚŚĂƚƌĞŐŝŽŶĂůĞĐŽƐǇƐƚĞŵďĂƐĞĚƉůĂŶŶŝŶŐ͕ůĂŶĚƵƐĞƉůĂŶŶŝŶŐ;sĞƌďƵƌŐĞƚĂů͕͘ϮϬϭϮͿ
ǁĂƚĞƌŵĂŶĂŐĞŵĞŶƚƉůĂŶŶŝŶŐ;tŝůďǇĞƚĂů͕͘ϮϬϭϬͿĂŶĚŽƚŚĞƌƐĞĐƚŽƌĂůĚĞǀĞůŽƉŵĞŶƚƉůĂŶŶŝŶŐĐĂŶĂůƐŽďĞ
ƚŚĞƉŽƚĞŶƚŝĂůĞŶƚƌǇƉŽŝŶƚƐŽĨďƚŽƚĂŬĞƉůĂĐĞŝŶůŽŶŐĞƌƚĞƌŵƌĞƐŝůŝĞŶĐĞďƵŝůĚŝŶŐĨŽƌƚŚĞĐŽŵŵƵŶŝƚǇ͘dŚĞ
ƉĂƉĞƌƐĂůƐŽƐƵŐŐĞƐƚĞĚĨŽƌĂŐƌĞĂƚĞƌŶĞĞĚŽĨƐƚƌŽŶŐĞǀŝĚĞŶĐĞďĂƐĞĨŽƌƉƌŽĂĐƚŝǀĞĂŶĚĞĨĨŝĐŝĞŶƚƉůĂŶŶŝŶŐ͘
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ϲ͘ŽŶĐůƵƐŝŽŶ
dŚĞ ƌĞǀŝĞǁƌĞƐĞĂƌĐŚ ǁĂƐĂŝŵĞĚ ƚŽ ŐĞƚ ĂŶƐǁĞƌƐ ŽĨ ƚŚƌĞĞ ŐƵŝĚŝŶŐ ƋƵĞƐƚŝŽŶƐ͘ dŚĞ ƌĞƐĞĂƌĐŚ ƐŚŽǁĞĚ ƚŚĂƚ
ďŝƐƚĂŬŝŶŐƉůĂĐĞŝŶĚŝĨĨĞƌĞŶƚƉĂƌƚƐŽĨƚŚĞǁŽƌůĚĨŽƌůŽŶŐƚĞƌŵĂĚĂƉƚĂƚŝŽŶŝŶƚĞƌǀĞŶƚŝŽŶƚŽĐůŝŵĂƚŝĐĂŶĚ
ŶŽŶͲĐůŝŵĂƚŝĐƐƚƌĞƐƐŽƌƐ͘dŚĞƌĞƐƵůƚƐĂůƐŽƐŚŽǁĞĚƚŚĂƚƚŚĞĐƵƌƌĞŶƚďƉƌĂĐƚŝĐĞƐĂƌĞƐƚŝůůƐŬĞǁĞĚƚŽǁĂƌĚƐ
ďŝŽĚŝǀĞƌƐŝƚǇ ĂŶĚ ĐŽŶƐĞƌǀĂƚŝŽŶ ƌĞůĂƚĞĚ ŝŶƚĞƌǀĞŶƚŝŽŶƐ ĂůŽŶŐ ǁŝƚŚ ŝŶĐƌĞĂƐŝŶŐ ĞǆƉĂŶƐŝŽŶ ƚŽ ƚŚĞ ZZ ĂƌĞĂ͘
ďƚŽŽůƐĂƌĞǇĞƚƚŽďĞŵĂŝŶƐƚƌĞĂŵĞĚĂƐŽŶĞŽĨƚŚĞŬĞǇĂĚĂƉƚĂƚŝŽŶŝŶƚĞƌǀĞŶƚŝŽŶƐĨŽƌŵĂŶĂŐŝŶŐŵŝƐƐŝŶŐ
ƐĞĐƚŽƌƐ Ğ͘Ő͘ ůŝǀĞůŝŚŽŽĚ͘  dŚĞ ŵĂŝŶ ĐŚĂůůĞŶŐĞŝƐ ƚŽŵĂŝŶƐƚƌĞĂŵ ď ĂƐ ŬĞǇ ĂĚĂƉƚĂƚŝŽŶ ƉƌŽĐĞƐƐ ĨƌŽŵ ƚŚĞ
ĚŽŵĂŝŶ ŽĨ ŵĞƌĞ ĐŽŶƐĞƌǀĂƚŝŽŶ ƌĞŐŝŵĞ͘ dŚĞ ŝŶĐŽƌƉŽƌĂƚŝŽŶ ŽĨ ŐŽǀĞƌŶĂŶĐĞ ĂŶĚ ƉĂƌƚŝĐŝƉĂƚŝŽŶ ĂƐƉĞĐƚƐ ŝƐ
ƉĂƌƚŝĐƵůĂƌůǇ ŝŵƉŽƌƚĂŶƚ ŝŶ ď ƉƌĂĐƚŝĐĞƐ ĂŶĚ ĂďƐĞŶĐĞ ŽĨ ƚŚĞƐĞ ƉƌŝŶĐŝƉůĞƐ ŵĂǇ ƉƌŽǀŽŬĞ ƚŽƉͲĚŽǁŶ
ĐŽŶǀĞŶƚŝŽŶĂů ƉůĂŶŶŝŶŐ ƌĞŐŝŵĞ͕ ǁŚŝĐŚ ĂƌĞ ŚŝŐŚůǇ ŝŶĞĨĨĞĐƚŝǀĞ͘ /Ŷ Ă ŶƵƚƐŚĞůů͕ ď ŚĂƐ ŚŝŐŚ ƉŽƚĞŶƚŝĂů ŽĨ
ďƵŝůĚŝŶŐ ƐƵƐƚĂŝŶĂďůĞ ĂĚĂƉƚĂƚŝŽŶ ƉƌĂĐƚŝĐĞƐ͖ ŚŽǁĞǀĞƌ͕ ƚŚĞ ƉƌŝŶĐŝƉůĞƐ ŶĞĞĚ ƚŽ ďĞ ĞĨĨĞĐƚŝǀĞůǇ ŵĂƚĞƌŝĂůŝǌĞĚ
ĂĐƌŽƐƐƐƉĂƚŝĂů͕ƚĞŵƉŽƌĂůĂŶĚĂĚŵŝŶŝƐƚƌĂƚŝǀĞƐĐĂůĞƐǁŝƚŚůĂƌŐĞƌĐŽŵŵƵŶŝƚǇŝŶǀŽůǀĞŵĞŶƚ͘
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ZĞĨĞƌĞŶĐĞƐ
ĞƌŬŚŽƵƚ͕&͕͘ϮϬϬϱ͘ZĂƚŝŽŶĂůĞƐĨŽƌĂĚĂƉƚĂƚŝŽŶŝŶhĐůŝŵĂƚĞĐŚĂŶŐĞƉŽůŝĐŝĞƐ͘ůŝŵĂƚĞWŽůŝĐǇ͕ϱ;ϯͿ͕ƉƉ͘ϯϳϳʹ
ϯϵϭ͘ǀĂŝůĂďůĞĂƚ͗ŚƚƚƉ͗ͬͬŽƉĞŶƵƌů͘ŝŶŐĞŶƚĂ͘ĐŽŵͬĐŽŶƚĞŶƚͬǆƌĞĨ͍ŐĞŶƌĞсĂƌƚŝĐůĞΘŝƐƐŶсϭϰϲϵͲ
ϯϬϲϮΘǀŽůƵŵĞсϱΘŝƐƐƵĞсϯΘƐƉĂŐĞсϯϳϳ͘
ĞƌŶƐƚĞŝŶ͕>͘ĞƚĂů͕͘ϮϬϬϳ͘ůŝŵĂƚĞŚĂŶŐĞϮϬϬϳ෴͗^ƵŵŵĂƌǇĨŽƌWŽůŝĐǇŵĂŬĞƌƐ͕
ĂŵƉďĞůů͕͘ĞƚĂů͕͘ϮϬϬϵ͘Zs/tK&d,>/dZdhZKEd,>/E<^dtE/K/sZ^/dzE
>/Dd,E'͗/ŵƉĂĐƚƐ͕ĚĂƉƚĂƚŝŽŶĂŶĚDŝƚŝŐĂƚŝŽŶ͕͘Ɖ͘ϭϮϰ͘
͕ϮϬϬϵ͘ŽŶŶĞĐƚŝŶŐŝŽĚŝǀĞƌƐŝƚǇĂŶĚůŝŵĂƚĞŚĂŶŐĞDŝƚŝŐĂƚŝŽŶĂŶĚĚĂƉƚĂƚŝŽŶ͗ZĞƉŽƌƚŽĨƚŚĞ^ĞĐŽŶĚ
Ě,ŽĐdĞĐŚŶŝĐĂůǆƉĞƌƚ'ƌŽƵƉŽŶŝŽĚŝǀĞƌƐŝƚǇĂŶĚůŝŵĂƚĞŚĂŶŐĞ͕DŽŶƚƌĞĂů͘
ŽůůƐ͕͕͘ƐŚ͕E͘Θ/ŬŬĂůĂ͕E͕͘ϮϬϬϵ͘ĐŽƐǇƐƚĞŵͲďĂƐĞĚĚĂƉƚĂƚŝŽŶ෴͗ŶĂƚƵƌĂůƌĞƐƉŽŶƐĞƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ͕
'ůĂŶĚ͕^ǁŝƚǌĞƌůĂŶĚ͗/hE͘
ŽƐǁĂůĚ͕E͘ΘKƐƚŝ͕D͕͘ϮϬϭϭ͘ĐŽƐǇƐƚĞŵͲďĂƐĞĚĂƉƉƌŽĂĐŚĞƐƚŽĂĚĂƉƚĂƚŝŽŶĂŶĚŵŝƚŝŐĂƚŝŽŶʹŐŽŽĚƉƌĂĐƚŝĐĞ
ĞǆĂŵƉůĞƐĂŶĚůĞƐƐŽŶƐůĞĂƌŶĞĚŝŶƵƌŽƉĞ͕ŽŶŶ͗&ĞĚĞƌĂůŐĞŶĐǇĨŽƌEĂƚƵƌĞŽŶƐĞƌǀĂƚŝŽŶ͘
͕ϮϬϬϵ͘ĚĂƉƚŝŶŐƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ͗dŽǁĂƌĚƐĂƵƌŽƉĞĂŶĨƌĂŵĞǁŽƌŬĨŽƌĂĐƚŝŽŶ͕ƌƵƐƐĞůƐ͘
͕ϮϬϭϮ͘ůŝŵĂƚĞĐŚĂŶŐĞ͕ŝŵƉĂĐƚƐĂŶĚǀƵůŶĞƌĂďŝůŝƚǇŝŶƵƌŽƉĞϮϬϭϮ͕
&ŝƚƚĞƌ͕͘ĞƚĂů͕͘ϮϬϭϬ͘ŶƐƐĞƐƐŵĞŶƚŽĨĐŽƐǇƐƚĞŵ^ĞƌǀŝĐĞƐĂŶĚŝŽĚŝǀĞƌƐŝƚǇŝŶƵƌŽƉĞ͘/ŶǇZ͘͘,ĞƐƚĞƌ
ΘZ͘D͘,ĂƌƌŝƐŽŶ͕ĞĚƐ͘/ƐƐƵĞƐŝŶŶǀŝƌŽŶŵĞŶƚĂů^ĐŝĞŶĐĞĂŶĚdĞĐŚŶŽůŽŐǇ͘ZŽǇĂů^ŽĐŝĞƚǇŽĨŚĞŵŝƐƚƌǇ͕
ƉƉ͘ϭʹϮϴ͘
'ĞƌŽ͕͕͘DĠŚĞƵǆ͕<͘ΘŽŵŝŶĞǇͲŚŽǁĞƐ͕͕͘ϮϬϭϭ͘/ŶƚĞŐƌĂƚŝŶŐĚŝƐĂƐƚĞƌƌŝƐŬƌĞĚƵĐƚŝŽŶĂŶĚĐůŝŵĂƚĞĐŚĂŶŐĞ
ĂĚĂƉƚĂƚŝŽŶŝŶƚŚĞWĂĐŝĨŝĐ͘ůŝŵĂƚĞĂŶĚĞǀĞůŽƉŵĞŶƚ͕ϯ;DĂƌĐŚϮϬϭϯͿ͕ƉƉ͘ϯϳʹϰϭ͘
'ŝƌŽƚ͕W͕͘ŚƌŚĂƌƚ͕͘ΘKŐůĞƚŚŽƌƉĞ͕:͕͘ϮϬϭϮ͘/ŶƚĞŐƌĂƚŝŶŐŽŵŵƵŶŝƚǇĂŶĚĐŽƐǇƐƚĞŵͲĂƐĞĚƉƉƌŽĂĐŚĞƐŝŶ
ůŝŵĂƚĞŚĂŶŐĞĚĂƉƚĂƚŝŽŶ͕
'ZEd,D͕,͘^͘ĞƚĂů͕͘ϮϬϭϭ͘ĐŽƐǇƐƚĞŵͲďĂƐĞĚĂĚĂƉƚĂƚŝŽŶŝŶŵĂƌŝŶĞĞĐŽƐǇƐƚĞŵƐŽĨƚƌŽƉŝĐĂůKĐĞĂŶŝĂŝŶ
ƌĞƐƉŽŶƐĞƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ͘W/&/KE^Zsd/KE/K>K'z͕ϭϳ͘
'ƌŝŵƐĚŝƚĐŚ͕'͕͘ϮϬϭϭ͘ĐŽƐǇƐƚĞŵͲĂƐĞĚĚĂƉƚĂƚŝŽŶŝŶƚŚĞhƌďĂŶŶǀŝƌŽŶŵĞŶƚ͘/Ŷ<͘KƚƚŽͲŝŵŵĞƌŵĂŶŶ͕
ĞĚ͘ZĞƐŝůŝĞŶƚŝƚŝĞƐ͗ŝƚŝĞƐĂŶĚĚĂƉƚĂƚŝŽŶƚŽůŝŵĂƚĞŚĂŶŐĞͲWƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞ'ůŽďĂů&ŽƌƵŵ
ϮϬϭϬ͘ŽƌĚƌĞĐŚƚ͗^ƉƌŝŶŐĞƌEĞƚŚĞƌůĂŶĚƐ͘ǀĂŝůĂďůĞĂƚ͗
ŚƚƚƉ͗ͬͬǁǁǁ͘ƐƉƌŝŶŐĞƌůŝŶŬ͘ĐŽŵͬŝŶĚĞǆͬϭϬ͘ϭϬϬϳͬϵϳϴͲϵϰͲϬϬϳͲϬϳϴϱͲϲĐĐĞƐƐĞĚDĂƌĐŚϱ͕ϮϬϭϯ͘
'ƌŽǀĞƐ͕͘Z͘ĞƚĂů͕͘ϮϬϭϮ͘/ŶĐŽƌƉŽƌĂƚŝŶŐĐůŝŵĂƚĞĐŚĂŶŐĞŝŶƚŽƐǇƐƚĞŵĂƚŝĐĐŽŶƐĞƌǀĂƚŝŽŶƉůĂŶŶŝŶŐ͘
ŝŽĚŝǀĞƌƐŝƚǇĂŶĚŽŶƐĞƌǀĂƚŝŽŶ͕Ϯϭ;ϳͿ͕ƉƉ͘ϭϲϱϭʹϭϲϳϭ͘ǀĂŝůĂďůĞĂƚ͗
ŚƚƚƉ͗ͬͬǁǁǁ͘ƐƉƌŝŶŐĞƌůŝŶŬ͘ĐŽŵͬŝŶĚĞǆͬϭϬ͘ϭϬϬϳͬƐϭϬϱϯϭͲϬϭϮͲϬϮϲϵͲϯĐĐĞƐƐĞĚ&ĞďƌƵĂƌǇϮϴ͕ϮϬϭϯ͘
,ĞůůĞƌ͕E͘͘ΘĂǀĂůĞƚĂ͕͘^͕͘ϮϬϬϵ͘ŝŽĚŝǀĞƌƐŝƚǇŵĂŶĂŐĞŵĞŶƚŝŶƚŚĞĨĂĐĞŽĨĐůŝŵĂƚĞĐŚĂŶŐĞ͗ƌĞǀŝĞǁŽĨ
ϮϮǇĞĂƌƐŽĨƌĞĐŽŵŵĞŶĚĂƚŝŽŶƐ͘ŝŽůŽŐŝĐĂůŽŶƐĞƌǀĂƚŝŽŶ͕ϭϰϮ;ϭͿ͕ƉƉ͘ϭϰʹϯϮ͘ǀĂŝůĂďůĞĂƚ͗
ŚƚƚƉ͗ͬͬůŝŶŬŝŶŐŚƵď͘ĞůƐĞǀŝĞƌ͘ĐŽŵͬƌĞƚƌŝĞǀĞͬƉŝŝͬ^ϬϬϬϲϯϮϬϳϬϴϬϬϯϴϳyĐĐĞƐƐĞĚ:ƵůǇϭϯ͕ϮϬϭϮ͘
,ƵƋ͕^͕͘ZĂŚŵĂŶ͕͘Θ<ŽŶĂƚĞ͕D͕͘ϮϬϬϯ͘D/E^dZD/E'Wdd/KEdK>/Dd,E'/E>^d
s>KWKhEdZ/^;>^Ϳ͕͘;ƉƌŝůͿ͘
/W͕ϮϬϬϳĂ͘ůŝŵĂƚĞŚĂŶŐĞϮϬϬϳ͗^ǇŶƚŚĞƐŝƐƌĞƉŽƌƚͲŶƐƐĞƐƐŵĞŶƚŽĨƚŚĞ/ŶƚĞƌŐŽǀĞƌŶŵĞŶƚĂůWĂŶĞůŽŶ
ůŝŵĂƚĞŚĂŶŐĞ͕
/W͕ϮϬϬϳď͘^ƵŵŵĂƌǇĨŽƌWŽůŝĐǇŵĂŬĞƌƐ͘/ŶZ͘͘ůůĞǇĞƚĂů͕͘ĞĚƐ͘ůŝŵĂƚĞŚĂŶŐĞϮϬϬϳ͗dŚĞWŚǇƐŝĐĂů
^ĐŝĞŶĐĞĂƐŝƐ͘ŽŶƚƌŝďƵƚŝŽŶŽĨtŽƌŬŝŶŐ'ƌŽƵƉ/ƚŽƚŚĞ&ŽƵƌƚŚƐƐĞƐƐŵĞŶƚZĞƉŽƌƚŽĨƚŚĞ
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/ŶƚĞƌŐŽǀĞƌŶŵĞŶƚĂůWĂŶĞůŽŶůŝŵĂƚĞŚĂŶŐĞ͘ĂŵďƌŝĚŐĞĂŶĚEĞǁzŽƌŬ͗ĂŵďƌŝĚŐĞhŶŝǀĞƌƐŝƚǇ
WƌĞƐƐ͘
/W͕ϮϬϭϮ͘^ƵŵŵĂƌǇĨŽƌWŽůŝĐǇŵĂŬĞƌƐ͘/Ŷ͘͘&ŝĞůĚĞƚĂů͕͘ĞĚƐ͘DĂŶĂŐŝŶŐƚŚĞZŝƐŬƐŽĨǆƚƌĞŵĞǀĞŶƚƐ
ĂŶĚŝƐĂƐƚĞƌƐƚŽĚǀĂŶĐĞůŝŵĂƚĞŚĂŶŐĞĚĂƉƚĂƚŝŽŶ͘ĂŵďƌŝĚŐĞ͗ĂŵďƌŝĚŐĞhŶŝǀĞƌƐŝƚǇWƌĞƐƐ͕ƉƉ͘
ϭʹϭϵ͘ǀĂŝůĂďůĞĂƚ͗ŚƚƚƉ͗ͬͬĞďŽŽŬƐ͘ĐĂŵďƌŝĚŐĞ͘ŽƌŐͬƌĞĨͬŝĚͬKϵϳϴϭϭϯϵϭϳϳϮϰϱ͘
:ĂŵĞƐ͕͘D͘t͘ĞƚĂů͕͘ϮϬϭϯ͘ůŝŵĂƚĞŚĂŶŐĞĚĂƉƚĂƚŝŽŶWůĂŶŶŝŶŐĨŽƌŝŽĚŝǀĞƌƐŝƚǇŽŶƐĞƌǀĂƚŝŽŶ͗
ZĞǀŝĞǁ͘ĚǀĂŶĐĞƐŝŶůŝŵĂƚĞŚĂŶŐĞZĞƐĞĂƌĐŚ͕ϯ;ϭͿ͕ƉƉ͘ϭʹϭϭ͘ǀĂŝůĂďůĞĂƚ͗
ŚƚƚƉ͗ͬͬƉƵď͘ĐŚŝŶĂƐĐŝĞŶĐĞũŽƵƌŶĂů͘ĐŽŵͬĂƌƚŝĐůĞͬŐĞƚƌƚŝĐůĞZĞĚŝƌĞĐƚ͘ĂĐƚŝŽŶ͍ĚŽŝŽĚĞсϭϬ͘ϯϳϮϰͬ^W͘:͘ϭϮϰϴ͘
ϮϬϭϮ͘ϬϬϬϬϭĐĐĞƐƐĞĚDĂƌĐŚϮϭ͕ϮϬϭϯ͘
:ŽŶĞƐ͕,͘W͕͘,ŽůĞ͕͘'͘ΘĂǀĂůĞƚĂ͕͘^͕͘ϮϬϭϮ͘,ĂƌŶĞƐƐŝŶŐŶĂƚƵƌĞƚŽŚĞůƉƉĞŽƉůĞĂĚĂƉƚƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ͘
EĂƚƵƌĞůŝŵĂƚĞŚĂŶŐĞ͕Ϯ;ϳͿ͕ƉƉ͘ϱϬϰʹϱϬϵ͘ǀĂŝůĂďůĞĂƚ͗
ŚƚƚƉ͗ͬͬǁǁǁ͘ŶĂƚƵƌĞ͘ĐŽŵͬĚŽŝĨŝŶĚĞƌͬϭϬ͘ϭϬϯϴͬŶĐůŝŵĂƚĞϭϰϲϯĐĐĞƐƐĞĚKĐƚŽďĞƌϮϲ͕ϮϬϭϮ͘
<ĂŶŽƵŶŶŝŬŽĨĨ͕^͘t͘ĞƚĂů͕͘ϮϬϭϭ͘ĐŽƐǇƐƚĞŵͲďĂƐĞĚĂĚĂƉƚĂƚŝŽŶƚŽĐůŝŵĂƚĞĐŚĂŶŐĞථ͗ǁŚĂƚƐĐŽƉĞĨŽƌ
ƉĂǇŵĞŶƚƐĨŽƌĞŶǀŝƌŽŶŵĞŶƚĂůƐĞƌǀŝĐĞƐථ͍ůŝŵĂƚĞĂŶĚĞǀĞůŽƉŵĞŶƚ͕ϯ;ϮͿ͕ƉƉ͘ϭʹϯϬ͘
<ůĞŝŶ͕Z͘:͘d͘ĞƚĂů͕͘ϮϬϬϳ͘WŽƌƚĨŽůŝŽƐĐƌĞĞŶŝŶŐƚŽƐƵƉƉŽƌƚƚŚĞŵĂŝŶƐƚƌĞĂŵŝŶŐŽĨĂĚĂƉƚĂƚŝŽŶƚŽĐůŝŵĂƚĞ
ĐŚĂŶŐĞŝŶƚŽĚĞǀĞůŽƉŵĞŶƚĂƐƐŝƐƚĂŶĐĞ͘ůŝŵĂƚŝĐŚĂŶŐĞ͕ϴϰ;ϭͿ͕ƉƉ͘Ϯϯʹϰϰ͘ǀĂŝůĂďůĞĂƚ͗
ŚƚƚƉ͗ͬͬǁǁǁ͘ƐƉƌŝŶŐĞƌůŝŶŬ͘ĐŽŵͬŝŶĚĞǆͬϭϬ͘ϭϬϬϳͬƐϭϬϱϴϰͲϬϬϳͲϵϮϲϴͲǆĐĐĞƐƐĞĚ:ƵůǇϭϮ͕ϮϬϭϮ͘
DĂƌŬǀĞƌĂƌĚ͕ϮϬϬϵ͘ĐŽƐǇƐƚĞŵƐĞƌǀŝĐĞƐĐĂƐĞƐƚƵĚŝĞƐĞƚƚĞƌƌĞŐƵůĂƚŝŽŶƐĐŝĞŶĐĞƉƌŽŐƌĂŵŵĞdŚĞ
ŶǀŝƌŽŶŵĞŶƚŐĞŶĐǇŝƐƚŚĞůĞĂĚŝŶŐƉƵďůŝĐďŽĚǇƉƌŽƚĞĐƚŝŶŐĂŶĚŝŵƉƌŽǀŝŶŐƚŚĞĞŶǀŝƌŽŶŵĞŶƚŝŶ
ŶŐůĂŶĚĂŶĚ͕ƌŝƐƚŽů͘
DĐĐĂƌƚŚǇ͕W͕͘͘ϮϬϭϮ͘ůŝŵĂƚĞŚĂŶŐĞĚĂƉƚĂƚŝŽŶĨŽƌWĞŽƉůĞĂŶĚEĂƚƵƌĞථ͗ĂƐĞ^ƚƵĚǇĨƌŽŵƚŚĞh͘^͘
^ŽƵƚŚǁĞƐƚ͕͘ϯ;ϭͿ͕ƉƉ͘ϮϮʹϯϳ͘
D͕ϮϬϬϱ͘DŝůůĞŶŶŝƵŵĐŽƐǇƐƚĞŵƐƐĞƐƐŵĞŶƚ͕ͲĐŽƐǇƐƚĞŵƐĂŶĚ,ƵŵĂŶtĞůůͲďĞŝŶŐ͗ŝŽĚŝǀĞƌƐŝƚǇ
^ǇŶƚŚĞƐŝƐ͕tĂƐŚŝŶŐƚŽŶ͗tŽƌůĚZĞƐŽƵƌĐĞƐ/ŶƐƚŝƚƵƚĞ͘
DĞƌĐĞƌ͕:͘ĞƚĂů͕͘ϮϬϭϮ͘ĐŽƐǇƐƚĞŵͲĂƐĞĚĚĂƉƚĂƚŝŽŶƚŽůŝŵĂƚĞŚĂŶŐĞŝŶĂƌŝďďĞĂŶ^ŵĂůů/ƐůĂŶĚ
ĞǀĞůŽƉŝŶŐ^ƚĂƚĞƐ͗/ŶƚĞŐƌĂƚŝŶŐ>ŽĐĂůĂŶĚǆƚĞƌŶĂů<ŶŽǁůĞĚŐĞ͘^ƵƐƚĂŝŶĂďŝůŝƚǇ͕ϰ;ϴͿ͕ƉƉ͘ϭϵϬϴʹϭϵϯϮ͘
ǀĂŝůĂďůĞĂƚ͗ŚƚƚƉ͗ͬͬǁǁǁ͘ŵĚƉŝ͘ĐŽŵͬϮϬϳϭͲϭϬϱϬͬϰͬϴͬϭϵϬϴͬĐĐĞƐƐĞĚƵŐƵƐƚϮϴ͕ϮϬϭϮ͘
DŽƌĞĐƌŽĨƚ͕D͘͘ĞƚĂů͕͘ϮϬϭϮ͘ZĞƐŝůŝĞŶĐĞƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ͗ƚƌĂŶƐůĂƚŝŶŐƉƌŝŶĐŝƉůĞƐŝŶƚŽƉƌĂĐƚŝĐĞ͘:ŽƵƌŶĂůŽĨ
ƉƉůŝĞĚĐŽůŽŐǇ͕;'ƵŶĚĞƌƐŽŶϮϬϬϬͿ͕Ɖ͘ŶŽʹŶŽ͘ǀĂŝůĂďůĞĂƚ͗ŚƚƚƉ͗ͬͬĚŽŝ͘ǁŝůĞǇ͘ĐŽŵͬϭϬ͘ϭϭϭϭͬũ͘ϭϯϲϱͲ
Ϯϲϲϰ͘ϮϬϭϮ͘ϬϮϭϯϲ͘ǆĐĐĞƐƐĞĚ&ĞďƌƵĂƌǇϮϴ͕ϮϬϭϯ͘
WƌĂŵŽǀĂ͕͘ĞƚĂů͕͘ϮϬϭϭ͘ĐŽƐǇƐƚĞŵƐĞƌǀŝĐĞƐŝŶƚŚĞEĂƚŝŽŶĂůĚĂƉƚĂƚŝŽŶWƌŽŐƌĂŵŵĞƐŽĨĐƚŝŽŶ͘ůŝŵĂƚĞ
WŽůŝĐǇ͕;DĂƌĐŚϮϬϭϯͿ͕ƉƉ͘ϯϳʹϰϭ͘
WĠƌĞǌ͖͕͕͘͘&ĞƌŶĄŶĚĞǌ͕͘,͘Θ'Ăƚƚŝ͕Z͘͘ĞĚƐ͕͘ϮϬϭϬ͘ƵŝůĚŝŶŐZĞƐŝůŝĞŶĐĞƚŽůŝŵĂƚĞŚĂŶŐĞƵŝůĚŝŶŐ͗
ZĞƐŝůŝĞŶĐĞƚŽůŝŵĂƚĞŚĂŶŐĞĐŽƐǇƐƚĞŵͲďĂƐĞĚĂĚĂƉƚĂƚŝŽŶĂŶĚůĞƐƐŽŶƐĨƌŽŵƚŚĞĨŝĞůĚ͕'ůĂŶĚ͗/hE͘
ZŽďĞƌƚƐ͕͘ĞƚĂů͕͘ϮϬϭϭ͘ǆƉůŽƌŝŶŐĞĐŽƐǇƐƚĞŵͲďĂƐĞĚĂĚĂƉƚĂƚŝŽŶŝŶƵƌďĂŶ͕^ŽƵƚŚĨƌŝĐĂ͗͞ůĞĂƌŶŝŶŐͲďǇͲ
ĚŽŝŶŐ͟ĂƚƚŚĞůŽĐĂůŐŽǀĞƌŶŵĞŶƚĐŽĂůĨĂĐĞ͘ŶǀŝƌŽŶŵĞŶƚĂŶĚhƌďĂŶŝǌĂƚŝŽŶ͕Ϯϰ;ϭͿ͕ƉƉ͘ϭϲϳʹϭϵϱ͘
ǀĂŝůĂďůĞĂƚ͗ŚƚƚƉ͗ͬͬĞĂƵ͘ƐĂŐĞƉƵď͘ĐŽŵͬĐŐŝͬĚŽŝͬϭϬ͘ϭϭϳϳͬϬϵϱϲϮϰϳϴϭϭϰϯϭϰϭϮĐĐĞƐƐĞĚEŽǀĞŵďĞƌ
Ϯϴ͕ϮϬϭϮ͘
dƌĂǀĞƌƐ͕͘ĞƚĂů͕͘ϮϬϭϮ͘ĐŽƐǇƐƚĞŵͲĂƐĞĚĚĂƉƚĂƚŝŽŶ'ƵŝĚĂŶĐĞ͗DŽǀŝŶŐĨƌŽŵWƌŝŶĐŝƉůĞƐƚŽWƌĂĐƚŝĐĞ͕
EĂŝƌŽďŝ͘
dƐĐŚĂŬĞƌƚ͕W͘ΘŝĞƚƌŝĐŚ͕<͕͘͘ϮϬϭϬ͘ŶƚŝĐŝƉĂƚŽƌǇ>ĞĂƌŶŝŶŐĨŽƌůŝŵĂƚĞŚĂŶŐĞĚĂƉƚĂƚŝŽŶĂŶĚZĞƐŝůŝĞŶĐĞ͘
͕ϭϱ;ϮͿ͘
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sĞƌďƵƌŐ͕W͘,͘ĞƚĂů͕͘ϮϬϭϮ͘ŶĂƐƐĞƐƐŵĞŶƚŽĨƚŚĞŝŵƉĂĐƚŽĨĐůŝŵĂƚĞĂĚĂƉƚĂƚŝŽŶŵĞĂƐƵƌĞƐƚŽƌĞĚƵĐĞĨůŽŽĚ
ƌŝƐŬŽŶĞĐŽƐǇƐƚĞŵƐĞƌǀŝĐĞƐ͘>ĂŶĚƐĐĂƉĞĐŽůŽŐǇ͕Ϯϳ;ϰͿ͕ƉƉ͘ϰϳϯʹϰϴϲ͘ǀĂŝůĂďůĞĂƚ͗
ŚƚƚƉ͗ͬͬǁǁǁ͘ƐƉƌŝŶŐĞƌůŝŶŬ͘ĐŽŵͬŝŶĚĞǆͬϭϬ͘ϭϬϬϳͬƐϭϬϵϴϬͲϬϭϮͲϵϳϭϱͲϲĐĐĞƐƐĞĚ&ĞďƌƵĂƌǇϮϴ͕ϮϬϭϯ͘
sŝŐŶŽůĂ͕Z͘ĞƚĂů͕͘ϮϬϬϵ͘ĐŽƐǇƐƚĞŵͲďĂƐĞĚĂĚĂƉƚĂƚŝŽŶƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ͗ǁŚĂƚƌŽůĞĨŽƌƉŽůŝĐǇͲŵĂŬĞƌƐ͕
ƐŽĐŝĞƚǇĂŶĚƐĐŝĞŶƚŝƐƚƐ͍DŝƚŝŐĂƚŝŽŶĂŶĚĚĂƉƚĂƚŝŽŶ^ƚƌĂƚĞŐŝĞƐĨŽƌ'ůŽďĂůŚĂŶŐĞ͕ϭϰ;ϴͿ͕ƉƉ͘ϲϵϭʹϲϵϲ͘
ǀĂŝůĂďůĞĂƚ͗ŚƚƚƉ͗ͬͬǁǁǁ͘ƐƉƌŝŶŐĞƌůŝŶŬ͘ĐŽŵͬŝŶĚĞǆͬϭϬ͘ϭϬϬϳͬƐϭϭϬϮϳͲϬϬϵͲϵϭϵϯͲϲĐĐĞƐƐĞĚ:ƵůǇϮϳ͕
ϮϬϭϮ͘
tĂƚƐŽŶ͕:D͕ϮϬϭϭ͘ĐŽƐǇƐƚĞŵͲďĂƐĞĚĂĚĂƉƚĂƚŝŽŶŝŶŵĂƌŝŶĞĞĐŽƐǇƐƚĞŵƐŽĨƚƌŽƉŝĐĂůKĐĞĂŶŝĂŝŶƌĞƐƉŽŶƐĞ
ƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ͕͘ϭϳ͘
tĂƚƐŽŶ͕:ĂŵĞƐDĞƚĂů͕͘ϮϬϭϮ͘ůŝŵĂƚĞŚĂŶŐĞĚĂƉƚĂƚŝŽŶWůĂŶŶŝŶŐĨŽƌŝŽĚŝǀĞƌƐŝƚǇŽŶƐĞƌǀĂƚŝŽŶථ͗
ZĞǀŝĞǁ͘sE^/E>/Dd,E'Z^Z,͕ϯ;^ĞƉƚĞŵďĞƌϮϬϭϭͿ͕ƉƉ͘ϭʹϭϭ͘
tŝůďǇ͕Z͘>͘ĞƚĂů͕͘ϮϬϭϬ͘ǀŝĚĞŶĐĞŶĞĞĚĞĚƚŽŵĂŶĂŐĞĨƌĞƐŚǁĂƚĞƌĞĐŽƐǇƐƚĞŵƐŝŶĂĐŚĂŶŐŝŶŐĐůŝŵĂƚĞ͗
ƚƵƌŶŝŶŐĂĚĂƉƚĂƚŝŽŶƉƌŝŶĐŝƉůĞƐŝŶƚŽƉƌĂĐƚŝĐĞ͘dŚĞ^ĐŝĞŶĐĞŽĨƚŚĞƚŽƚĂůĞŶǀŝƌŽŶŵĞŶƚ͕ϰϬϴ;ϭϵͿ͕ƉƉ͘ϰϭϱϬʹ
ϲϰ͘ǀĂŝůĂďůĞĂƚ͗ŚƚƚƉ͗ͬͬǁǁǁ͘ŶĐďŝ͘Ŷůŵ͘ŶŝŚ͘ŐŽǀͬƉƵďŵĞĚͬϮϬϱϯϴϯϭϴĐĐĞƐƐĞĚDĂƌĐŚϭϬ͕ϮϬϭϯ͘
tŝůůŝĂŵƐ͕<͘ĞƚĂů͕͘ϮϬϭϮ͘dŚĞĐŽŶĚŝƚŝŽŶƐĨŽƌ͕ĂŶĚĐŚĂůůĞŶŐĞƐŽĨ͕ĂĚĂƉƚŝŶŐŶŐůĂŶĚ͛ƐƐƵďƵƌďƐĨŽƌĐůŝŵĂƚĞ
ĐŚĂŶŐĞ͘ƵŝůĚŝŶŐĂŶĚŶǀŝƌŽŶŵĞŶƚ͕ϱϱ͕ƉƉ͘ϭϯϭʹϭϰϬ͘ǀĂŝůĂďůĞĂƚ͗
ŚƚƚƉ͗ͬͬůŝŶŬŝŶŐŚƵď͘ĞůƐĞǀŝĞƌ͘ĐŽŵͬƌĞƚƌŝĞǀĞͬƉŝŝͬ^ϬϯϲϬϭϯϮϯϭϭϬϬϯϵϵϰĐĐĞƐƐĞĚDĂƌĐŚϭϵ͕ϮϬϭϯ͘
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Topic=(Ecosyste* base* Adaptatio*) AND Topic=(Climat* Chang*)
Refined by: Research Areas=( ENVIRONMENTAL SCIENCES ECOLOGY OR SOCIAL ISSUES OR METEOROLOGY ATMOSPHERIC
SCIENCES OR SOCIAL SCIENCES OTHER TOPICS OR MARINE FRESHWATER BIOLOGY OR URBAN STUDIES OR GEOGRAPHY
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OR SOCIAL SCIENCES OTHER TOPICS OR MARINE FRESHWATER BIOLOGY OR URBAN STUDIES OR GEOGRAPHY OR BIODIVERSITY
CONSERVATION OR FORESTRY OR SOCIOLOGY OR AGRICULTURE OR ANTHROPOLOGY OR WATER RESOURCES OR PHYSICAL
GEOGRAPHY OR OCEANOGRAPHY OR FISHERIES ) AND Research Areas=( ENVIRONMENTAL SCIENCES ECOLOGY OR FISHERIES OR
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&#'/#./5+#&&5"-/-#652-!((0&'(/'+-/0-('(((0&+-#+#//#)(=
%()3/"//".2-!.-!)#(!/)"(!)2-/"(4/.0/)/"#(-.#(!)((B
/-/#)() !-(")0.!..#(/"/').+"-E LJJQF="/#.&..&-#./)3"/4/(//"2B
-!.3#&&"(!(3"-E(&&/&=LJJQF=2(')-# #0&//)+-#/--!#)(&"(!.#(
/" -,0(5: 4/(/: ( ..)(& /#'#(! )  4/-' 3/"- 2(/. E "-#( / &= LJJQ; "( (
(0/.)(LJJRF/"/-#.#2 )-/"5#&)-,0&#/5) -)+.E()-//&=LJKL;%!!.( -'%
LJKLF= "  / )  3/"- #. ( #'+)-/(/ #..0 )- ( ....'(/ )  )) +-)0/#)(= "#. #. 4B
+-..#(!-)3#(!(0'-) ./0#.)(/",0&#/5) +-#/#)() 4/-'2(/.:)(/""(!#(
/"+-)#&#/5#./-#0/#)() 4/-'2(/.E "-#(/&=LJJQF:()(/" /.) 4/-'2(/.=
"!-/2-##&#/5) 3/"-#()(+&3)0&0..#'#&-2-##&#/5#( ))+-)0/#)(#  ))#.
+-)0E()(.0'F#(/".'+&="( ))#./-)2-!-/-#./(.:-)+ #&0-.
#()(+&(&(5.0-+&0. -)'-)+.#()/"-+&.="#. /:")32-:3)-%.)(&5/
#./(./3"#"3/"-#.()/E)-)(&53%&5F)--&/=0/2(//"!&)&.&:3/"-4B
/-'.()#(#-)..&-!#./(.= (=!=LJJM:-)0!"/.)0--//".'/#'#(/"'B
$)-!-#(+-)0/#)(-!#)(.#()-/"'-#:3./-(.#:(0-)+E -3#$-(!-LJJRF=
#/"-.+/)(&5/)(0'-./"-3../#&&()0!"!-#(+-)0(#(./)-!-)0(/"3)-&/)
 /" 3)-& +)+0&/#)( 0/ /" !-/ '( )- !-#( &/ /) #(-.#(! !-#( +-#. ( .0 ##(/
))3.()/..#&)- )-&#(.)'+-/.) /"3)-&=
)).0-#/5)'+-#..2#&#&#/5: )-#&#/5:..##&#/5:(,05E(#//#)(.KSQOF="
))'0./-"/"+)+&:/"5'0./&/)+5 )-#/(#/'0./(0/-#/#)0.=.)(/"#. #B
(#/#)(:"#!"3)-&'-%/+-#. )- ))-0/" )-#&#/5("( )).0-#/5=#(3)-&
'-%/ +-#. ./-)(!&5  / &)& +-#.: &)& )) .0-#/5 #. /) .)' !-  / 5 3/"-
&.3"-=



L

166

'+/.)-&LJKM: (/-(/#)(&)( -()(&#'/"(! /.:
)/.':5LQBMJ

(





2-&0-)+()0(/-#."2!)//)!/"-/)....0-)+( )).0-#/50(-&#'/"(!=
"5 )''#..#)(  +-)$/: : )'+-#.#(! QK #(./#/0/#)(. -)' KQ )0(/-#. /) &#(% 4#./#(!
')&.) -)++-)0/#)(:&#2./)% -'#(!: -')()'#.(/-')&.="+-)$/./-/#(
0(LJKL(#.))-#(/5/""1(( (./#/0//)!/"-3#/"/"(#2-.#/5) #(!=" #-./
/"- 5-. )  /" +-)$/ - #(/( .  +-)) B) B)(+/ .")3#(! ")3 4#./#(! ')&. )0& 
&#(%:3#/"4'+&.) ++&#/#)(="-.-"/#2#/#.#(-#( )-'5.#'#&-/#2#/#.
//"!&)&.&#(-.-"(/3)-%.! (&)&.-"&&#(= +)..#&('(#(! 0&:
4#./#(!++-)".(.(-#).3#&&)+/ -)'/"!&)&(/3)-%.($0./)-- #( )-
0.#(=
(++-)+-#/....'(/)  0/0--!#)(& )).0-#/5.")0&-.. 0/0-3/"-E#==&#'/
#(&0#(!#/. 0&&2-##&#/5F()/)(&5#(/"/-!/-!#)(0/3)-&3#:/" /)(-!#)(&-)++-)B
0/#)(:!&)&/-(!&)&+-#.:/" /) !)2-('(/-!0&/#)(./"/ /&)&+-#.(
-./-#/#)(.)(/"-/"/(0. )--)+.:(/"-/#)()  -'-.#( -''(!'(//)
4+/ ))+-#.(&)&3/"-= 0&&....'(/.")0& 0-/"-#(&0)'+-#.)()  ))
+-#.#(-&/#)(/)2#&&#()'()0(/ )- ))#./-#0/#)(( )),0&#/5="#(&0.#)() 
&&) /"..+/.:")32-:3.()/ .#&#(/" #-./E/"-B5-F+".) )0-+-)$//"/#.)(B
(/-/#(!)(&#(%#(!')&.=

)

 $$   

() /""&&(!.) /"+-)$/#./)&#(%4#./#(!')&.) -)+(&#2./)%+-)0/#)(: -'#(!
( /-#(! /"/ )' -)' #2-. .#(/# # -. 3#/" .#&&5 /3) # -(/ ++-)".= E&#'/
')&.-()/#(&0#-/&5#(/"+-)$/0//"#-+-)$/#)(.-0..#(+0/ )--)+')&.F=
(/")("(.#-/"')-+-)..B)-#(/')&.) -)+( +-)0/#)(:)(/")/"-
"(.#-/"'-%/')&.3#/"()!()0.+-# )-'/#)(=
"5.#)&)!#& +&(/ +-)0/#)( ')&. +/0- /" ')./ -&2(/ %()3( E)- +-.0'F +-)... /)
+-#//"(4/.//) +&(/ -)'/"+-#(!.//=#(/"'"(#.'.) -)+!-)3/"(/"
'$)--)+.E-&.F-')./&5#(/#&)2-&-!-!#)(.(2()(/#((/.:-)+ ')&.(
++&# &4#&5=-)+')&.-0.0&&5++&#/)(2#-)('(/&E&#'/(.)#&F)(#/#)(.#(.#(B
!&+)#(/)-.'&&-(5#&.-4/-+)&//)&-!--!#)(...0'#(!"/-)!()0.(2#-)(B
'(/& )(#/#)(.= "#. ..0'+/#)( #. 0.0&&5 )(&5 2&# / -!#)(& 0/ -/#(&5 ()/ / )0(/-5 &2&=
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!#)(.3#/"#2-.(2#-)('(/&)(#/#)(.-,0#-.+-/.#'0&/#)(.="!!-!/5#&.)2-
.2-&&-!--!#)(./)/")0(/-5.&--,0#- )--#2#(!3)-&'-%/(-!#)(&+-#.5
)()'#')&.0.)()'#+-#')&.-&5)(/"&#-/#)(.)((/#)(&.//#./#.(
-,0#-#(+0///"#..&=#'0&/-)++-)0/#)(.&(!!-!//)/"(/#)(&&2&.")0&
&.))--.+)(/)(/#)(&"-2././/#./#.= /(:")32-:-)+')&.)2-./#'/(/#)(&+-)B
0/#)(0./"5..0'(-B)+/#'&-)+'(!'(/#('/")(/#'#(!E #&+-+-/#)(:
-/#&#6/#)(:#--#!/#)(:+.//-/'(/:(2#-)('(/&"6-.:"-2./F="# -(/3(.#'0B
&/(-+)-/5#&.E@5#&!+AF'0./)0(/ )-3"(-)+')&-.0&/.-.&(
!!-!/ /) &-!- .+/#& 0(#/.= ++-)+-#/ .&#(! E -)' +)#(/ /) -!#)(F ( !!-!/#)( E-)..
-!#)(.F+-)0-.3#&&2&)+#(=
-')&. )0.)(/" #(#(!) 4+/+-#..)("#./)-#&).-2/#)(.) :()/(..-#&5
0.&:)--&/#)(.')(!2#&&')0(/.) !)).:'( )-/"!)).:(-.0&/#(!+-#.=(
) /"-.)(. )-/" )0.)(4+/+-#.#./"/+-#. )-'$)-+-/) /"4+/5#&-
(!)/#//3(05-.(.&&-. )-/""-2./=)-/-'#(#(!/"3)-&'-%/+-# )-
-)+.:/-')&.'0./#( )-')0//"5#&.#(&&+-/.) /"3)-&:3"#"-,0#-..#'0&B
/#)(.) -)+5#&.)0/.#0-)+#(,0//#&="/-(.) 3)-&'-%/+-#. )-#(#2#0&
-)+.3#&&#( &0( -'-?.#.#)(3"/+-)+)-/#)() /"&("3#&&0. )-3"#"-)+)-+-)+)-B
/#)( )  &#2./)%= "#. #.#)( +-).. #. .#'+&# # #( '(5 /- ')&. 5 ..0'#(! /"/  3")&
)0(/-5)--.+)(./))( -'3#/")( -'-3")&&)/.-)+./)+#.) &(="#..#'+&# #B
/#)(!&)...)2--!#)(&# -(.#(&#'/:.)#&:()/"-(2#-)('(/&(.)#)B)()'## B
-(.= +#&#6 E.'&&B.&F -' ')&. ( /% //- #(/) )0(/ #()' !(-/: &!&
-,0#-'(/.: !)2-('(/ .0.##.: &&)/#)( )  - /) -)+.: +./0- )- ')3.: -)+ -)//#)(.:
(&#2./)% -'#(!=

*





"+-/(-.#(2)&2#(2&)+)-++&5LO)()'#')&.:OM-)+')&.E()/#(&0#(!
# -(/2-.#)(.F:(KK -'')&.E#(&0#(!&#2./)%+-)0/#)(F=#(+#-.) /".')&."2
&-5(0./)!/"-#(/"+./E&#(%F3"--)+')&.+-)2##(+0/ )-)()'#')&.=
".&#(%.4#.//!&)&:0-)+(:)0(/-5:)--!#)(&.&.+-)2##(!/"%)( )-(#(/!-/B
....'(/)  )).0-#/5#(.2-&0-)+(-!#)(.=
(-#).) &#'/"(!(.)#))()'#+/"35.E.0.'+& -)' F3#&&+-)2#'#(#B
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'0' -'3)-% )-&&....'(/.=0-.0!!./#)(#./)./&#."((0&+-)0/#)((+-#. )-/"
3")& 3)-& 0.#(! /". ./)-5&#(. ( #(! .#'0&/ 3/"- -)' &)& #-0&/#)( )&.
E.F/)2!//#)(')&.E#!=KF="!(-&2!//#)(')&  ' #.&#(%/)/"!&)&'-%/
')&   ( /" -)+: !-..&(: ( )-./ ')&.  : (/0-5: ( N - &#(% /) /"
!&)&'-%/')&  = (/" )&&)3#(!./+:/")-.-!&)&+-)$/#)(.3#&&- #(5
-!#)(& ')&.= (#/ ')&. )- )3(.&#(! 3)-& +-#. -   (  3#/" /"#-
&#(%-)+')&.#'+&((&0="((0&&5B./++)0/+0/) /".-)+')&..")0&
#(&#(3#/"/"3/"-)0/+0/) /".= /#..#-&/"//".-)+')&.)()/0./"
)0/+0/ )  . #-/&5 0/ /" )0/+0/ )  !#)(& &#'/ )&. /"/ ( /% #(/) )0(/ /)+)B
!-+"#(!)!-+"#2-#/#)(3#/"#(/")-.')&&#(!0(#/.) .=")0(/-5.&3)0&
++-)+-#/ )-#/#)(&.(-#).3#/"-.+//)=!=!-#0&/0-&+)&##.:(/#)(& -0/#)(
+)&##.:-!#)(&+-#2-#/#)(:)-0-(.+-3&=#/"#(/"(/#)(&+-#.(-#): -'B.&')&.
3)0&  & /) )0(/ )- 2( ')- /#& (2#-)('(/&  /. )  &#'/ "(!: ( )0&
-.. 0-/"-.(-#)2-#(/.&#%+//#)('.0-.:-)+-)//#)(.:'(!'(/)+/#)(.:&&)B
/#)(/)&#2./)%)+-/#)(:4+(.#)() -. )-#) 0&-)+.="#..&) .#'0&/#)() -)+.3)0&
!#("2/)#(&#(3#/"/"!&)&((/#)(&)0/+0/.) &#'/')&.(..)#/2!/B
/#)( ')&.= / " .& /" !!-!/ .0' )  -)+ 5#&. .")0& #&&5  /" .'= " 
(2#-)('(/& ( )()'#& "/-)!(#/5 / #(- .&. ( /" 0. )  ./)"./# 0(/#)(. 3#&&:
")32-:-/2-#/#)(-)...&./"/)0&'#(#'#65&#-/#)(#(#/-/#2-0(..)/"/
/"!&)&-)+(/-')&.//-- &//"!!-!/+-)0/#)((#.#)(.5 -'-.=&B
/")0!"/"#. #(B/0(#(!(()/)( )-"-!#)(3#/"#(/"/#' -') /"+-)$/:#/(#(#B
//"0(-/#(/5-#.#(! -)'.'&&B.&2-#/#)(=",0(/# #/#)() 0(-/#(/5)  )).0-#/5
+-)$/#)(.#.(#'+)-/(//.%) =".0!!./#(/!-/'0&/#B.&++-)"&&)3..B
...#(! 0(-/#(/5 / # -(/ .&.: )(/-#0/#)(. /) 0(-/#(/5 /"-)0!" .&#(!: ')& ./0+ E5
)'+-#(! # -(/ ')&.F: +-'/- 2-#/#)(: ( ./)"./##/5= -)$/#)(. ( 0(-/#(/#. (
&.))'+-#(.+5.&/#(!.2-&!)!-+"# )0.-!#)(./"/- &//")'#((/ -'B
#(!/5+.(4+/./-)(!-&#'/#'+/.=
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#!=K=0!!./)(+/) &#(%#(!#(B()0/+0/) &#'/:-)+: -'( ))'-%/')&.-)..
!&)&:-!#)(&:( -'.&./) ))+-#.#(/"+-)$/=
")2++-)" )-....#(! 0/0- )).0-#/5 )0..)('"(#./#.#'0&/#)(.)  ))+-)B
0/#)((+-#.=(&/-(/#2++-)")0& )0.)(/"+-)#&#/5) "(!.#( ))+-)0/#)(
(+-#.="#.)0&"#25!(-/#(!+-)#&#/5(.#/5 0(/#)(. -)'0(&#(%')&-0(.
)- ))+-)0/#)(: ))'-%/.:( -''(!'(/3#/"2-#/#)(.#(4/-(&E)0(-5F)(#B
/#)(.= " +-)#&#/5 (.#/5 0(/#)( )0&  #'+&'(/ #(  5.#( (/3)-% /"/ - &/. /"
+((#.')(! /.)( )).0-#/5E#!=LF="(/3)-%(0. )-4+&)-#(!/" /.
) "(!.#(/"+-)#&#/5) :=!=:.0''--)0!"/.:)(/"&#%&#"))/"/ ))2#&#&#/5#.&)3)-
"#!" )(#/#)(& )( !&)& )--&/#)( )  3/"- 2(/.= "#. ++-)" ". /" !-/ 2(/! /"/
')&.)()/(/)&#(%#-/&50/(()(/"&..+/0-/"0(-/#(/5( /.-)..
.&.=
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#!=L= &&0./-/#24'+&) 5.#((/3)-%)  /.)( ))2#&#&#/5=-.#(#/2&0.) 
+-)#&#/#.) ".//E-)3F) ( /E)4F!#2(/"+-)#&#/#.) &&>(./)-?)4.= 0&/
+-)#&#/#.) .//.E+(()()(&5/">+-(/?)4.F("(!/)+-)#&#/#.-#2
-)' .#'0&/#)(.: ).-2/#)(. )- 4+-/ %()3&!= " (/3)-% (  0. /) (&56 0'0&/#2
0(-/#(/#.(#'+)-/()  /.E.(.#/#2#/5/)"(!.#(.//.F=

+



4#./#(!&#'/:-)+: -':('-%/')&."22)&2.+-/&5(')./&5#(+((/&5=(
....'(/)  0/0- )).0-#/50(-&#'/"(!-,0#-.&#(%#(!/".')&.#(&0#(! B
%. -).. .&. ( )-!(#6/#)(& 0(#/.= )- )(.#./(5: /" &#(% ')&. '0./ 0. /" .'
./)-5&#(.(.")0&0./".'>3/"-?-)..&#(%')&-0(.=)&.'5&#(%2#)0/+0/
(#(+0/) .#'0&/#)(-.0&/. )-')-,0(/#//#2....'(/)-2#!!-!/#)(#(5.#((/B
3)-% )-'+".#.)(0(-/#(/#.=
Q
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,



- )-: = =: LJJL= ++&#/#)(. )  "5-)/"-'& /#' /) ,0(/# 5#(! ( ')&#(! . !-'#(/#)(
()-'(5=#(:OJ:++=LNRBLPJ=
"(: =B= G (0/.)(: =: LJJR= ( /" 2-# #/#)( ( )'+-#.)( )  4/-' -#( && #(#. -)'
&#'/')&.= )0-(&) &#'/:LK:++=KPJOBKPLK=
&&!//:=: )0-: =B=G0'.:=:LJJQ="5)()'#5('#.'//-#(....#(!&#'/
"(!'!.< &&0./-/#)()(4/-'2(/.=)&)!#&)()'#.:PL:++=MMJBMNJ=
-3#$-:=G!-:=:LJJR="!&)& ))/+-#(/) +-.#./(/4/-B/-)+#&-)0!"/#(/"#(./-0B
'(/&-= (/= =&#'/)&=:LR:++=KQPKBKQQN=
= )- -#/#(! ': "0-#: = = G #.#(!-: = E.=F: LJJQ= &#'/ "(! LJJQ< 5(/".#.
+)-/=)(/-#0/#)() )-%#(!-)0+. : ( /)/")0-/"....'(/+)-/) /" (/-B
!)2-('(/&(&)(&#'/"(!= E (/-!)2-('(/&(&)(&#'/"(!F:B
(2=
"-#(: == / &=: LJJQ= "(!. #( /'+-/0- ( +-#+#//#)( 4/-'. #( /"  (.'& ) 
!&)&)0+&')&.#'0&/#)(.= )0-(&) &#'/:LJ:++=KNKSBKNNN=
()-/:== =/&=:LJKL= 53/"-4/-'. /#(!+)//)+-)0/#)(#("/"-&(.=0B
-)+( )0-(&) !-)()'5:MQ:++=KKBLL=
(&&:==/&=:LJJQ=&#'/)&.("#-2&0/#)(=E.:)&)')(:=:#(:=:((#(!:=:
"(:=:-,0#.:=:2-5/: ==:=#!()-:#&&-: = =F'-#!(#2-.#/5-..:'-#!:
%!!.: =:=G -'%:=:LJKL= )(!B/-'/-(.#(#-/'+-/0-#./-#0/#)((4/-'.:!-)3#(!
!-B5.:(.+-#(!( && -)./. )-&#'/#'+/....'(/.)(!-#0&/0-&+-/#.#(
-.%= )0-(&) ++&#/)-)&)!5(&#'/)&)!5:OK:++=LJPJBLJQM=
(#//#)(.:KSQO=+)-/) /")-&)))( -(:)'OBKP)2'-KSQN=3)-%=
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

ůEŝŶŽǇĐůĞƐĂŶĚǀĂƌŝĂďŝůŝƚǇŽĨƚŚĞůƵĞEŝůĞ
ĂŶŶƵĂůĨůŽǁŝŶƚŚĞ^ƵĚĂŶ

zĂƐƐŝŶ͘KƐŵĂŶĂŶĚDĂǁĂĚĂ͘ďĚĞůůĂƚŝĨ


ďƐƚƌĂĐƚͶ /ŵƉĂĐƚƐ ŽĨ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŽŶĨƌŝĐĂ ŚǇĚƌŽůŽŐŝĐĂů ƐǇƐƚĞŵƐ ŚĂǀĞ ĂůƌĞĂĚǇ ďĞĐŽŵĞ ǀŝƐŝďůĞ ĂŶĚ
ŵĂŶŝĨĞƐƚĞĚ ŝŶ ǀĂƌŝĂďŝůŝƚǇ ŝŶ ƌĂŝŶĨĂůů ƉĂƚƚĞƌŶƐ ĂŶĚ ĨůŽǁƐ ŽĨ ŵĂũŽƌ ƌŝǀĞƌƐ͘ /Ŷ ƚŚŝƐ ƉĂƉĞƌ͕ ů EŝŶŽ ^ŽƵƚŚĞƌŶ
KƐĐŝůůĂƚŝŽŶ/ŶĚĞǆ;E^KͿŝƐƵƐĞĚĂƐƉƌŽǆǇĨŽƌŝŶǀĞƐƚŝŐĂƚŝŶŐĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚƐŝŶƚŚĞ^ƵĚĂŶŚǇĚƌŽůŽŐŝĐ
ƐǇƐƚĞŵƐ͕ĂƐƚŚĞƉŚĞŶŽŵĞŶŽŶĐǇĐůĞŚĂƐŝŶƚĞŶƐŝĨŝĞĚŝŶƌĞĐĞŶƚǇĞĂƌƐ͘>ŝŶŬƐďĞƚǁĞĞŶE^KĂŶĚǀĂƌŝĂďŝůŝƚǇŽĨ
ƚŚĞĂŶŶƵĂůůƵĞEŝůĞĨůŽǁƐĂƌĞŝŶǀĞƐƚŝŐĂƚĞĚ͘ƐĞƌŝĞƐŽĨĂŶŶƵĂůĨůŽǁĨŽƌϵϲǇĞĂƌƐĨŽƌƚŚĞůƵĞEŝůĞĂƚůͲ
Ğŝŵ ƐƚĂƚŝŽŶ ƚŽŐĞƚŚĞƌ ǁŝƚŚ ƚŚĞ E^K ^^d ŝŶĚĞǆ ŚĂǀĞ ďĞĞŶ ƵƐĞĚ ŝŶ ƚŚĞ ĂŶĂůǇƐŝƐ͘ ŽĞǆŝƐƚĞŶĐĞ ďĞƚǁĞĞŶ
ǇĞĂƌƐŽĨůŽǁĨůŽǁƐĂŶĚůEŝŶŽǇĞĂƌƐǁĂƐĨŽƵŶĚ͘ĂƐĞĚŽŶƚŚĞƌĞůĂƚŝŽŶƐŚŝƉĨŽƵŶĚĂƉƌŽďĂďŝůŝƐƚŝĐŵŽĚĞůĨŽƌ
ĨŽƌĞĐĂƐƚŝŶŐƚŚĞĂŶŶƵĂůůƵĞEŝůĞĨůŽǁĂƚůͲĞŝŵƐƚĂƚŝŽŶŝƐĚĞǀĞůŽƉĞĚ͘dŚĞŵŽĚĞůŝƐƚĞƐƚĞĚĂŶĚŝƐĨŽƵŶĚƚŽ
ďĞĂĚĞƋƵĂƚĞŝŶƉƌĞĚŝĐƚŝŶŐĂŶŶƵĂůĨůŽǁŽĨƚŚĞZŝǀĞƌĂƚƚŚĞƐƚĂƚŝŽŶ͘dŚŝƐŵŽĚĞůĐĂŶďĞƵƐĞĨƵůĂƐƉůĂŶŶŝŶŐ
ƚŽŽůĨŽƌĚĞǀĞůŽƉŝŶŐĂĚĂƉƚĂƚŝŽŶƉŽůŝĐĞƐĂŶĚǁĂƚĞƌƌĞƐŽƵƌĐĞŵĂŶĂŐĞŵĞŶƚŝŶƚŚĞůƵĞEŝůĞĂƐŝŶ͘
/ŶĚĞǆdĞƌŵƐͶůƵĞEŝůĞ͕ůEŝŶŽ^ŽƵƚŚĞƌŶKƐĐŝůůĂƚŝŽŶ/ŶĚĞǆ͕^ƵĚĂŶ͕YƵĂůŝƚĂƚŝǀĞWƌŽďĂďŝůŝƐƚŝĐŵŽĚĞů
ͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶ

ϭ

/ŶƚƌŽĚƵĐƚŝŽŶ

dŚĞůƵĞEŝůĞŝƐŽŶĞŽĨƚŚĞŵĂŝŶƚƌŝďƵƚĂƌŝĞƐŽĨƚŚĞZŝǀĞƌEŝůĞ͕ǁŚŝĐŚŝƐƚŚĞůŽŶŐĞƐƚƌŝǀĞƌŝŶƚŚĞǁŽƌůĚ͘/ƚ
ƌŝƐĞƐĨƌŽŵ>ĂŬĞdĂŶĂŝŶƚŚĞƚŚŝŽƉŝĂŶƉůĂƚĞĂƵĂŶĚĨůŽǁƐƚŚƌŽƵŐŚ^ƵĚĂŶǁŚĞƌĞŝƚũŽŝŶƐƚŚĞtŚŝƚĞEŝůĞĂƚ
<ŚĂƌƚŽƵŵ;ĐĂƉŝƚĂůŽĨ^ƵĚĂŶͿƚŽĨŽƌŵƚŚĞŵĂŝŶZŝǀĞƌEŝůĞ͘/ƚĐŽŶƚƌŝďƵƚĞƐĂďŽƵƚϱϵйŽĨƚŚĞĂŶŶƵĂůĨůŽǁŽĨ
ƚŚĞZŝǀĞƌEŝůĞϴϰŬŵϯĂŶŶƵĂůĨůŽǁ͘dǁŽŵƵůƚͲƉƵƌƉŽƐĞƌĞƐĞƌǀŽŝƌƐŚĂǀĞďĞĞŶĐŽŶƐƚƌƵĐƚĞĚŽŶƚŚĞƌŝǀĞƌƌĞĂĐŚ
ŝŶ ^ƵĚĂŶ ĚŽǁŶƐƚƌĞĂŵ ů Ğŝŵ ^ƚĂƚŝŽŶ͖ ƚŚĞ ^ĞŶŶĂƌ ĂŶĚ ZŽƐĞƌŝĞƐ ƌĞƐĞƌǀŽŝƌƐ͘ tĂƚĞƌ ƐƚŽƌĞĚ ŝŶ ƚŚĞƐĞ ƚǁŽ
ƌĞƐĞƌǀŽŝƌƐŝƐŵĂŝŶůǇƵƐĞĚĨŽƌǁĂƚĞƌƐƵƉƉůǇ͕ŚǇĚƌŽƉŽǁĞƌŐĞŶĞƌĂƚŝŽŶĂŶĚĨŽƌƐƵƉƉůǇŝŶŐǁĂƚĞƌƚŽƚŚĞ'ĞǌŝƌĂͲ
DĂŶĂŐŝů ŝƌƌŝŐĂƚŝŽŶ ƐĐŚĞŵĞ ůŽĐĂƚĞĚ ďĞƚǁĞĞŶ ƚŚĞ ůƵĞ EŝůĞ ĂŶĚ ƚŚĞ tŚŝƚĞ EŝůĞ͘ dŚĞ 'ĞǌŝƌĂͲDĂŶĂŐŝů
ƐĐŚĞŵĞĐŽŶƚƌŝďƵƚĞƐƐŝŐŶŝĨŝĐĂŶƚůǇƚŽƚŚĞĞǆƉŽƌƚĞĂƌŶŝŶŐƐŝŶ^ƵĚĂŶ͘dŚƵƐ͕ƚŚĞƐƚƵĚǇŽĨƚŚĞǀĂƌŝĂďŝůŝƚǇŽĨƚŚĞ
ůƵĞEŝůĞĨůŽǁƐŝƐŝŵƉŽƌƚĂŶƚĨŽƌŝƚƐƐƵƐƚĂŝŶĂďůĞǁĂƚĞƌƌĞƐŽƵƌĐĞƐŵĂŶĂŐĞŵĞŶƚĂŶĚƚŚĞĞĐŽŶŽŵŝĐƉƌŽƐƉĞƌŝͲ
ƚǇŽĨ^ƵĚĂŶ͘/ƚŝƐǁŝƚŚŝŶƚŚŝƐĐŽŶƚĞǆƚƚŚĂƚƚŚĞƉƌĞƐĞŶƚƐƚƵĚǇŚĂƐďĞĞŶĐĂƌƌŝĞĚŽƵƚ͘

dŚĞůEŝŹŽͲ^ŽƵƚŚĞƌŶKƐĐŝůůĂƚŝŽŶ;E^KͿƌĞƐƵůƚƐĨƌŽŵŝŶƚĞƌĂĐƚŝŽŶƐďĞƚǁĞĞŶůĂƌŐĞͲƐĐĂůĞŽĐĞĂŶĂŶĚĂƚŵŽƐͲ
ƉŚĞƌŝĐƉƌŽĐĞƐƐĞƐŝŶƚŚĞWĂĐŝĨŝĐKĐĞĂŶ;ŚŝĞǁĞƚĂů͕͘ϭϵϵϴͿ͘dŚĞǁĂƌŵƉŚĂƐĞŽĨƚŚĞE^KŝƐŬŶŽǁŶĂƐů
EŝŹŽǁŚŝůĞŝƚƐĐŽůĚƉŚĂƐĞŝƐŬŶŽǁŶĂƐ>ĂEŝŹĂ;EĂǌĞŵŽƐĂĚĂƚ͕ϮϬϬϬͿ͘dŚĞE^KŝƐĚĞƐĐƌŝďĞĚďǇŶƵŵĞƌŝĐĂů
ŝŶĚŝĐĞƐ͕ǁŚŝĐŚƵƚŝůŝǌĞƚŚĞĐŚĂŶŐĞƐŝŶƚŚĞƐĞĂͲůĞǀĞůƉƌĞƐƐƵƌĞŽƌƚŚĞĂŶŽŵĂůŝĞƐŽĨƚŚĞƐĞĂƐƵƌĨĂĐĞƚĞŵƉĞƌĂͲ

ϭ


173

/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

ƚƵƌĞ;^^dͿŝŶƚŚĞWĂĐŝĨŝĐKĐĞĂŶ;<ĂǁĂŵƵƌĂ͕ϭϵϵϴͿ͘/ŶƚŚĞƉƌĞƐĞŶƚƐƚƵĚǇ͕ ƚŚĞtƌŝŐŚƚ;ϭϵϴϵͿŝŶĚĞǆŽĨ ƚŚĞ
E^KƐĞĂƐƵƌĨĂĐĞƚĞŵƉĞƌĂƚƵƌĞŝƐƵƐĞĚ͘ŶƵŵďĞƌŽĨƐƚƵĚŝĞƐŚĂǀĞĚĞŵŽŶƐƚƌĂƚĞĚƚŚĂƚĚƌŽƵŐŚƚƐĂŶĚĨůŽŽĚƐ
ŝŶŵĂŶǇƉĂƌƚƐŽĨĨƌŝĐĂĂƌĞůŝŶŬĞĚƚŽƚŚĞůEŝŹŽͲ^ŽƵƚŚĞƌŶKƐĐŝůůĂƚŝŽŶ;E^KͿ;Ğ͘Ő͘DĂĐŬĞŶǌŝĞ͕ϭϵϴϳ͖:ĂŶͲ
ŽǁŝĂŬ͕ ϭϵϴϴ͖ KŐĂůůŽ͕ ϭϵϴϴ͖ ĞůƚƌĂŶŽ ĂŶĚ ĂŵďĞƌůŝŶ͕ ϭϵϵϯ͖ ^ĞůĞƐŚŝ Ğƚ Ăů͕͘ ϭϵϵϯ͖ ^ĞůĞƐŚŝ ĂŶĚ ĞŵĂƌĞĞ͕
ϭϵϵϱ͖,ĂƐƚĞŶƌĂƚŚĞƚĂů͕͘ϭϵϵϱ͖ĂŵďĞƌůŝŶ͕ϭϵϵϱΘϭϵϵϳ͖ůƚĂŚŝƌϭϵϵϲ͖KƐŵĂŶĞƚĂů͕ϮϬϬϭ͖KƐŵĂŶΘ^ŚĂŵͲ
ůƐĞůĚŝŶ͕ϮϬϬϮ͖ZĞŝďĞĞŬ͕ϮϬϭϭͿ͘



>ĂŬĞdĂŶĂ





ůĚĞŝŵ














&ŝŐϭdŚĞůƵĞEŝůĞĐĂƚĐŚŵĞŶƚĂƚůĞŝŵ

/ŶƚŚĞƉƌĞƐĞŶƚƐƚƵĚǇ͕ƚŚĞĞĨĨĞĐƚƐŽĨƚŚĞůͲEŝŹŽ^ŽƵƚŚĞƌŶKƐĐŝůůĂƚŝŽŶ;E^KͿŽŶƚŚĞĂŶŶƵĂůĨůŽǁǀĂƌŝĂďŝůŝƚǇ
ŽĨƚŚĞůƵĞEŝůĞĂƌĞĞǆĂŵŝŶĞĚĂŶĚĐŽŵƉĂƌĞĚ͘ƋƵĂůŝƚĂƚŝǀĞƉƌŽďĂďŝůŝƐƚŝĐŵŽĚĞůĨŽƌƉƌĞĚŝĐƚŝŽŶŽĨƚŚĞĂŶͲ
ŶƵĂůĨůŽǁŽĨƚŚĞůƵĞEŝůĞŝƐĚĞǀĞůŽƉĞĚƵƐŝŶŐƚŚĞtƌŝŐŚƚ;ϭϵϴϵͿŝŶĚĞǆŽĨƚŚĞE^KƐĞĂƐƵƌĨĂĐĞƚĞŵƉĞƌĂͲ
ƚƵƌĞ;^^dͿ͘dŚĞŵŽĚĞůĚĞǀĞůŽƉĞĚƉƌŽǀŝĚĞƐƋƵĂůŝƚĂƚŝǀĞĨŽƌĞĐĂƐƚƐĂďŽƵƚƚŚĞĂŶŶƵĂůĨůŽǁĐŽŶĚŝƚŝŽŶ;Ğ͘Ő͘ĚƌǇ͕
ŶŽƌŵĂůŽƌǁĞƚͿ͘

Ϯ


174

/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

Ϯ

ĂƚĂ


/ŶƚŚŝƐƐƚƵĚǇ͕ƚŚĞůƵĞEŝůĞĂŶŶƵĂůĨůŽǁƐĨŽƌƚŚĞƉĞƌŝŽĚϭϵϭϰͲϮϬϬϵ;ϵϲǇĞĂƌƐͿĂƚůĞŝŵŐĂƵŐŝŶŐƐƚĂƚŝŽŶ
ĂƌĞ ƵƐĞĚ͘  ƚǇƉŝĐĂů ŵŽŶƚŚůǇ ĨůŽǁ ĚŝƐƚƌŝďƵƚŝŽŶ ĨŽƌ ƚŚĞ ůƵĞ EŝůĞ Ăƚ ů ĞŝŵŐƵŐƵŝŶŐ ƐƚĂƚŝŽŶŝƐ ƐŚŽǁŶŝŶ
&ŝŐƵƌĞϮ͘dŚĞŝŶĚĞǆŽĨE^KƵƐĞĚŝŶƚŚĞƉƌĞƐĞŶƚƐƚƵĚǇŝƐƚŚĞŚŽŵŽŐĞŶŝƐĞĚŵŽŶƚŚůǇƐĞƌŝĞƐŽĨŵĞĂŶƐĞĂ
ƐƵƌĨĂĐĞƚĞŵƉĞƌĂƚƵƌĞ;^^dͿĂŶŽŵĂůǇ͕ĂǀĞƌĂŐĞĚŽǀĞƌƚŚĞƌĞŐŝŽŶďŽƵŶĚĞĚďǇϲͲϮŽE͕ϭϳϬͲϵϬŽt͖ϮŽEͲϲŽ
^͕ ϭϴϬ Ͳ ϵϬŽt͖ϲͲϭϬŽ^͕ϭϱϬͲϭϭϬŽt͘dŚĞE^KͲ^^dǀĂůƵĞƐĂƌĞŽďƚĂŝŶĞĚĨƌŽŵĂƉƵďůŝƐŚĞĚƉĂƉĞƌďǇ
tƌŝŐŚƚ;ϭϵϴϵͿ͕ŝŶǁŚŝĐŚƚŚĞE^KͲ^^dǀĂůƵĞƐĂƌĞŽŶůǇĂǀĂŝůĂďůĞƵŶƚŝůϭϵϴϲ͘dŚĞE^KͲ^^dǀĂůƵĞƐĨŽƌƚŚĞ
ƉĞƌŝŽĚ ;ϭϵϴϳͲϮϬϬϵͿ ĂƌĞ ŽďƚĂŝŶĞĚ ďǇ ůŝŶĞĂƌ ƌĞŐƌĞƐƐŝŽŶ ŽĨ ƚŚĞƐĞ ĂǀĂŝůĂďůĞ ǀĂůƵĞƐ ǁŝƚŚ ƚŚĞ ĂƐƚĞƌŶ
ƋƵĂƚŽƌŝĂůWĂĐŝĨŝĐŝŶĚĞǆ͕ǁŚŝĐŚŝƐĂǀĂŝůĂďůĞĨŽƌƚŚĞƉĞƌŝŽĚϭϴϰϱͲϮϬϭϭ͘dŚĞůĂƚĞƌŝŶĚĞǆŝƐĂůƐŽŬŶŽǁŶĂƐƚŚĞ
ŽůĚ dŽŶŐƵĞ /ŶĚĞǆ;d/Ϳ ĂŶĚŝƚ ŝƐ ĚĞĨŝŶĞĚ ĂƐ ƚŚĞ ƐĞĂƐƵƌĨĂĐĞ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶŽŵĂůǇ ĂǀĞƌĂŐĞĚ ŽǀĞƌ ƚŚĞ
ƌĞŐŝŽŶϲEͲϲŽ^ĂŶĚϭϴϬͲϵϬŽt;:/^K͕ϮϬϭϯͿ͘dŚĞE^KŝŶĚĞǆŝƐŚĞƌĞĂĨƚĞƌƌĞĨĞƌƌĞĚƚŽĂƐ͞E^KͲ^^d͘͟

Monthly flow as Percentage of
Annual Flow
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&ŝŐϮDŽŶƚŚůǇĨůŽǁĚŝƐƚƌŝďƵƚŝŽŶŽĨƚŚĞůƵĞEŝůĞĂƚůĞŝŵ


ϯ

ŽƌƌĞůĂƚŝŽŶŽĨŶŶƵĂů&ůŽǁǁŝƚŚE^KͲ^^dŝŶĚĞǆ

ƵĞƚŽƚŚĞƵŶŝͲŵŽĚĂůŝƚǇŽĨƚŚĞůƵĞEŝůĞĨůŽǁŚǇĚƌŽŐƌĂƉŚ;ƐĞĞ&ŝŐƵƌĞ;ϮͿͿƚŚĞĂŶĂůǇƐŝƐƉƌĞƐĞŶƚĞĚŝŶƚŚŝƐ
ƉĂƉĞƌƵƐĞƐƚŚĞĂŶŶƵĂůĨůŽǁǀĂůƵĞƐ͘dŚĞĂŶŶƵĂůĨůŽǁŽĨƚŚĞůƵĞEŝůĞŝƐƐƚĂŶĚĂƌĚŝǌĞĚƚŽŽďƚĂŝŶƚŚĞĂŶŶƵĂů
ĨůŽǁ ŝŶĚĞǆ ;&/Ϳ͘ dŚĞ ŵŽŶƚŚůǇ E^KͲ^^d ǀĂůƵĞƐ ĂƌĞ ĂǀĞƌĂŐĞĚ ƐĞĂƐŽŶĂůůǇ ďǇ ĚŝǀŝĚŝŶŐ ƚŚĞ ǇĞĂƌ ŝŶƚŽ ĨŽƵƌ
ƐĞĂƐŽŶƐ͕ŶĂŵĞůǇ͕;ϭͿdŚĞǁŝŶƚĞƌƐĞĂƐŽŶ;Ͳ:&ͿǁŚŝĐŚĞǆƚĞŶĚƐĨƌŽŵĞĐĞŵďĞƌŽĨƚŚĞůĂƐƚǇĞĂƌƚŽ:ĂŶƵĂƌǇ
ĂŶĚ&ĞďƌƵĂƌǇŽĨƚŚĞĐŽŶĐƵƌƌĞŶƚǇĞĂƌ͕;ϮͿdŚĞƐƉƌŝŶŐƐĞĂƐŽŶ;DDͿǁŚŝĐŚĞǆƚĞŶĚƐŽǀĞƌDĂƌĐŚ͕Ɖƌŝů͕ĂŶĚ
DĂǇ͕;ϯͿdŚĞƐƵŵŵĞƌƐĞĂƐŽŶ;::ͿǁŚŝĐŚĞǆƚĞŶĚƐŽǀĞƌ:ƵŶĞ͕:ƵůǇĂŶĚƵŐƵƐƚĂŶĚ;ϰͿdŚĞĂƵƚƵŵŶƐĞĂƐŽŶ
;^KEͿǁŚŝĐŚĞǆƚĞŶĚƐŽǀĞƌ^ĞƉƚĞŵďĞƌ͕KĐƚŽďĞƌĂŶĚEŽǀĞŵďĞƌ͘

ϯ


175

/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

dŚĞƚŝŵĞƐĞƌŝĞƐŽĨϲƐĞĂƐŽŶƐĂƌĞƵƐĞĚŝŶĞƐƚĂďůŝƐŚŝŶŐƚŚĞĐŽƌƌĞůĂƚŝŽŶǁŝƚŚƚŚĞ&/ƚŝŵĞƐĞƌŝĞƐ͘dŚĞƐĞƐĞĂͲ
ƐŽŶƐĂƌĞƚŚĞƉƌĞĐĞĚŝŶŐƐƵŵŵĞƌ;:Ͳ:ͲͲͿ͕ƚŚĞƉƌĞĐĞĚŝŶŐĂƵƚƵŵŶ;^ͲKͲEͲͿ͕ƚŚĞĐŽŶĐƵƌƌĞŶƚǁŝŶƚĞƌ;Ͳ:&Ϳ͕ƚŚĞ
ĐŽŶĐƵƌƌĞŶƚƐƉƌŝŶŐ;DDͿ͕ƚŚĞĐŽŶĐƵƌƌĞŶƚƐƵŵŵĞƌ;::Ϳ͕ĂŶĚƚŚĞĐŽŶĐƵƌƌĞŶƚĂƵƚƵŵŶ;^KEͿ͘


^ƚĂƚŝƐƚŝĐĂůůŝŶŬƐďĞƚǁĞĞŶƚŚĞĂŶŶƵĂůĨůŽǁŝŶĚĞǆ;&/ͿĂŶĚƚŚĞE^KͲ^^dĂƌĞĂƐƐĞƐƐĞĚƵƐŝŶŐůŝŶĞĂƌĐŽƌƌĞůĂͲ
ƚŝŽŶ ŵĞƚŚŽĚƐ ďǇ ĐĂůĐƵůĂƚŝŶŐ ƚŚĞ ĐŽƌƌĞƐƉŽŶĚŝŶŐ ĐŽƌƌĞůĂƚŝŽŶ ĐŽĞĨĨŝĐŝĞŶƚƐ͘ dŚĞƐĞ ĐŽƌƌĞůĂƚŝŽŶ ĐŽĞĨĨŝĐŝĞŶƚƐ
ƉƌŽǀŝĚĞƋƵĂŶƚŝƚĂƚŝǀĞŵĞĂƐƵƌĞƐŽĨƚŚĞĞĨĨĞĐƚƐŽĨƚŚĞE^KͲ^^dŽŶƚŚĞĂŶŶƵĂůĨůŽǁŽĨƚŚĞůƵĞEŝůĞ͘


dĂďůĞ;ϭͿƐŚŽǁƐƚŚĞǀĂůƵĞƐŽĨƚŚĞĐŽƌƌĞůĂƚŝŽŶĐŽĞĨĨŝĐŝĞŶƚƐďĞƚǁĞĞŶƚŚĞĂŶŶƵĂůĨůŽǁŝŶĚĞǆ;&/ͿĂŶĚƚŚĞ
E^KͲ^^dŝŶĚĞǆĂŶĚƚŚĞƐĞĂƐŽŶƐŝŶǁŚŝĐŚƚŚĞƐĞĐŽĞĨĨŝĐŝĞŶƚƐĂƌĞŽďƚĂŝŶĞĚ͘ǆĂŵŝŶĂƚŝŽŶŽĨĚĂƚĂŝŶdĂďůĞ
;ϭͿŝŶĚŝĐĂƚĞƐƚŚĂƚƚŚĞ&/ŝƐŶĞŐĂƚŝǀĞůǇĐŽƌƌĞůĂƚĞĚƚŽƚŚĞE^KͲ^^dŝŶĚĞǆ͘&ƵƌƚŚĞƌĞǆĂŵŝŶĂƚŝŽŶŽĨƚŚĞƚĂďůĞ
ƐŚŽǁƐƚŚĂƚƚŚĞ::E^KͲ^^dƐĞĂƐŽŶŚĂƐƚŚĞŚŝŐŚĞƐƚĐŽƌƌĞůĂƚŝŽŶǁŝƚŚƚŚĞ&/͘dŚĞƚǁŽͲƚĂŝůĞĚƚͲƚĞƐƚŝƐƵƐĞĚ
ƚŽĞǆĂŵŝŶĞƚŚĞƐƚĂƚŝƐƚŝĐĂůƐŝŐŶŝĨŝĐĂŶĐĞŽĨƚŚĞŚŝŐŚĞƐƚĐŽƌƌĞůĂƚŝŽŶ͘dŚĞƌĞƐƵůƚƐŽĨƚŚĞƚͲƚĞƐƚŝŶĚŝĐĂƚĞƚŚĂƚƚŚĞ
ĐŽƌƌĞůĂƚŝŽŶĐŽĞĨĨŝĐŝĞŶƚŝƐƐŝŐŶŝĨŝĐĂŶƚĂƚƚŚĞϭйůĞǀĞůŽĨƐŝŐŶŝĨŝĐĂŶĐĞ͘

dĂďůĞϭŽĞĨĨŝĐŝĞŶƚŽĨĐŽƌƌĞůĂƚŝŽŶŽĨƚŚĞ&/ǁŝƚŚƚŚĞE^KͲ^^dŝŶĚĞǆ
^ĞĂƐŽŶ
:Ͳ:ͲͲ ^ͲKͲEͲ Ͳ:& DD
::
^KE
ŽƌƌĞůĂƚŝŽŶĐŽĞĨĨŝĐŝĞŶƚ
ͲϬ͘ϭϮϲ ͲϬ͘ϭϴϬ ͲϬ͘Ϯϱϲ ͲϬ͘ϯϰϮ ͲϬ͘ϰϮϴ ͲϬ͘ϯϳϮ
;&/ĂŶĚE^KͲ^^dŝŶĚĞǆͿ

&ŝŐƵƌĞ;ϯͿĚŝƐƉůĂǇƐƚŚĞƚŝŵĞƐĞƌŝĞƐŽĨƚŚĞĂŶŶƵĂůĨůŽǁŝŶĚĞǆ;&/ͿĂŶĚƚŚĞE^KͲ^^dŝŶĚĞǆĨŽƌƚŚĞƉĞƌŝŽĚ
ϭϵϭϰƚŽϮϬϬϵ͘dŚĞE^KͲ^^dŝŶĚĞǆŝƐƚŚĂƚŽĨƚŚĞƐĞĂƐŽŶŚĂǀŝŶŐƚŚĞŚŝŐŚĞƐƚĐŽƌƌĞůĂƚŝŽŶǁŝƚŚƚŚĞ&/͘
&/

E^KͲ::
Ͳϭ͘ϱ

ϯ͘Ϭ

Ͳϭ͘Ϭ

Ϯ͘Ϭ

ͲϬ͘ϱ

&/

Ϭ͘Ϭ
Ϭ͘Ϭ
Ϭ͘ϱ

E^KͲ^^d

ϭ͘Ϭ

Ͳϭ͘Ϭ
ϭ͘Ϭ

ͲϮ͘Ϭ

Ͳϯ͘Ϭ
ϭϵϭϰ

ϭ͘ϱ

ϭϵϮϰ

ϭϵϯϰ

ϭϵϰϰ

ϭϵϱϰ

ϭϵϲϰ

ϭϵϳϰ

ϭϵϴϰ

ϭϵϵϰ

ϮϬϬϰ

zĞĂƌƐ

Ϯ͘Ϭ
ϮϬϭϰ



&ŝŐϯdŝŵĞ^ĞƌŝĞƐŽĨƚŚĞůƵĞEŝůĞ&/ĂŶĚE^KͲ^^d

ϰ
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/ƚĐĂŶďĞŽďƐĞƌǀĞĚŝŶƚŚĞĨŝŐƵƌĞƚŚĂƚĚƌǇǇĞĂƌƐĂƌĞƵƐƵĂůůǇĂƐƐŽĐŝĂƚĞĚǁŝƚŚƚŚĞǁĂƌŵE^KͲ^^dĂŶĚǁĞƚ
ǇĞĂƌƐĂƌĞĂƐƐŽĐŝĂƚĞĚǁŝƚŚĐŽůĚE^KͲ^^d͘dŚŝƐĐŽͲĞǆŝƐƚĞŶĐĞƐƵŐŐĞƐƚƐƚŚĂƚŝŶƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨĂƉƌĞĚŝĐͲ
ƚŝŽŶŵŽĚĞůĨŽƌĂŶŶƵĂůĨůŽǁŝŶƚŚĞůƵĞEŝůĞ͕ŝŶĐůƵƐŝŽŶĨŽƌƚŚĞĞĨĨĞĐƚŽĨƚŚĞE^KͲ^^dŝŶĚĞǆǁŝůůďĞĞƐƐĞŶͲ
ƚŝĂů͘

ϰ
ϰ͘ϭ

YƵĂůŝƚĂƚŝǀĞWƌŽďĂďŝůŝƐƚŝĐDŽĚĞů
DŽĚĞůĚĞǀĞůŽƉŵĞŶƚ

dŚĞĚĞǀĞůŽƉŵĞŶƚŽĨƚŚĞƋƵĂůŝƚĂƚŝǀĞƉƌŽďĂďŝůŝƐƚŝĐƉƌĞĚŝĐƚŝŽŶŵŽĚĞůŽĨƚŚĞĂŶŶƵĂůĨůŽǁŽĨƚŚĞůƵĞEŝůĞŝƐ
ƉƌŽŵƉƚĞĚďǇƚŚĞĐŽƌƌĞůĂƚŝŽŶƌĞƐƵůƚƐƉƌĞƐĞŶƚĞĚŝŶƚŚĞƉƌĞǀŝŽƵƐƐĞĐƚŝŽŶ͘dŚĞŵŽĚĞůƵƐĞƐƚŚĞE^KŝŶĚĞǆ
ĨŽƌƚŚĞ::ƐĞĂƐŽŶĂƐƉƌĞĚŝĐƚŽƌĨŽƌƚŚĞĂŶŶƵĂůĨůŽǁ͘dŚĞŵŽĚĞůƉƌŽǀŝĚĞƐƋƵĂůŝƚĂƚŝǀĞƉƌĞĚŝĐƚŝŽŶĂďŽƵƚƚŚĞ
ĂŶŶƵĂůĨůŽǁĐŽŶĚŝƚŝŽŶ;Ğ͘Ő͘ĚƌǇ͕ŶŽƌŵĂůŽƌǁĞƚͿƚŽŐĞƚŚĞƌǁŝƚŚƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐƉƌŽďĂďŝůŝƚǇŽĨŽďƐĞƌǀŝŶŐ
ƚŚĞĐŽŶĚŝƚŝŽŶ͘tŚĞŶƚŚĞŵĞĚŝƵŵĂŶĚůŽŶŐͲƌĂŶŐĞƉƌĞĚŝĐƚŝŽŶƐŽĨƚŚĞE^KͲ^^dĐŽŶĚŝƚŝŽŶƐĂƌĞĂǀĂŝůĂďůĞ
ƚŚĞŶƚŚĞŵŽĚĞůĐĂŶƉƌŽǀŝĚĞŵĞĚŝƵŵĂŶĚůŽŶŐͲƌĂŶŐĞƉƌĞĚŝĐƚŝŽŶƐĨŽƌ ƚŚĞĂŶŶƵĂůĨůŽǁĐŽŶĚŝƚŝŽŶ͘DŽĚĞů
ĚĞǀĞůŽƉŵĞŶƚŝŶǀŽůǀĞƐƚŚĞĨŽůůŽǁŝŶŐƐƚĞƉƐ͗
;ŝͿ

WůŽƚƚŝŶŐŽĨƐĐĂƚƚĞƌĚŝĂŐƌĂŵĨŽƌƚŚĞ&/ǁŝƚŚƚŚĞE^KͲ^^dŝŶĚĞǆƵƐŝŶŐĚĂƚĂŽĨƚŚĞƉĞƌŝŽĚϭϵϭϰʹ
ϭϵϴϲ;ƐĞĞ&ŝŐƵƌĞ;ϰͿďĞůŽǁͿ͕

;ŝŝͿ

ƌĂǁŝŶŐŽĨǁŝŶĚŽǁƐŽŶƚŚĞƐĐĂƚƚĞƌƉůŽƚĂĐĐŽƌĚŝŶŐƚŽƚŚĞĨŽůůŽǁŝŶŐƐƵďũĞĐƚŝǀĞĐůĂƐƐŝĨŝĐĂƚŝŽŶƌƵůĞƐ͗
ĂͿ &ŽƌE^KͲ^^dǀĂůƵĞƐсфͲϬ͘Ϯ͕ƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐE^KĐŽŶĚŝƚŝŽŶŝƐƌĞŐĂƌĚĞĚĂƐďĞŝŶŐĐŽůĚ
;ĚĞŶŽƚĞďǇͿĂŶĚĨŽƌE^KͲ^^dǀĂůƵĞƐхсϬ͘Ϯ͕ƚŚĞĐŽŶĚŝƚŝŽŶŝƐĐŽŶƐŝĚĞƌĞĚĂƐďĞŝŶŐŚŽƚ
;ĚĞŶŽƚĞďǇ,Ϳ͘&ŽƌE^KͲ^^dǀĂůƵĞƐďĞƚǁĞĞŶƚŚĞƐĞƚǁŽůŝŵŝƚƐ͕ƚŚĞĐŽŶĚŝƚŝŽŶŝƐĐŽŶƐŝĚĞƌĞĚ
ĂƐďĞŝŶŐŶŽƌŵĂů;ĚĞŶŽƚĞďǇEͿ͘
ďͿ &Žƌ&/ǀĂůƵĞƐсфͲϬ͘ϰ͕ƚŚĞĂŶŶƵĂůĨůŽǁĐŽŶĚŝƚŝŽŶŽĨƚŚĞǇĞĂƌŝƐĐŽŶƐŝĚĞƌĞĚĂƐďĞŝŶŐĚƌǇ
;ĚĞŶŽƚĞďǇͿ͕ĨŽƌ&/ǀĂůƵĞƐхсϬ͘ϰ͕ƚŚĞĐŽŶĚŝƚŝŽŶŝƐƌĞŐĂƌĚĞĚĂƐďĞŝŶŐǁĞƚ;ĚĞŶŽƚĞďǇtͿ
ĂŶĚĨŽƌ&/ǀĂůƵĞƐďĞƚǁĞĞŶƚŚĞƐĞƚǁŽůŝŵŝƚƐƚŚĞĐŽŶĚŝƚŝŽŶŝƐĐŽŶƐŝĚĞƌĞĚĂƐďĞŝŶŐĂǀĞƌĂŐĞ
;ĚĞŶŽƚĞďǇͿ͘

&ŽůůŽǁŝŶŐƚŚĞĂďŽǀĞƌƵůĞƐ͕ƚŚĞƐĐĂƚƚĞƌĚŝĂŐƌĂŵŝŶ&ŝŐƵƌĞ;ϰͿŝƐĚŝǀŝĚĞĚŝŶƚŽĂƐĞƚŽĨŶŝŶĞǁŝŶĚŽǁƐ͘
;ŝŝŝͿ

&ŽƌĞĂĐŚǁŝŶĚŽǁŝŶƚŚĞƐĐĂƚƚĞƌĚŝĂŐƌĂŵ͕ƚŚĞĐŽŶĚŝƚŝŽŶĂůƉƌŽďĂďŝůŝƚǇŽĨŚĂǀŝŶŐĂĚƌǇ͕ĂǀĞƌĂŐĞŽƌ
ǁĞƚǇĞĂƌ͕ŐŝǀĞŶĂĐĞƌƚĂŝŶE^KͲ^^dĐŽŶĚŝƚŝŽŶ;ŝ͘Ğ͘ŚŽƚ͕ŶŽƌŵĂůŽƌĐŽůĚͿŝƐĨŽƵŶĚďǇĚŝǀŝĚŝŶŐƚŚĞ
ŶƵŵďĞƌŽĨĚĂƚĂƉŽŝŶƚƐŝŶƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐǁŝŶĚŽǁďǇƚŚĞƚŽƚĂůŶƵŵďĞƌŽĨĚĂƚĂƉŽŝŶƚƐǁŚŝĐŚ
ĂƌĞĂƐƐŽĐŝĂƚĞĚǁŝƚŚƚŚĞE^KͲ^^dĐŽŶĚŝƚŝŽŶ͘/Ŷ&ŝŐƵƌĞ;ϰͿ͕ƚŚĞĐŽŶĚŝƚŝŽŶĂůƉƌŽďĂďŝůŝƚǇŝƐƐŚŽǁŶĂƐ
ϱ
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ĂƉĞƌĐĞŶƚĂŐĞŝŶƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐǁŝŶĚŽǁ͘
;ŝǀͿ

dŚĞƉƌĞĚŝĐƚŝŽŶŽĨƚŚĞƉƌŽďĂďŝůŝƐƚŝĐŵŽĚĞůĨŽƌƚŚĞĐĂƚĞŐŽƌǇŽĨƚŚĞĂŶŶƵĂůĨůŽǁ;ŝ͘Ğ͘ĚƌǇ͕ĂǀĞƌĂŐĞŽƌ
ǁĞƚͿŐŝǀĞŶĂƉĂƌƚŝĐƵůĂƌE^KͲ^^dĐŽŶĚŝƚŝŽŶŝƐƚŚĂƚǁŚŝĐŚŚĂƐƚŚĞŚŝŐŚĞƐƚĐŽŶĚŝƚŝŽŶĂůƉƌŽďĂďŝůŝƚǇ͘

dĂďůĞ;ϮͿĚŝƐƉůĂǇƐƚŚĞĐŽŶĚŝƚŝŽŶĂůƉƌŽďĂďŝůŝƚǇŽĨƚŚĞĂŶŶƵĂůĨůŽǁĐĂƚĞŐŽƌǇŐŝǀĞŶĂĐĞƌƚĂŝŶE^KͲ^^dĐŽŶĚŝͲ
ƚŝŽŶĂƐŽďƚĂŝŶĞĚĨƌŽŵ&ŝŐƵƌĞϰ͘ dŚĞƉƌŽďĂďŝůŝƚŝĞƐŽĨŚĂǀŝŶŐĂĚƌǇ͕ĂŶĂǀĞƌĂŐĞŽƌĂǁĞƚǇĞĂƌŝŶƚŚĞůƵĞ
EŝůĞ͕ǁŝƚŚŽƵƚŬŶŽǁůĞĚŐĞŽĨE^KͲ^^dĐŽŶĚŝƚŝŽŶƐ͕ĂƌĞĂůƐŽĚĞƌŝǀĞĚĂŶĚƐŚŽǁŶŝŶdĂďůĞ;ϯͿ͘/ŶƐƉĞĐƚŝŽŶŽĨ
dĂďůĞ;ϯͿƐŚŽǁƐƚŚĂƚƚŚĞŵŽƐƚůŝŬĞůǇƉƌĞĚŝĐĂƚŝŽŶŽĨĂŶŶƵĂůĨůŽǁĐĂƚĞŐŽƌǇŝŶƚŚĞůƵĞEŝůĞŝƐ͚ĂǀĞƌĂŐĞ͛;ƚŚĞ
ƉƌŽďĂďŝůŝƚǇŽĨĂŶĂǀĞƌĂŐĞǇĞĂƌďĞŝŶŐϯϲйͿ͘





&ŝŐϰ^ĐĂƚƚĞƌŝĂŐƌĂŵŽĨ&/ǁŝƚŚƚŚĞE^KͲ^^dŝŶĚĞǆ.


&ŝŐƵƌĞ;ϰͿĐĂŶďĞǀŝĞǁĞĚĂƐŐƌĂƉŚŝĐĂůĨŽƌŵƐŽĨĐŽŶƚŝŶŐĞŶĐǇƚĂďůĞƐŽĨĐĂƚĞŐŽƌŝĐĂůĚĂƚĂ͘dŚƵƐ͕ƚŚĞǇĐĂŶďĞ
ƵƐĞĚƚŽƚĞƐƚƚŚĞƐƚĂƚŝƐƚŝĐĂůƐŝŐŶŝĨŝĐĂŶĐĞŽĨƚŚĞĚĞƉĞŶĚĞŶĐĞďĞƚǁĞĞŶƚŚĞ&/ǁŝƚŚƚŚĞE^KͲ^^dŝŶĚĞǆƵƐͲ
ŝŶŐƚŚĞĐŚŝͲƐƋƵĂƌĞ;ʖϮͿƚĞƐƚŽĨŝŶĚĞƉĞŶĚĞŶĐĞ͘dŚĞ ƌĞƐƵůƚƐŽĨƚŚŝƐƚĞƐƚĐŽŶĨŝƌŵƚŚĂƚ ƚŚĞƌĞůĂƚŝŽŶďĞƚǁĞĞŶ
ƚŚĞ&/ĂŶĚƚŚĞE^KͲ^^dĂƌĞƐƚĂƚŝƐƚŝĐĂůůǇƐŝŐŶŝĨŝĐĂŶƚĂƚƚŚĞϭйƐŝŐŶŝĨŝĐĂŶĐĞůĞǀĞů͘

ϲ
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dĂďůĞϮŽŶĚŝƚŝŽŶĂůWƌŽďĂďŝůŝƚǇŽĨƚŚĞĂŶŶƵĂůĨůŽǁĐĂƚĞŐŽƌǇŐŝǀĞŶƚŚĞE^KͲ^^dŝŶĚĞǆ͘



E^K^^dĐĂƚĞŐŽƌǇ

E
Ϭ͘ϮϮ
Ϭ͘ϯϯ
Ϭ͘ϰϱ




Ϭ͘ϭϱ
Ϭ͘ϯϴ
Ϭ͘ϰϳ


ŶŶƵĂůĨůŽǁĐĂƚĞŐŽƌǇ


t



,
Ϭ͘ϱϮ
Ϭ͘ϯϴ
Ϭ͘ϭϬ


dĂďůĞϯWƌŽďĂďŝůŝƚǇŽĨƚŚĞĂŶŶƵĂůĨůŽǁĐĂƚĞŐŽƌǇǁŝƚŚŽƵƚƚŚĞŬŶŽǁůĞĚŐĞŽĨƚŚĞE^KͲ^^dŝŶĚĞǆ


Ϭ͘ϯϮ


ϰ͘Ϯ


Ϭ͘ϯϲ

t
Ϭ͘ϯϮ


WĞƌĨŽƌŵĂŶĐĞŽĨƚŚĞŵŽĚĞů

dŽǀĞƌŝĨǇƚŚĞĂĚĞƋƵĂĐǇŽĨƚŚĞƉƌŽďĂďŝůŝƐƚŝĐŵŽĚĞůĚĞǀĞůŽƉĞĚŝŶƚŚĞƉƌĞǀŝŽƵƐƐĞĐƚŝŽŶ͕ƚŚĞŽďƐĞƌǀĞĚ&/͕
EK^Ͳ^^dƚŝŵĞƐĞƌŝĞƐĨŽƌϮϯǇĞĂƌƐ;ϭϵϴϳͲϮϬϬϵͿĂƌĞƵƐĞĚ͘ƐƵŵŵĂƌǇŽĨƚŚĞĚĂƚĂƵƐĞĚŝŶƚŚĞǀĞƌŝĨŝĐĂƚŝŽŶ
ŽĨƚŚĞŵŽĚĞůŝƐƐŚŽǁŶŝŶdĂďůĞ;ϰͿ͘


dĂďůĞ;ϰͿƐŚŽǁƐƚŚĞƌĞƐƵůƚƐŽĨƚŚĞƋƵĂůŝƚĂƚŝǀĞƉƌŽďĂďŝůŝƐƚŝĐŵŽĚĞůǁŝƚŚƚŚĞE^KͲ^^dĐŽŶĚŝƚŝŽŶďĞŝŶŐƵƐĞĚ
ĂƐƚŚĞƉƌĞĚŝĐƚŽƌǀĂƌŝĂďůĞ͘KŶƚŚĞďĂƐŝƐŽĨƚŚĞ&/ĐůĂƐƐŝĨŝĐĂƚŝŽŶ͕ƚŚĞƌĞĂƌĞϭϭ͚͛ǇĞĂƌƐ͕ϵ͚t͛ǇĞĂƌƐĂŶĚϯ
͚͛ǇĞĂƌƐŝŶƚŚĞŽďƐĞƌǀĞĚĚĂƚĂ͘dŚĞĐůĂƐƐŝĨŝĐĂƚŝŽŶƐŽĨƚŚĞǀĞƌŝĨŝĐĂƚŝŽŶǇĞĂƌƐĂƌĞƐŚŽǁŶŽŶƚŚĞƚŚŝƌĚĐŽůƵŵŶ
ŽĨƚŚĞƚĂďůĞ͘dŚĞŵŽĚĞůƉƌĞĚŝĐƚŝŽŶƐĨŽƌƚŚĞĐŽŶĚŝƚŝŽŶƐŽĨƚŚĞǀĞƌŝĨŝĐĂƚŝŽŶǇĞĂƌƐǁŝƚŚƚŚĞŬŶŽǁůĞĚŐĞŽĨƚŚĞ
E^KͲ^^dĐŽŶĚŝƚŝŽŶƐĂƌĞƐŚŽǁŶŽŶƚŚĞĨŝĨƚŚĐŽůƵŵŶŽĨƚŚĞƚĂďůĞ͘ǆĂŵŝŶĂƚŝŽŶŽĨƚŚŝƐĐŽůƵŵŶƐŚŽǁƐƚŚĂƚ
ƚŚĞŵŽĚĞůƉƌĞĚŝĐƚƐϴ͚͛ǇĞĂƌƐĂŶĚϭϱ͚t͛ǇĞĂƌƐ͘ŽŵƉĂƌŝƐŽŶŽĨƚŚĞŵŽĚĞůƉƌĞĚŝĐƚŝŽŶƐĂŶĚƚŚĞŽďƐĞƌǀĞĚ
ĐŽŶĚŝƚŝŽŶƐ;ƐĞĞĐŽůƵŵŶƐĞǀĞŶͿƐŚŽǁƐƚŚĂƚƚŚĞŵŽĚĞůƉƌĞĚŝĐƚŝŽŶƐĂƌĞĐŽƌƌĞĐƚŝŶϭϰŽƵƚŽĨƚŚĞϮϯǇĞĂƌƐŽĨ
ƚŚĞǀĞƌŝĨŝĐĂƚŝŽŶƉĞƌŝŽĚ;ŝ͘Ğ͘ƚŚĞŵŽĚĞůĞĨĨŝĐŝĞŶĐǇŝƐϲϭйͿ͘/ŶƚŚĞĂďƐĞŶĐĞŽĨƚŚĞEK^Ͳ^^dŝŶĨŽƌŵĂƚŝŽŶ͕
ƚŚĞƉƌĞĚŝĐƚŝŽŶŽĨƚŚĞĂŶŶƵĂůĨůŽǁĐŽŶĚŝƚŝŽŶŝƐĂǀĞƌĂŐĞ͚͛ĨŽƌĂůůŽĨƚŚĞǀĞƌŝĨŝĐĂƚŝŽŶǇĞĂƌƐ;ƐĞĞdĂďůĞ;ϯͿͿ
ǁŚŝĐŚŝƐĐŽƌƌĞĐƚŽŶůǇĨŽƌϯǇĞĂƌƐŽƵƚŽĨƚŚĞƚŚŝƌƚĞĞŶǀĞƌŝĨŝĐĂƚŝŽŶǇĞĂƌƐ͕ĂƐƐŚŽǁŶŝŶĐŽůƵŵŶϵŽĨdĂďůĞ;ϰͿ
;ŝ͘Ğ͘ƚŚĞĞĨĨŝĐŝĞŶĐǇŝƐϭϯйͿ͘


dŚĞƌĞƐƵůƚƐƉƌĞƐĞŶƚĞĚŝŶdĂďůĞ;ϰͿƐƵŐŐĞƐƚƚŚĂƚƚŚĞƉĞƌĨŽƌŵĂŶĐĞŽĨƚŚĞƉƌŽďĂďŝůŝƐƚŝĐŵŽĚĞůǁŚĞŶƚŚĞEͲ
^KͲ^^dĐŽŶĚŝƚŝŽŶƐĂƌĞƵƐĞĚŝƐďĞƚƚĞƌƚŚĂŶƚŚĞŵŽĚĞůǁŚŝĐŚŝƐŶŽƚƵƐĞĚŝƚ͘
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dĂďůĞ;ϰͿ͗ZĞƐƵůƚƐŽĨƚŚĞƉƌŽďĂďŝůŝƐƚŝĐŵŽĚĞůŝŶƚŚĞǀĞƌŝĨŝĐĂƚŝŽŶǇĞĂƌƐ

E^KͲ^^d

ŶŶƵĂů&ůŽǁ/ŶĚĞǆ
zĞĂƌ
ϭϵϴϳ
ϭϵϴϴ
ϭϵϴϵ
ϭϵϵϬ
ϭϵϵϭ
ϭϵϵϰ
ϭϵϵϱ
ϭϵϵϲ
ϭϵϵϳ
ϭϵϵϴ
ϭϵϵϵ
ϮϬϬϬ
ϮϬϬϭ
ϮϬϬϮ
ϮϬϬϯ
ϮϬϬϰ
ϮϬϬϱ
ϮϬϬϲ
ϮϬϬϳ
ϮϬϬϴ
ϮϬϬϵ

sĂůƵĞ
Ͳϭ͘ϴ
ϭ͘ϯ
ͲϬ͘ϴ
Ͳϭ͘Ϯ
ͲϬ͘ϰ
Ϭ͘ϰ
Ͳϭ͘ϯ
Ͳϭ͘Ϯ
Ϭ͘Ϭ
Ͳϭ͘Ϭ
ϭ͘ϴ
Ϭ͘ϵ
Ϭ͘ϵ
Ͳϭ͘ϭ
ͲϬ͘ϯ
ͲϬ͘ϳ
ͲϬ͘ϭ
ϭ͘ϱ
ϭ͘ϱ
ϭ͘Ϯ
ͲϬ͘ϴ

ĂƚĞŐŽƌǇ

t



t




t
t
t




t
t
t


Ž

; Ϳ
ϭ͘ϮϮ
Ͳϭ͘ϯϬ
ͲϬ͘ϯϰ
Ϭ͘Ϭϱ
Ϭ͘ϲϴ
Ϭ͘Ϯϲ
ͲϬ͘Ϯϲ
ͲϬ͘ϯϯ
ϭ͘ϱϬ
ͲϬ͘ϱϮ
ͲϬ͘ϴϬ
ͲϬ͘ϱϯ
ͲϬ͘ϭϰ
Ϭ͘ϱϲ
ͲϬ͘Ϯϵ
Ϭ͘Ϭϵ
ͲϬ͘Ϭϵ
Ϭ͘Ϭϲ
ͲϬ͘ϰϮ
ͲϬ͘Ϯϳ
Ϭ͘Ϯϲ

ĂƚĞŐŽƌǇ
,


E
,
,


,



E
,

E
E
E


,

DŽĚĞůƉƌĞĚŝĐƚŝŽŶ
ƵƐŝŶŐE^KͲ^^d
ĂƚĞŐŽƌǇ ǀĂůƵĂƚŝŽŶ

d
t
d
t
&
t
&

d

&
t
&
t
&

&
t
&
t
d
t
d
t
d

d
t
d
t
&
t
d
t
d
t
d
t
d

d

DŽĚĞůƉƌĞĚŝĐƚŝŽŶ
ǁŝƚŚŽƵƚE^KͲ^^d
ĂƚĞŐŽƌǇ ǀĂůƵĂƚŝŽŶ

&

&

&

&

&

&

&

&

d

&

&

&

&

&

d

&

d

&

&

&

&

Ύ

&ĚĞŶŽƚĞƐĨĂůƐĞƉƌĞĚŝĐƚŝŽŶ
dĚĞŶŽƚĞƐĐŽƌƌĞĐƚ;ƚƌƵĞͿƉƌĞĚŝĐƚŝŽŶ

ΎΎ

ϱ

ŽŶĐůƵĚŝŶŐƌĞŵĂƌŬƐ

/ŶƚŚĞƉƌĞƐĞŶƚƐƚƵĚǇ͕ƚŚĞŝŶĨůƵĞŶĐĞƐŽĨƚŚĞůEŝŹŽͲ^ŽƵƚŚĞƌŶKƐĐŝůůĂƚŝŽŶ;E^KͿŽŶƚŚĞĂŶŶƵĂůĨůŽǁǀĂƌŝĂͲ
ďŝůŝƚǇŽĨƚŚĞůƵĞEŝůĞZŝǀĞƌŚĂǀĞďĞĞŶŝŶǀĞƐƚŝŐĂƚĞĚ͘dŚĞĨŽůůŽǁŝŶŐĐŽŶĐůƵĚŝŶŐƌĞŵĂƌŬƐŚĂǀĞƌĞĂĐŚĞĚ͗


•

dŚĞůƵĞEŝůĞĂŶŶƵĂůĨůŽǁŝŶĚĞǆ;&/ͿŝƐŶĞŐĂƚŝǀĞůǇĐŽƌƌĞůĂƚĞĚƚŽƚŚĞE^KͲ^^dŝŶĚĞǆ͘ƌǇǇĞĂƌƐ
ĐŽŝŶĐŝĚĞǁŝƚŚǁĂƌŵE^KĂŶĚtĞƚǇĞĂƌƐĐŽŝŶĐŝĚĞǁŝƚŚĐŽůĚE^K͘

•

sĞƌŝĨŝĐĂƚŝŽŶƌĞƐƵůƚƐŽĨƚŚĞƋƵĂůŝƚĂƚŝǀĞƉƌŽďĂďŝůŝƐƚŝĐŵŽĚĞůĚĞǀĞůŽƉĞĚ͕ǁŚŝĐŚƵƐĞƐE^KĂƐƉƌĞĚŝĐͲ
ƚŽƌ͕ŽƵƚͲƉĞƌĨŽƌŵƚŚĞŵŽĚĞůǁŚŝĐŚĚŽĞƐŶŽƚƵƐĞE^K͘

•

dŚĞĚĞǀĞůŽƉĞĚŵŽĚĞůĐĂŶďĞƵƐĞĚƚŽŐŝǀĞĨŽƌĞĐĂƐƚŽĨĨůŽǁĂƚƉůĂŶŶŝŶŐƐƚĂŐĞƐ͘

ϴ
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ϲ

ZĞĨĞƌĞŶĐĞƐ

ĞůƚƌĂŶŽ'͘ĂŶĚĂŵďĞƌůŝŶW͕͘ϭϵϵϯ͘/ŶƚĞƌĂŶŶƵĂůǀĂƌŝĂďŝůŝƚǇŽĨ ƌĂŝŶĨĂůůŝŶƚŚĞĞĂƐƚĞƌŶ,ŽƌŶŽĨĨƌŝĐĂ ĂŶĚ
ŝŶĚŝĐĂƚŽƌƐŽĨĂƚŵŽƐƉŚĞƌŝĐĐŝƌĐƵůĂƚŝŽŶ͘/Ŷƚ͘:͘ůŝŵĂƚŽů͕͘ϭϯ͕ϱϯϯͲϱϰϲ͘
ĂŵďĞƌůŝŶW͕͘ϭϵϵϱ͘:ƵŶĞͲ^ĞƉƚĞŵďĞƌƌĂŝŶĨĂůůŝŶŶŽƌƚŚͲĞĂƐƚĞƌŶĨƌŝĐĂĂƚŵŽƐƉŚĞƌŝĐƐŝŐŶĂůƐŽǀĞƌƚŚĞƚƌŽƉŝĐƐ͗
ǌŽŶĂůƉĞƌƐƉĞĐƚŝǀĞ͘/Ŷƚ͘:͘ůŝŵĂƚŽů͕͘ϭϱ͕ϳϳϯͲϳϴϯ͘
ĂŵďĞƌůŝŶW͕͘ϭϵϵϳ͘ZĂŝŶĨĂůůĂŶŽŵĂůŝĞƐŝŶƚŚĞƐŽƵƌĐĞƌĞŐŝŽŶŽĨƚŚĞEŝůĞĂŶĚƚŚĞŝƌĐŽŶŶĞĐƚŝŽŶǁŝƚŚƚŚĞ/ŶͲ
ĚŝĂŶƐƵŵŵĞƌŵŽŶƐŽŽŶ͘:͘ůŝŵĂƚĞ͕ϭϬ͕ϭϯϴϬͲϭϯϵϮ͘
ŚŝĞǁ&͘,͘^͕͘WŝĞĐŚŽƚĂd͕͘͘ƌĂĐƵƉ:͘͘ĂŶĚDĐDĂŚŽŶd͕͘͘ϭϵϵϴ͘ůEŝŹŽͬ^ŽƵƚŚĞƌŶKƐĐŝůůĂƚŝŽŶĂŶĚ
ƵƐƚƌĂůŝĂŶƌĂŝŶĨĂůů͕ƐƚƌĞĂŵĨůŽǁĂŶĚĚƌŽƵŐŚƚ͗>ŝŶŬƐĂŶĚƉŽƚĞŶƚŝĂůĨŽƌĨŽƌĞĐĂƐƚŝŶŐ͘:͘,ǇĚƌŽů͕͘ϮϬϰ͕ϭϯϴͲϭϰϵ͘
ůƚĂŚŝƌ͕͘͘ ϭϵϵϲ͘ůEŝŹŽĂŶĚƚŚĞŶĂƚƵƌĂůǀĂƌŝĂďŝůŝƚǇŝŶ ƚŚĞĨůŽǁŽĨƚŚĞEŝůĞZŝǀĞƌ͘tĂƚĞƌZĞƐŽƵƌ͘ZĞƐ͕͘
ϯϮ;ϭͿ͕ϭϯϭͲϭϯϳ͘
,ĂƐƚĞŶƌĂƚŚ^͕͘'ƌĞŝƐĐŚĂƌ>͕͘ĂŶĚǀĂŶ,ĞĞƌĚĞŶ:͕͘ϭϵϵϱ͖WƌĞĚŝĐƚŝŽŶŽĨƚŚĞƐƵŵŵĞƌƌĂŝŶĨĂůůŽǀĞƌ^ŽƵƚŚĨƌŝͲ
ĐĂ͘:͘ŽĨůŝŵĂƚĞ͕ϴ͕ϭϱϭϭͲϭϱϭϴ͘
:ĂŶŽǁŝĂŬ:͕͘͘ϭϵϴϴ͘ŶŝŶǀĞƐƚŝŐĂƚŝŽŶŽĨŝŶƚĞƌͲĂŶŶƵĂůƌĂŝŶĨĂůůǀĂƌŝĂďŝůŝƚǇŝŶĨƌŝĐĂ͘:͘ůŝŵĂƚĞ͕ϭ͕ϮϰϬͲϮϱϱ͘
:/^K͕ ϮϬϭϯ͘ :ŽŝŶƚ /ŶƐƚŝƚƵƚĞ ĨŽƌ ƚŚĞ ^ƚƵĚǇ ŽĨ ƚŚĞ ƚŵŽƐƉŚĞƌĞ ĂŶĚ ƚŚĞ KĐĞĂŶƐ͕ h^͘ ĂƚĂ ǁĞď ƐŝƚĞ
;ŚƚƚƉ͗ͬͬƚĂŽ͘ĂƚŵŽƐ͘ǁĂƐŚŝŶŐƚŽŶ͘ĞĚƵͬĚĂƚĂͺƐĞƚƐͬĐƚŝͬͿ͘>ĂƐƚĂĐĐĞƐƐĞĚŽŶϮϯͬϬϮͬϮϬϭϯ͘
<ĂǁĂŵƵƌĂ͕͘DĐ<ĞƌĐŚĂƌ͘>͕͘^ƉŝŐĞůZ͘,͘ĂŶĚ:ŝŶŶŽ<͕͘ϭϵϵϴ͘ ŚĂŽƚŝĐĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐŽĨƚŚĞ^ŽƵƚŚĞƌŶ
KƐĐŝůůĂƚŝŽŶ/ŶĚĞǆƚŝŵĞƐĞƌŝĞƐ͘:͘,ǇĚƌŽ͕͘sŽů͘ϮϬϰ͕/ƐƐƵĞƐϭͲϰ͕ϭϲϴͲϭϴϭ͘
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KƐŵĂŶ͕z͘͘ĂŶĚ^ŚĂŵƐĞůĚŝŶ͕͘z͕͘ϮϬϬϮ͘YƵĂůŝƚĂƚŝǀĞƌĂŝŶĨĂůůƉƌĞĚŝĐƚŝŽŶŵŽĚĞůƐĨŽƌĐĞŶƚƌĂůĂŶĚƐŽƵƚŚĞƌŶ
^ƵĚĂŶƵƐŝŶŐůEŝŶŽͲ^ŽƵƚŚĞƌŶKƐĐŝůůĂƚŝŽŶĂŶĚ/ŶĚŝĂŶKĐĞĂŶ^ĞĂ^ƵƌĨĂĐĞdĞŵƉĞƌĂƚƵƌĞŝŶĚŝĐĞƐ͘/Ŷƚ͘:͘ůŝͲ
ŵĂƚŽů͕ǀŽů͘ϮϮ͕ŶŽ͘ϭϱ͕ƉƉ͘ϭϴϲϭͲϭϴϳϴ͘
ZĞŝďĞĞŬ͕,Žůůŝ͕ϮϬϭϭ͘ƌŽƵŐŚƚŝŶĂƐƚĨƌŝĐĂ͘E^ZĞƉŽƌƚ͘
^ĞůĞƐŚŝ z͘ ĂŶĚ ĞŵĂƌĞĞ '͘ Z͕͘ ϭϵϵϱ͘ ZĂŝŶĨĂůů ǀĂƌŝĂďŝůŝƚǇ ŝŶ ƚŚĞ ƚŚŝŽƉŝĂŶ ĂŶĚ ƌŝƚƌĞĂŶ ŚŝŐŚůĂŶĚƐ ĂŶĚ ŝƚƐ
ůŝŶŬƐǁŝƚŚƚŚĞ^ŽƵƚŚĞƌŶKƐĐŝůůĂƚŝŽŶŝŶĚĞǆ͘:͘ŝŽŐĞŽŐƌĂƉŚǇ͕ϮϮ͕ϵϰϱͲϵϱϮ͘
^ĞůĞƐŚŝz͕͘ĞŵĂƌĞĞ'͘Z͕͘ĂŶĚsĂŶŶŝƚƐĞŵ^͕͘ϭϵϵϯ͘^ƚĂƚŝƐƚŝĐĂůĂŶĂůǇƐŝƐŽĨůŽŶŐͲƚĞƌŵŵŽŶƚŚůǇĂŶĚĂŶŶƵĂů
ƚŚŝŽƉŝĂŶƉƌĞĐŝƉŝƚĂƚŝŽŶƐĞƌŝĞƐƌĞůĂƚŝŽŶƐŚŝƉǁŝƚŚE^KĞǀĞŶƚƐ͘WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞ/ŶƚĞƌŶĂƚŝŽŶĂůtŽƌŬƐŚŽƉ
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Framework for multi-scale integrated impact
analyses of climate change mitigation options
Marta Pérez-Soba, Terry Parr, Laure Roupioz, Manuel Winograd, Marielos Peña Claros, Consuelo VarelaOrtega, Nataly Ascarrunz, Patty Balvanera, Pradeepa Bholanath, Miguel Equihua, Lucieta Guerreiro Martorano, Laurence Jones, Manuel Maass and Kirsten Thonicke
Abstract— Tropical forest ecosystems are hotspots for biodiversity and represent one of the
largest terrestrial carbon stocks, making their role in climate change mitigation (CCM)
programmes increasingly important (e.g. REDD+). In Latin America these ecosystems suffer
from high land use pressures that have resulted in a dramatic biodiversity loss. Little is known
about how CCM options may impact on biodiversity and how this in turn may affect
ecosystem carbon storage. Within this context, the FP7 ROBIN (Role Of Biodiversity In climate
change mitigatioN) project developed a framework for multi-scale integrated analysis of the
impacts that land use change may have on the ecological and social-economic processes of
these ecosystems. The framework represents a continuous feedback loop in which changes in
CCM options modify land use, that results in biodiversity change, affecting ecosystem
functions, leading to changes in ecosystem services that affect human outcomes and societal
behaviour, and which then affect the main drivers and pressures on biodiversity and
ecosystems, and so on. We have constructed an indicator framework that allows to quantify,
link and assess these interactions at three spatial scales: regional (Central and South America),
national (Bolivia, Brazil, Guyana and Mexico) and sub-national (study sites representing
multifunctional landscapes). Indicators are selected through a demand-driven approach, by
directing modelling and assessment efforts towards end-user relevant issues using
stakeholder participatory processes. Indicator values are grounded on field data, statistics and
model outputs. The framework provides a basis for understanding potential tipping points
and unexpected consequences that may arise from the implementation of climate change
mitigation policies, or management options (e.g. reducing deforestation and burning, or
expansion of areas of biofuel crops in illegal areas). An illustrative example, showing how the
framework helps to identify the appropriate indicators to synthesise the impacts of
afforestation (one of the CCM options) across the ecological and socio-ecological processes
and regions is presented.
Index Terms—Biodiversity, climate change mitigation (CCM), framework for multi-scale
integrated impact analysis, tropical forest ecosystems, social-ecological systems.
————————————————————

1

Introduction

Tropical forest ecosystems are hotspots for biodiversity and represent one of the largest terrestrial carbon stocks (IPCC 2007), making their role in climate change mitigation (CCM) programmes increasingly
important (e.g. REDD+). In Latin America these ecosystems suffer from high land use pressures that have
resulted in a dramatic biodiversity loss (Higgins, 2007). Little is known about how CCM options may impact on biodiversity and how this in turn may affect ecosystem carbon storage. Furthermore, it is also
unknown how these changes in the ecological system will affect the underpinned ecosystem services,
their benefits to human beings and finally result in changes in human behaviour and societies (mitigation
1
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and adaptation measures). The assessment of this complex social-ecological process requires analytical
frameworks that are able to deal with the multi-scale, multi-sectoral interactions. Within this context,
the FP7 ROBIN (Role Of Biodiversity In climate change mitigatioN) project has developed a framework for
multi-scale integrated analyses of the impacts that land use change may have on the social-ecological
processes of these systems. The objective of this paper is to contribute to the conference discussions on
"Can we integrate our existing knowledge across sectors?" by introducing the ROBIN framework for multi-scale integrated impact analyses of climate change mitigation options, and illustrating how it can be
applied.

2

Analytical framework for multi-scale integrated impact analyses

The ROBIN analytical framework (Fig. 1) is based on the Integrative Science for Society and Science ISSE
framework (Collins et al. 2010). It has been designed to address the following key research questions:
1. Q1: How do changes in biodiversity affect key ecosystem processes that then affect the capacity
of ecosystems and multi-functional landscapes to mitigate climate change?
2. Q2a and Q2b: How do changes in biodiversity and linked ecosystem structure and functions affect (Q2a) climate change mitigation capacity and (Q2b) other key ecosystem services?
3. Q3: How do changes in climate mitigation capacity affect human outcomes (i.e. benefits to society) and what is the effect of taking into account other ecosystem services in this evaluation process?
4. Q4: How do changes in human outcomes affect societal behaviour?
5. Q5: How do changes inglobal drivers, policies and management options affect climate change
and land use change?
6. Q6: How do changes in climate and land use affect the biodiversity and ecosystem functions?
The framework represents a continuous feedback loop in which changes in CCM options modify land
use that result in biodiversity changes, affecting ecosystem functions, leading to changes in the provision of ecosystem services that affect human outcomes and societal behaviour, and which then affect the main drivers and pressures on biodiversity and ecosystems and so on.

2
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Figure 1. ROBIN analytical framework showing the main Categories as coloured boxes (e.g. DISTURBANCE REGIME), Themes within the boxes (e.g. LAND USE) and Variables (e.g. Land use
change).

3

Indicator framework

The analytical framework is connected to an indicator framework for quantifying the interactions at
three spatial scales: regional (Central and South America), national (having as example countries Bolivia,
Brazil, Guyana and Mexico) and sub-national (study sites representing multifunctional landscapes). Indicators are selected ensuring a demand-driven approach, by directing modelling and assessment efforts
towards end-user relevant issues, using stakeholder participatory processes. Indicator values are grounded on field data, statistics and model outputs. The framework provides a basis for understanding potential tipping points and unexpected consequences that may arise from the implementation of climate
change mitigation policies, or management options (e.g. reducing deforestation and burning, expansion
of areas of biofuel crops in illegal areas).
3
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3.1

Structure of the indicator framework

The indicators selected for the ROBIN indicator framework are linked to the ‘boxes’ in the analytical
framework presented in Figure 1. The indicator framework is structured into four divisions: categories,
themes, variables and indicators, defined as follows:
-

CATEGORIES: Broad group of issues to be assessed and analysed in the context of the ROBIN

indicator framework. These issues are linked to the continuous flow between the ecological and socialeconomic systems, i.e. global and national drivers cause changes in land use and climate that affect ecosystems and particularly their biodiversity, which in turn impact their provision of ecosystem services,
with direct and indirect impacts on the social-economic system (human outcomes affecting societal behaviour) that drive changes, etc. They can be identified as the ‘boxes’ with different colours in Figure 1.
-

THEMES: Main particular issues to be tackled within each category in order to assess and analyse

the key research questions. For example, within the category ecosystem services, there are two themes:
climate change mitigation (main focus of ROBIN) and other ecosystem services.
-

VARIABLES: topics under each theme which value varies in time and/or space according to their

current state, dynamics and trends. An operational variable is a representation of an attribute (quality
characteristic, property) of a system. The pragmatic interpretation of a particular variable as an indicator
is usually made on the basis that this variable carries information about the condition and/or trends of
the considered system attribute.
-

INDICATORS/INDEXES: They help to characterise the state, dynamics and trends of variables to

be monitored, assessed and analysed. Overall, an indicator is an empirical observation or statistical estimation that synthesizes aspects of one or more events that are important to one or more analytical or
user requirements purposes over time.

3.2

Selection of indicators

In ROBIN the selection of indicators follows a stepwise approach. In the first step, a preliminary selection
is based on an extensive review of available and relevant datasets and frameworks in Latin America,
which are linked to impact assessment of land use change, climate change and the sustainability of social-ecological systems, particularly biodiversity, using international, regional, national and local sources.
Indicators are selected 1) considering the different spatial and temporal aspects of ecosystem dynamics
in climate change mitigation; 2) ensuring that both the socio-economic and environmental dimensions of
land-use are covered; 3) helping to relate main policy questions to diagnostic criteria on system sustain4
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ability.
Once the data sources are reviewed and potential indicators identified, a consistent selection of the indicators is done by a few key criteria. 1) A maximum of three key indicators are selected per VARIABLE (e.g.
land use change) for the regional and national scales; the number of key indicators for the local scale is
not fixed since it will be regularly updated throughout the project based on the input from the local
stakeholders and the participants in the project as it evolves. 2) The key indicators are ideally the same
for the three spatial scales. 3) Data are available in international, national and local data sources, and if
possible at different time periods.
Applying these criteria, tables were produced for the six main categories in the analytical framework, i.e.
drivers, disturbance regime, ecosystem, ecosystem services, human benefits and human behaviour. The
tables are structured according to categories, themes, variables and indicators/indexes, as defined
above. See Table 1 as an example of the current selection of indicators for the Category “DISTURBANCE
REGIME”.
In a second step, end users will revise the preliminary list ensuring a demand driven approach. By endusers we mean scientists within and outside the project, and policy and decision makers at different decision levels: government officers (national, sub-national and local authorities), land use managers (national and local), NGO’s, cooperatives, farmers, wood producers, etc. Then the revised indicator list will
be operationalised by using the framework to assess the impact of some climate change mitigation options in case studies. This activity will test and improve the validity of the established framework.

5
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Table 1. Indexes and Indicators for the DISTURBANCE REGIME category
CATEGORY

DISTURBANCE
REGIME

THEME

LAND
USE

CLIMATE

4

VARIABLE

1. Land use
change (including land management)

2.
Climate
change

REGIONAL
(Meso-America and SouthAmerica)
1a. Forest risk index

INDICATOR/INDEX
NATIONAL
(Bolivia, Brazil, Guyana and
Mexico)
1a. Forest cover change (by type)
1a. Deforestation rate (%, has, by
type of forest)

1b. Land use index

1b. Land Use Land Cover Change
1b. Land use potential

1c. Crops affected by pest and
diseases

1c. Use of pesticides per ha

1d. Invasive species
2a. Climatic risk index

1d. # of alien plants species
2a. Precipitation/ temperature
change
2a. Drought events (#, areas
affected, economic losses)
2a. Flood events ((#, areas affected, economic losses)

2b. Fires location/extension

2b. CO2 emissions by land use
change
2b. Fire location
2b. Fires risk

SUB-NATIONAL
(case studies:Tapajos, Guarayos,
Cuitzmala)
1a. Forest degradation index
1a. Phenology/ disturbance index
(derived from Remote Sensing)

1b. Land degradation index
1b. Carrying capacity index (Animal
Units/ha)
1b. Fraction of functional crop types
1b. Harvested biomass
1b. Residual biomass after harvesting
1b. Land use carbon change in soils
1b. Land use carbon change in biomass
1c. Location of crops diseases
1c. Location of livestock diseases
1c. Location of forest diseases
1c. Location of human diseases
1d. Location of alien plants species
2a. Economic impact of ENSO1
2a. Evapo- transpiration change
2a.
Precipitation/
temperature
change
2a. Area affected by drought
2a. Area affected by flood
2b. Area affected by fires
2b. CO2 emissions by land use change
2b. CH4 emissions by land use change

Example illustrating the analytical framework application

The example in Figure 2 shows how the ROBIN framework (see Fig. 1) helps to identify the appropriate
indicators to synthesise the impacts of afforestation (one of the CCM options) across the ecological and
socio-ecological processes and regions. The framework can be consistently applied to address the key
research questions (see section 2 above) at three different scales (regional, national and sub-national,
and provides a logical and functional link between the different conceptual compartments and integration between the three spatial scales. It is interesting to see how the different indexes and indicators are
used at different scales depending on their relevance and availability.
1

ENSO = El Niño-Southern Oscillation

6
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levels: regional, national and sub-national.

7

Figure 2. Example illustrating the application of the analytical framework integrating the different conceptual compartments at three scale
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5

Conclusions

One of the biggest challenges to define efficient and effective climate change mitigation options is to
integrate our existing knowledge across sectors and scales. Achieving understanding on the interactions
and feedbacks between sectors at different spatial levels as well as across ecological and social structures, could have a profound influence on the global mitigation capacity. We introduce here a generic
analytical framework based on a circular model, where the links between the sectors within the socialecological system are made explicit and measurable through a set of key indicators. This framework can
be applied at different spatial levels in a consistent and flexible manner, allowing a multi-scale integrated
assessment. The framework can also provide an understanding of the potential effects of changes in
other 'land-use-related' policies than climate change, such as environmental and agricultural policies.
Our framework thus provides the basic building blocks for a better understanding of the feed-back loops
in the system, the interaction between scales and the testing of mitigation options.

6
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Abstract—Climatechangeisexpectedtoincreasepressuresonwaterusebetweendifferent
sectors(e.g.agriculture,energy,industry,domesticuses)andecosystems.Whileclimate
changeimpactsonwateravailabilityhavebeenstudiedwidely,lessworkhasbeendoneto
assessimpactsonwaterquality.Thisstudyproposesamodellingframeworktoincorporate
waterqualityinanalysesofcrossͲsectoralconflictsforwaterbetweenhumanusesand
ecosystemsunderclimatechangeandsocioͲeconomicchanges.Weillustratethiswithan
examplethatshowsthatincreasingrivertemperaturesanddeclinesinsummerlowflow
underclimatechangearelikelytoincreaseenvironmentalrestrictionsoncoolingwateruse,
withsubstantialreductionsinpowerplantcapacitiesinEuropeandtheUS.Hence,conflicts
betweenenvironmentalobjectivesandelectricitysupplyareexpectedtoincreaseduetoboth
changesinwateravailabilityandwaterquality(watertemperature)underclimatechange.A
newimpactmodellingframeworkisproposed,whichintegratesrelationsbetweenwater
availability,waterqualityandcrossͲsectoralwateruses,includingwaterrequirementsfor
ecosystems.ThiscouldprovideimprovedunderstandingofhowclimatechangeandsocioͲ
economicdevelopmentswillaffectthe‘waterͲenergyͲfoodͲecosystemnexus’.
IndexTerms—riverflow,watertemperature,waterquality,climatechange,socioͲeconomic
developments,humanwateruse,ecosystems
————————————————————

1

Introduction

Climate change in combination with other anthropogenic changes is expected to contribute to an inͲ
creasingpressureonwaterbetweenhumanwaterusesectors(e.g.agriculture,energy,industry,domesͲ
ticuses)andecosystems(Alcamoetal.,2003).Inaddition,waterdemandisexpectedtoincreasewitha
growing and more prosperous global population(Vörösmartyetal., 2000).Sufficientwater of suitable
qualitytoguaranteehumanusesandecosystemhealthcouldthereforebecomeamainchallengeinthe
nextdecades.
The increasing awareness that climate change may affect water resources has greatly stimulated the
study of the hydrological impacts of a changing climate. While impacts on water quantity have been
studiedwidelyondifferentscales, varyingfromcatchment(e.g.vanRoosmalenetal.,2009)tocontiͲ
nents(e.g.FeyenandDankers,2009)andtheworld(e.g.DöllandMüllerSchmied,2012),considerably
lessworkhasbeendonetoassessclimatechangeimpactsonwaterquality.However,mostsectorsreͲ
quirenotonlysufficientwateravailability(quantity),butalsosuitablewaterquality.Forinstance,water
temperatureisacriticalparameterforcoolingwateruseintheenergyandindustrialsector,whilesaliniͲ
1
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tyandnutrientconcentrationsareimportantfor agriculturalanddrinkingwateruses.TheneedtoexͲ
pandhydrologicalimpactassessmentstoincorporatewaterqualityissueshasthereforebeenincreasingͲ
lyrecognized(KundzewiczandKrysanova,2010;Whiteheadetal.,2009).
Inthispaper,weproposeamodellingframeworktoincorporatewaterquality,inadditiontowateravailͲ
ability, in studies of crossͲsectoral water stress under global change. We illustrate the need to include
waterqualitybyfocussingonwatertemperature,whichismostdirectlyaffectedbyclimatechange.WaͲ
tertemperatuealsoinfluencesseveralotherwaterqualityparameters,suchasdissolvedoxygenandnuͲ
trientconcentrationsandtoxicityofheavymetals(Ducharne,2008;Murdochetal.,2000).WatertemͲ
peratureandriverflowarealsomajorparametersthatcharacterizethephysicalconditionsoffreshwater
habitats(Carpenteretal.,1992;Raheletal.,1996),andareofeconomicimportanceforcoolingwater
useforthermoelectricpowerproductionandmanufacturing(Manohaetal.,2008).WehighlightcrossͲ
sectoralconflictsforwateravailabilityandquality,byfocussingonimpactsofchangesinriverflowand
watertemperatureoncoolingwateruseintheenergysectorandfreshwaterecosystemhealth.

2

Modellingofconflictsforwateravailabilityandwatertemperaturebetween
energysectorandfreshwaterecosystems

TosimulatelargeͲscaleconflictsforwaterbetweencoolingwateruseintheenergysectorandfreshwaͲ
terecosystems,weworkedonthedevelopmentofalargeͲscalewatertemperaturemodulelinkedtoa
macroͲscale hydrological model. We used a physicallyͲbased modelling framework, consisting of the
streamtemperatureRiverBasinModel(RBM)(Yearsley,2009;Yearsley,2012)andtheVariableInfiltraͲ
tionCapacity(VIC)macroͲscalehydrologicalmodel(Liangetal.,1994).RBMwasfurtherdevelopedfor
applicationstolargeriversworldwide,includinghumanimpactsofthermalpollutionandreservoirimͲ
pactsonwatertemperature(vanVlietetal.,2012a).TheresultingframeworksimulatedobservedcondiͲ
tionsrealistically(vanVlietetal.,2012a).ItwasthenforcedwithanensembleofbiasͲcorrectedgeneral
circulationmodel(GCM)outputforthe21stcentury(Hagemannetal.,2011)providedwithintheEUFP6
WATCH project. Overall, water temperature sensitivities are exacerbated by projected declines in lowͲ
flows,resultinginareducedthermalcapacity(vanVlietetal.,2011).StrongincreasesinwatertemperaͲ
tureandreductionsinlowflowsaremainlyprojectedinthesouthͲeasternUnitedStates,southernand
centralEuropeandeasternChina(vanVlietetal.,2013)(Fig.1).TheseregionscouldthereforebepotenͲ
tially affectedby increased deteriorationofwaterqualityandfreshwaterhabitats, andreducedpotenͲ
tialsforhumanwaterusesunderfutureclimate.

2
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Fig.1:Impactofclimatechangeonlowriverflows(10Ͳpercentiledailyflow)(a)andmeanwatertemperatures(b)
for 2031Ͳ2060 relative to 1971Ͳ2000 using the GCM ensemble mean simulations for SRES A2. The results are
masked(hatchedareas)forregionswithverylow(<1m3sͲ1)riverflow.


Impacts of projected changes in river flow and water temperature on cooling water use inthe energy
sector and freshwater ecosystems (i.e. fish habitats) were assessed in more detail. The frequency and
magnitudeofexceedingmaximumtemperaturetolerancevaluesofseveralfishspeciesincreasedsignifiͲ
cantlyforconsiderableareasofcurrentsuitablehabitats(vanVlietetal.,inrevision).Thiscould,incomͲ
binationwithchangesinflowregime,affectthedistributionsoffreshwaterspecies.TomaintainandproͲ
tectcurrentfreshwaterecosystems,environmentalstandardsaredefinedwithregardtothevolumeand
temperature of water for cooling water use (European Water Framework Directive and Fish Directive,
andU.S.CleanWaterAct).InEuropeandtheU.S.,mostelectricity(91%and78%,respectively)iscurͲ
rentlyproducedbythermoelectricpowerplantsdependingoncoolingwater,andlargefractionsofwater
forcoolingareextractedfromrivers.ProjectedincreasesinrivertemperaturesanddeclinesinlowsumͲ
merflowforbothregionsareexpectedtoincreaseenvironmentalrestrictionsoncoolingwateruse.This
couldresultinsubstantialreductionsinsummermeanusablecapacityof6–19%forEuropeand4–16%
fortheUS(dependingoncoolingsystemtypeandclimatescenariofor2031Ͳ2060relativeto1971Ͳ2000)
(vanVlietetal.,2012b)(Fig.2).Conflictsbetweenenvironmentalobjectivesandeconomicconsequences
ofreducedelectricityproductionarethusexpectedtoincreaseinbothregionsduetothecombinationof
increasesinwatertemperaturesanddeclinesinsummerlowflowunderclimatechange.
3
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change (%)

(b)

(a)



Fig.2:ChangesinsummermeanusablecapacityofthermoelectricpowerplantsintheU.S.andEuropeforSRESA2
emissionscenariofor2031Ͳ2060relativeto1971Ͳ2000assumingcurrentenvironmentalregulationstoprotectecoͲ
systems(figurepanelofvanVlietetal.(2012b),withpermissionofNatureClimateChange)(a).Histogramspresent
theregionalaveragechangesinusablepowerplantcapacityforpowerplantswithonceͲthroughandcombination
coolingsystemsandpowerplantswithrecirculation(tower)coolingsystemsforboththeSRESA2andB1scenario
(b).FormoreresultsseevanVlietetal.(2012b).

3

Conceptualmodellingframeworkincludingwaterqualityimpacts

Mostofthemodelingframeworksthatarecurrentlyusedforclimatechangeimpactsanalysesonwater
resourcesfocusonwaterquanityandignorewaterquality.Globalwaterstresswascommonlyestimated
bycalculatingthewithdrawalsͲtoͲavailabilityratio(e.g.Alcamoetal.,2007;Arnelletal.,2011)usingonly
riverdischargeandwaterwithdrawalsimulations.However,mostwaterusesectorsrequirenotonlysufͲ
ficientwateravailability(quantity),butalsosuitablewaterquality.
Theproposedmodellingframework(Fig.3)consistsofamultiͲmodelensembleofbothclimatechange
scenarios(basedonrepresentativeconcentrationpathways(RCPs)(Mossetal.,2010)andsharedsocioͲ
economicpathways(SSPs)(Kriegleretal.,2012).TheseclimateandsocioͲeconomicscenariosareusedin
globalhydrologicalmodelswithlinkedwaterqualitymodulesandsectoralwaterusemodules.TointeͲ
graterelationsbetweenwateravailability,waterqualityandcrossͲsectoralwateruses,bothsurfacewaͲ
teravailabilityandwaterqualitywillbesimulated.Inaddition,waterdemandfordifferentsectorsand
water requirements for freshwater ecoystems will be calculated with regard to both water availability
andwaterquality.
Waterqualityparametersthatarerelevantforagriculture,domesticusesandecosystemhealtharefor
instance salinity, nutrients, heavy metals and PAHs (polycyclic aromatic hydrocarbon). Water temperaͲ
tureismainlyimportantforenergyandindustrialuses,andalsoforhumanhealth(drinkingwater)and
ecosystemfunctioning.Formostofthesewateruses,specificthresholdvaluesthatreflectadeterioraͲ
4
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tionorreductioninwaterusagepotentialaredefined.Forinstance,fordrinkingwaterproduction,the
WorldHealthOrganization(WHO,2011)definedwaterqualitystandards,likethe25°CwatertemperaͲ
turelimitforwhichthermophilicpathogens(e.g.LegionellaCampylobacterandVibriocholerae)insurͲ
face waters with low residual concentrations of chlorine proliferate. The focus should therefore be on
theavailabilityofwaterofsuitablewaterqualityforeachwaterusefunction.Inaddition,waterquality
canalsoinfluencewaterdemandandtheseimpactscouldalsobeincludedinwaterstressanalyses.For
instance,thewaterdemandforthermoelectricpowerstronglyincreaseswhenwatertemperaturerises
(vanVlietetal.,2012b).Changesinthermoelectricwaterdemandsandwaterstressunderfutureclimate
could therefore be underestimated if impacts of water temperature increases are ignored. Davies and
Simonovic (2011) also showed that inclusion of dilution capacity for pollutants in water demands has
large impacts on calculated water stress levels. Future changes in water quality under climate change
andsocioͲeconomicchangeswouldthereforebeimportanttoconsider.Theuseofsimulationsofriver
flow,waterqualityandwaterdemand(withregardtobothavailabilityandquality),isthereforehighly
recommendedtoimprovetheassessmentofwaterstressunderglobalchange.


climate change
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•
•
•
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Fig. 3: Proposed modelling framework to integrate relations between water availability, water quality and crossͲ
sectoralwaterusesunderclimatechangeandsocioͲeconomicdevelopments.
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4

Conclusions

Most water use sectors require not only sufficient water availability (quantity) but also suitable water
quality. As pointed out in Section 2, the pressure on water between cooling water use in the energy
sectorandfreshwaterecosystemsinEuropeandtheU.S.willincreaseunderclimatechange,becauseof
changesinbothsummerflowandwatertemperature.Ignoringwatertemperatureincreasescouldresult
inanunderestimationofthepressureonwaterbetweentheenergysectorandfreshwaterecosystems.
For assessments of water stress and crossͲsectoral conflicts for water under future climate and socioͲ
economic changes, we therefore propose a modelling framework that includes both water availability
andwaterquality.
AlthoughthefocusofourstudyhasbeenlimitedtoclimatechangeimpactsonglobalriverflowandwaͲ
ter temperature, the hydrological Ͳ stream temperature modelling framework (VICͲRBM) used in this
studyhaspotentialtoincludeotherwaterqualityparameters(vanVlietetal.,2013;Yearsley,2009).An
extensionofthemodellingframeworktootherwaterqualityparametersaffectedbywatertemperature
(e.g.dissolvedoxygen),streamflow(e.g.conservativesubstainces)orboth(nutrients,pathogens)could
beanextstep.Analysisofthecompetitionforwaterbetweendifferentwaterusesectorsandfreshwater
ecosystemsincluding waterquality impacts, couldcontribute to improved understandingof thedevelͲ
opmentsofthe‘waterͲenergyͲfoodͲecosystemnexus’inthe21stcentury.
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Abstract
In this paper we use the TOA-MD model to test climate change impacts and adaptation strategies with
socioeconomic, survey data from the upper White Volta Basin of Ghana. Combining simulated and expected crop and livestock yields under three different climate scenarios, the economic impact of climate
change to 2050 is analysed. We find that livelihood outcome variables like income and poverty levels as
well as adoption rates are sensitive to the different climate scenarios. Most particularly, introducing an
I&E technology as climate change adaptation strategy offsets some negative impacts and improves income but not poverty rates in the area. The results are useful in providing spatiotemporarily-specific
policy recommendations on the potential impacts of climate change and the economic outcomes associated with different adaptation strategies.
Key words: adaptation, climate change, Ghana, white volta basin
While modeling tools and assumptions are global, we only report results for Sub-Saharan Africa.
(1) direct effects on rainfed yields through changes in temperature and precipitation; (2) indirect effects on irrigated yields from changes in temperature and in water available for irrigation (including precipitation); and (3) autonomous adjustments to area and yield due to price effects and
changes in trade flows in the economic model.
When IMPACT projections are compared with and without climate change scenarios, the “net” effects of
climate change on agricultural production, demand, trade, and prices can be obtained.
The direct and indirect effects of climate change on agriculture play out through the economic
system, altering prices, production, productivity, food demand, calorie availability, and, ultimately, human well-being.

1.Introduction
Climate change is projected to intensify the challenges already faced by Sub-Saharan Africa’s (SSA) smallholder farmers. Changes in rainfall levels and distribution, rising temperatures and variations in soil carbon utilization by crops due to climate change etc are expected to negatively influence the growing conditions and the potential yields of many crops in SSA. The decline in output and yields will in turn aggravate the food security status and poverty incidence of smallholders whose livelihood is solely dependent
on agriculture.
In arid and semi-arid tropical regions of the world like the Savannah and Sahel zones of West Africa, agri-
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culture is largely rain-fed, and farmers commonly plant local crop varieties with little resilience to the
immediate effects of climate variability - drought, flooding and high temperatures.
Though few in number, the increasing concern about climate change is attracting a considerable number
of climate impact assessments across SSA e.g. Hijmans, 2003; Jones and Thornton, 2003; Thornton et al,
2009a and 2009b; Claessens et al, 2011 etc. The general conclusion from these studies is that SSA’s crop
and livestock yields will decline if there is no adaptation to future climatic conditions.
Most previous studies exclude economic impacts from estimated yield impacts, or use statistical methods that require costly multi-year farm-level surveys, and neither considers the adaptation or the cost of
it, nor downscales the results to permit site-specific impact assessments (Claessens et al 2011). Because
of these deficiencies, the findings of existing climate impact studies are often not uniform everywhere,
and lack farm level-specific relevance and quantitative economic value.
To address some of the empirical weaknesses of previous studies, this study quantifies the potential economic impacts of climate change on technology adoption, gross and net farm revenues, and poverty
rates among heterogeneous farm populations in the upper White Volta Basin (WVB) in the upper east
region (UER) of Ghana. The objective is to assess how climate change, with and without adaptation, will
impact on the above livelihood parameters and how farmers might respond to these impacts via the implementation of adaptation strategies. This study particularly examines how farmers’ wellbeing might be
affected if future climatic conditions reduce precipitation and increase temperature trends.
The analysis is implemented using the Tradeoffs Analysis for Multi-Dimensional Impact Assessment (TOAMD) model and socioeconomic survey data obtained from households under the Climate change Impacts on West African Agriculture: a Regional Assessment (CIWARA) Project.

2.

Study Area and Dataset

The study is undertaken in the Anayari (200km2), Atankwidi (270km2) and Yarigatanga (200km2) subcatchments of the upper White Volta River Basin in the UER of Ghana (Fig. 1). These occur respectively in
the Kasena-Nankana East, Kasena-Nankana West and Bongo districts of the UER in Ghana, and extend
northward into Burkina-Faso. Average rainfall in the WVB ranges from 645mm to 1250mm per annum,
which is distributed from May to October/November yearly. Mean rainy season temperature averages
about 28.6°C.
Rain-fed, semi-subsistence agriculture comprising “compound farms” of millet and sorghum systems
with mixtures of cowpea, maize, and vegetables located near the homestead; and “bush farms” located
some distance away from the village with rice, groundnuts and other monocrops, and the rearing of livestock is the most predominant source of livelihood in the study area. The average poverty line income in
Ghana is about GHC330.00, circa $170.0 per annum.
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Fig. 1: A map showing the Anayari, Atankwidi and Yarigatanga sub-catchments of the upper WVB
Source: Laubel et al, 2012.
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The analysis is conducted on a total of 300 farm households sample across the three sub-catchment areas. The data included variables like farm size, household size, land use and farm management activities,
off-farm income etc obtained from farms with millet, sorghum, maize, rice and livestock enterprises. A
summary of the key variables used to estimate the TOA-MD model parameters is presented in Table 1.
Table 1: Key descriptive statistics of base system variables used in TOA-MD analysis

Parameter/Strata
Farm Characteristic
Household size
Farm size
Herd size (UBT)
Off-Farm Income

1. Farms without Irrigation
Mean
Stand.
CV (%)
Dev.
8.63
4.46
51.62
2.78
1.97
70.79
14.74
18.36
124.57
1034.53 1887.52
182.45

2. Farms with Irrigation
Mean
Stand. Dev. CV (%)
8.87
2.93
30.54
1816.70

4.33
2.34
39.60
3850.69

48.75
79.70
129.68
211.96

Maize
Yield/farm (kg)
Var. Cost/farm (GHC)
Net Rev./farm(GHC)
Price (GHC/kg)

328.44
226.54
74.65
0.96

243.23
163.23
268.14
0.27

74.05
72.05
359.22
28.63

646.99
313.31
241.55
0.92

1239.50
380.80
660.51
0.32

191.58
121.44
273.44
39.91

Millet
Yield/farm (kg)
Var. Cost/farm (GHC)
Net Rev./farm(GHC)
Price (GHC/kg)

152.88
226.54
74.65
1.29

209.41
119,40
225.62
0.56

136.97
78.43
381.84
43.01

266.33
155.49
173.96
1.10

256.91
119.74
350.08
0.21

96.46
77.00
201.24
19.12

Sorghum
Yield/farm (kg)
Var. Cost/farm (GHC)
Net Rev./farm(GHC)
Price (GHC/kg)

230.65
106.05
109.27
0.91

309.19
86.41
247.61
0.26

134.05
81.48
226.63
29.85

482.46
122.76
375.54
1.01

764.39
99.55
787.08
0.14

158.44
81.09
209.58
14.88

Rice
Yield/farm (kg)
Var. Cost/farm (GHC)
Net Rev./farm(GHC)
Price (GHC/kg)

312.65
185.29
161.03
1.20

355.61
168.76
466.99
0.51

113.75
91.06
290.00
42.61

609.09
306.86
348.04
1.09

570.37
208.79
579.62
0.35

93.64
68.04
166.54
39.91

Livestock
Var. Cost (GHC)
144.79
267.86
185.00
252.01
411.34
163.22
Net Rev./farm(GHC)
554.25
974.60
175.84
538.15
1576.07
292.87
Two sub-systems of farms are considered under this study. Farms belonging to the first sub-system hereafter called system 1 are purely rain-fed farms that lack access to irrigation; while farms in the other sub-
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system hereafter called system 2 are those with access to irrigation facilities. The assumption is that
farms with access to irrigation will be better-off under reduced precipitation and increased temperature
following changed climate. Irrigation will be an important adaptation strategy and determinant of the
economic outcomes for these farms under climate change since Irrigation mutes the negative impact of
reduced precipitation.
Particularly intensified and expanded use of ground water irrigation will be a practical, least-cost strategy
for climate change adaptation (Laube et al, 2012) because irrigated farms are less vulnerable to climate
change. We assume no ‘carbon fertilisation’ which though has a critical effect on crop growth and yields,
is not a common practice by most WVB farms.

3.

Methodology: The TOA-MD Model

The theoretical framework of the TOA-MD model (Antle, 2011a) assumes that, farmers as economically
rational people, choose from a set farm systems that yield positive expected net returns. In this climate
analysis, the economic outcomes associated with each of two systems - base system (system 1) and an
adapted system (system 2), are simulated and compared for three different climate scenarios. It is expected that changes in climatic conditions will affect the economic outcomes of the system 1 causing
some farmers to adopt system 2 where they will employ improved technology. By so doing, both
adopters and non-adopters of system 2 and thus the entire population of farms may gain or lose in terms
of changes in their income and poverty levels.
In the TOA-MD model, a farmer at a site s using a production system h earns per-hectare returns equivalent to vt vt ( s, h) each season/period. Let: System 1 = Farmers with base technology and base climate, and System 2 = Farmers with adapted technology under changed climate. Now if
Z v1 v2 measures the difference in income between systems 1 and 2; then Z v1  v 2 ! 0 , means
climate change leads to a gain for farms that continue to use the base technology, but if
Z v1  v 2  0 , then climate change implies a loss for the farms that continue to use the base technology.
When the production system changes for instance from j to k following climate change, the expected
economic returns (gain or loss) as a result of this change is given by:

Z ( p, s, j , k ) V ( p, s, j )  V ( p, s, k )

(1)

Where a positive Z ( p, s, j , k ) denotes the loss associated with changing from system j to k while a
negative Z ( p, s, j , k ) denotes a gain from changing from system j to k .
If we let M (Z \ p, j , k ) be the spatial distribution of gains or losses in the population of s farms, the percentage of farms with Z ( p, s, j , k )  a is:
a

r ( a, p, j , k )

100 ³ M (Z \ p, j , k ) d Z
f

(2)

Where a is returns/ha.

3.1

Climate Change Projections
5
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The analysis explores three principal scenarios - the CSIRO, NCAR and the I&E. The first two climate
model runs, national centre for atmospheric research (NCAR) and the commonwealth scientific and industrial research organization (CSIRO) models, are used to simulate the potential effects of climate
change on crop yields using the A2 inputs of the IPCC’s 4th assessment report (IFPRI, 2009). Both models
project higher temperatures, high evaporation, increased precipitation and reduced crop yields without
CO2 fertilisation for SSA by 2050 (fig. 2). The intensive and expanded (I &E) model, based on the assumption that irrigation water from aquifers within the WVB will be used as an adaptation strategy to bring
yields levels up to 95% of their baseline values, is tested as an adaptation strategy under a third scenario.
In all three scenarios, we test a recommended 10% reduction in yield of livestock caused by declines in
feed intake and availability.

Fig. 2: Mean yield change of major crops for the CSIRO and NCAR A2 Scenarios
Source: Authors’ plots from IFPRI (2009) projections.

4.

Results

The results based on the three scenarios are presented in Table 2. They show the effects of different climate scenarios on adoption rates for new technologies (economic feasibility of adaptation strategies),
and on potential income gains and losses, and poverty rates as a result of farm households switching
from system 1 to 2 under climate change. The results are disaggregated across the two strata of farms –
those with and those without access to irrigation; and aggregated for the entire farm population.
First, the results on the adoption rates for system 2 show in all three scenarios that farms with access to
irrigation have higher adoption rates than farms without irrigation access. The adoption rates for the
entire population of farms are 27%, 22% and 35% respectively for the CSIRO, NCAR and I&E irrigation
scenarios respectively. Therefore, availability of water for intensive and expanded irrigation following
climate change is expected to have a profound effect on the rate of adoption of system 2.
Next, net farm incomes are shown to be sensitive to climate change. The results of the percent gains,
losses and thus net losses by farms with and without irrigation access as a percentage of net mean farm
income mirror those of the adoption rates. As may be seen across all scenarios, farms with irrigation
access gain more but lose less due to climate change. The aggregate net losses are 14%, 21% and 26%
respectively under the I&E, CSIRO and NCAR scenarios respectively. This means, irrigation reduces the
6
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percentage of average, net farm income losses for the entire population of farms from 26% under the
NCAR scenario to 14% under the I&E scenario. As noted above, irrigation buffers farms from the negative effects of reduced precipitation on farm productivity.
Table 2: Climate simulation results across scenarios in the upper WVB in Ghana (A2: 2050)
Scenario/Stratum
Adoption Rate (%)

Gains (%)

Losses (%)

Net Loss (%)

CSIRO
Farms without Irrigation
Farms with Irrigation
All Farms

25.00
30.49
27.1

11.91
14.59
13.24

35.74
33.26
34.51

23.83
18.67
21.27

NCAR
Farms without Irrigation
Farms with Irrigation
All Farms

20.04
24.94
21.94

9.44
11.76
10.59

37.65
35.39
36.53

28.21
23.63
25.94

I&E Irrigation
Farms without Irrigation
Farms with Irrigation
All Farms

33.45
36.35
34.57

16.23
17.64
16.93

32.28
30.89
31.59

16.05
13.25
14.66

Notes: Gains, losses and net losses are expressed as a percentage of mean agricultural income in the base system.

In addition to the effects on income, we also estimate poverty rates (% of the farm population living on
less than s $1.00/day) due to climate change under the 3 scenarios at the disaggregated and aggregated
levels (Fig. 3a and b).

As expected, the different climate scenarios produce different poverty impacts on farms. The results
show that overall poverty rates under system 1, the base system are lower than those under system 2,
7
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the adapted system. Surprisingly, the I&E scenario has a less profound effect on the simulated poverty
rates than the SCIRO and NCAR scenarios. It appears that off-farm income will play an important supplementary role in reducing future poverty rates in the WVB.

5.

Conclusion

By assessing climate impacts at the farm household level, the study reveals that net farm incomes and
poverty rates are sensitive to climate change; with irrigated and rain-fed farms having different responses to climate change. Irrigation access appears to benefit the production of rain-fed crops either
directly via supplementary irrigation during drought events within the production season and indirectly
via increased financial access of farms with irrigation to obtain other yield-improving farm inputs. Since
surface water for irrigation is not available everywhere in the study area, it means future climate changes that result in reduced precipitation and high temperatures will negatively affect livelihood outcomes.
An important adaptation strategy for farmers and policy makers will be to introduce an I&E technology
to offset some of the negative climate change impacts on agricultural productivity, improve net farm
incomes and reduce poverty rates in the WVB.
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

YƵĂŶƚŝĨǇŝŶŐhŶĐĞƌƚĂŝŶƚŝĞƐŝŶDŽĚĞůŝŶŐƌŽƉ
tĂƚĞƌhƐĞƵŶĚĞƌůŝŵĂƚĞŚĂŶŐĞ
ĂŵŵĂƌĂŶŽϭ͕ZWZƂƚƚĞƌϮ͕^ƐƐĞŶŐϭ͕&ǁĞƌƚϯ͕ZŽƐĞŶǌǁĞŝŐϰ͕:t:ŽŶĞƐϭ͕:>,ĂƚĨŝĞůĚϱ͕ĂƐƐŽϲ͕ZƵͲ
ĂŶĞϰ͕<:ŽŽƚĞϳ͕WdŚŽƌďƵƌŶϴ͕EƌŝƐƐŽŶϵ͕ϭϬη͕WDĂƌƚƌĞϭϭ͕ϭϮ͕W<ŐŐĂƌǁĂůϭϯ͕ŶŐƵůŽϯ͕WĞƌƚƵǌǌŝϭϰ͕ŝĞƌͲ
ŶĂƚŚϭϱ͕:ŚĂůůŝŶŽƌϭϲ͕:ŽůƚƌĂϭϳ͕^'ĂǇůĞƌϭϴ͕Z'ŽůĚďĞƌŐϰ͕>,ĞŶŐϭϵ͕:,ŽŽŬĞƌϮϬ͕>,ƵŶƚϮϭ͕:/ŶŐǁĞƌƐĞŶϮϮ͕Z
/ǌĂƵƌƌĂůĚĞϮϯ͕<<ĞƌƐĞďĂƵŵϮϰ͕DƺůůĞƌϮϱ͕^EĂƌĞƐŚ<ƵŵĂƌϮϲ͕EĞŶĚĞůϮϰ͕'K͛>ĞĂƌǇϮϳ͕:KůĞƐĞŶϮϴ͕dD
KƐďŽƌŶĞϮϵ͕dWĂůŽƐƵŽϮ͕WƌŝĞƐĂĐŬϭϱ͕ZŝƉŽĐŚĞϭϰ͕D^ĞŵĞŶŽǀϯϬ͕/^ŚĐŚĞƌďĂŬϲ͕W^ƚĞĚƵƚŽϯϭ͕^ƚƂĐŬůĞϯϮ͕W
^ƚƌĂƚŽŶŽǀŝƚĐŚϯϬ͕d^ƚƌĞĐŬϮϮ͕/^ƵƉŝƚϯϯ͕&dĂŽϯϰ͕DdƌĂǀĂƐƐŽϯϱ͕<tĂŚĂϮϱ͕tĂůůĂĐŚϯϲ͕:ttŚŝƚĞϯϳ͕:ZtŝůͲ
ůŝĂŵƐϯϴ͕:tŽůĨϯϯ

ϭ
ŐƌŝĐƵůƚƵƌĂů Θ ŝŽůŽŐŝĐĂů ŶŐŝŶĞĞƌŝŶŐ ĞƉĂƌƚŵĞŶƚ͕ hŶŝǀĞƌƐŝƚǇ ŽĨ &ůŽƌŝĚĂ͕ 'ĂŝŶĞƐǀŝůůĞ͕ &> ϯϮϲϭϭ͕ h^͕
ĞŵĂŝů͗ĚĂǀŝĚĞ͘ĐĂŵŵĂƌĂŶŽΛƵĨů͘ĞĚƵΘƐĂƐƐĞŶŐΛƵĨů͘ĞĚƵΘũŝŵũΛƵĨů͘ĞĚƵ͕
Ϯ
WůĂŶƚ WƌŽĚƵĐƚŝŽŶ ZĞƐĞĂƌĐŚ͕ Ddd ŐƌŝĨŽŽĚ ZĞƐĞĂƌĐŚ &ŝŶůĂŶĚ͕ &/ͲϱϬϭϬϬ DŝŬŬĞůŝ͕ &ŝŶůĂŶĚ͕ ĞŵĂŝů͗
ƌĞŝŵƵŶĚ͘ƌŽƚƚĞƌΛŵƚƚ͘ĨŝΘƚĂƌƵ͘ƉĂůŽƐƵŽΛŵƚƚ͘Ĩŝ͕
ϯ
/ŶƐƚŝƚƵƚĞ ŽĨ ƌŽƉ ^ĐŝĞŶĐĞĂŶĚ ZĞƐŽƵƌĐĞ ŽŶƐĞƌǀĂƚŝŽŶ /EZ^͕ hŶŝǀĞƌƐŝƚćƚ ŽŶŶ͕ϱϯϭϭϱ͕'ĞƌŵĂŶǇ͕ĞŵĂŝů͗
ĨĞǁĞƌƚΛƵŶŝͲďŽŶŶ͘ĚĞΘŬůĂǀΛƵŶŝͲďŽŶŶ͘ĚĞ͕
ϰ
E^ 'ŽĚĚĂƌĚ /ŶƐƚŝƚƵƚĞ ĨŽƌ^ƉĂĐĞ ^ƚƵĚŝĞƐ͕ EĞǁzŽƌŬ͕ Ez ϭϬϬϮϱ͕ĞŵĂŝů͗ ĐǇŶƚŚŝĂ͘ƌŽƐĞŶǌǁĞŝŐΛŶĂƐĂ͘ŐŽǀ͕
ĂůĞǆĂŶĚĞƌ͘Đ͘ƌƵĂŶĞΛŶĂƐĂ͘ŐŽǀ͕
ϱ
EĂƚŝŽŶĂů >ĂďŽƌĂƚŽƌǇ ĨŽƌ ŐƌŝĐƵůƚƵƌĞ ĂŶĚ ŶǀŝƌŽŶŵĞŶƚ͕ ŵĞƐ͕ / ϱϬϬϭϭ͕ ĞŵĂŝů͗ ũĞƌͲ
ƌǇ͘ŚĂƚĨŝĞůĚΛĂƌƐ͘ƵƐĚĂ͘ŐŽǀ͕
ϲ
ĞƉĂƌƚŵĞŶƚ ŽĨ 'ĞŽůŽŐŝĐĂů ^ĐŝĞŶĐĞƐ ĂŶĚ t͘<͘ <ĞůůŽŐŐ ŝŽůŽŐŝĐĂů ^ƚĂƚŝŽŶ͕ DŝĐŚŝŐĂŶ ^ƚĂƚĞ hŶŝǀĞƌƐŝƚǇ ĂƐƚ
>ĂŶƐŝŶŐ͕DŝĐŚŝŐĂŶϰϴϴϮϯ͕h^͕ĞŵĂŝů͗ďĂƐƐŽΛŵƐƵ͘ĞĚƵ͕
ϳ
ĞƉĂƌƚŵĞŶƚ ŽĨ ŐƌŽŶŽŵǇ͕ hŶŝǀĞƌƐŝƚǇ ŽĨ &ůŽƌŝĚĂ͕ 'ĂŝŶĞƐǀŝůůĞ͕ &> ϯϮϲϭϭͲϬϱϬϬ͕ h^͕ ĞŵĂŝů͗
ŬũďŽŽƚĞΛƵĨů͘ĞĚƵ͕
ϴ
^/ZKĐŽƐǇƐƚĞŵ^ĐŝĞŶĐĞƐ͕ƵƚƚŽŶWĂƌŬY>ϰϭϬϮ͕ƵƐƚƌĂůŝĂ͕ĞŵĂŝů͗ƉĞƚĞƌ͘ƚŚŽƌďƵƌŶΛĐƐŝƌŽ͘ĂƵ͕
ϵ
/EZ͕hDZϬϮϭϭŐƌŽŶŽŵŝĞ͕&ͲϳϴϳϱϬdŚŝǀĞƌǀĂůͲ'ƌŝŐŶŽŶ͕&ƌĂŶĐĞ͕
ϭϬ
ŐƌŽWĂƌŝƐdĞĐŚ͕hDZϬϮϭϭŐƌŽŶŽŵŝĞ͕&ͲϳϴϳϱϬdŚŝǀĞƌǀĂůͲ'ƌŝŐŶŽŶ͕&ƌĂŶĐĞ͕
ϭϭ
/EZ͕ hDZϭϬϵϱ 'ĞŶĞƚŝĐ͕ ŝǀĞƌƐŝƚǇ ĂŶĚ ĐŽƉŚǇƐŝŽůŽŐǇ ŽĨ ĞƌĞƌĂůƐ ;'Ϳ͕ &ͲϲϯϭϬϬ ůĞƌŵŽŶƚͲ&ĞƌƌĂŶĚ͕
&ƌĂŶĐĞ͕ĞŵĂŝů͗ƉŝĞƌƌĞ͘ŵĂƌƚĞΛĐůĞƌŵŽŶƚ͘ŝŶƌĂ͘Ĩƌ͕
ϭϮ
ůĂŝƐĞWĂƐĐĂůhŶŝǀĞƌƐŝƚǇ͕hDZϭϬϵϱ'͕&ͲϲϯϭϳϬƵďŝğƌĞ͕&ƌĂŶĐĞ͕
ϭϯ
&^͕/tD/͕E^ŽŵƉůĞǆ͕W^DĂƌŐ͕EĞǁĞůŚŝϭϮ͕/ŶĚŝĂ͕ĞŵĂŝů͗ƉŬĂŐŐĂƌǁĂů͘ŝĂƌŝΛŐŵĂŝů͘ĐŽŵ͕
ϭϰ
/EZ͕ h^ϭϭϭϲ ŐƌŽůŝŵ͕&Ͳ ϴϰϵϭϰ ǀŝŐŶŽŶ͕ &ƌĂŶĐĞ͕ ĞŵĂŝů͗ ĚŽŵŝŶŝƋƵĞ͘ƌŝƉŽĐŚĞΛĂǀŝŐŶŽŶ͘ŝŶƌĂ͘Ĩƌ Θ ƉĂƚͲ
ƌŝĐŬ͘ďĞƌƚƵǌǌŝΛĂǀŝŐŶŽŶ͘ŝŶƌĂ͘Ĩƌ͕
ϭϱ
/ŶƐƚŝƚƵƚĞ ŽĨ ^Žŝů ĐŽůŽŐǇ͕ ,ĞůŵŚŽůƚǌ ĞŶƚƌƵŵ DƺŶĐŚĞŶ Ͳ 'ĞƌŵĂŶ ZĞƐĞĂƌĐŚ ĞŶƚĞƌ ĨŽƌ ŶǀŝƌŽŶŵĞŶƚĂů
,ĞĂůƚŚ͕ EĞƵŚĞƌďĞƌŐ͕ Ͳϴϱϳϲϰ͕ 'ĞƌŵĂŶǇ͕ ĞŵĂŝů͗ ƉƌŝĞƐĂĐŬΛŚĞůŵŚŽůƚǌͲŵƵĞŶĐŚĞŶ͘ĚĞ Θ ĐŚƌŝƐͲ
ƚŝĂŶ͘ďŝĞƌŶĂƚŚΛŚĞůŵŚŽůƚǌͲŵƵĞŶĐŚĞŶ͘ĚĞ͕
ϭϲ
/ŶƐƚŝƚƵƚĞ ĨŽƌ ůŝŵĂƚĞ ĂŶĚ ƚŵŽƐƉŚĞƌŝĐ ^ĐŝĞŶĐĞ͕ ^ĐŚŽŽů ŽĨ ĂƌƚŚ ĂŶĚ ŶǀŝƌŽŶŵĞŶƚ͕ hŶŝǀĞƌƐŝƚǇ ŽĨ >ĞĞĚƐ͕
>ĞĞĚƐ>^Ϯϵ:d͕h<͕ĞŵĂŝů͗Ă͘ũ͘ĐŚĂůůŝŶŽƌΛůĞĞĚƐ͘ĂĐ͘ƵŬ͕
ϭϳ
ŐƌŝĐƵůƚƵƌĂůZĞƐĞĂƌĐŚĂŶĚdƌĂŝŶŝŶŐĞŶƚƌĞ;/&Ϳ͕ĂŶƚĂďƌŝĂ'ŽǀĞƌŶŵĞŶƚ͕ϯϵϲϬϬDƵƌŝĞĚĂƐ͕^ƉĂŝŶ͕ĞŵĂŝů͗
ũŽƌĚŝĚŽůƚƌĂΛĐŝĨĂĐĂŶƚĂďƌŝĂ͘ŽƌŐ͕
ϭϴ
t^^ͲtĂƚĞƌ Θ ĂƌƚŚ ^ǇƐƚĞŵ ^ĐŝĞŶĐĞ ŽŵƉĞƚĞŶĐĞ ůƵƐƚĞƌ͕ hŶŝǀĞƌƐŝƚǇ ŽĨ dƺďŝŶŐĞŶ͕ ϳϮϳϬϳϰ dƺďŝŶŐĞŶ͕
ϭ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

'ĞƌŵĂŶǇ͕ĞŵĂŝů͗^ĞďĂƐƚŝĂŶ͘ŐĂǇůĞƌΛƵŶŝͲƚƵĞďŝŶŐĞŶ͘ĚĞ͕
ϭϵ
/͕sŝĞŶŶĂ͕ƵƐƚƌŝĂ͕ĞŵĂŝů͗>͘,ĞŶŐΛŝĂĞĂ͘ŽƌŐ͕
ϮϬ
ŐƌŝĐƵůƚƵƌĞĞƉĂƌƚŵĞŶƚ͕hŶŝǀĞƌƐŝƚǇŽĨZĞĂĚŝŶŐ͕ZĞĂĚŝŶŐ͕Z'ϲϲZ͕h<͕ĞŵĂŝů͗ũ͘ŚŽŽŬĞƌΛƌĞĂĚŝŶŐ͘ĂĐ͘ƵŬ͕
Ϯϭ
ĞƉĂƌƚŵĞŶƚ ŽĨ WůĂŶƚ ŐƌŝĐƵůƚƵƌĞ͕ hŶŝǀĞƌƐŝƚǇ ŽĨ 'ƵĞůƉŚ͕ 'ƵĞůƉŚ͕ KŶƚĂƌŝŽ͕ ĂŶĂĚĂ͕ Eϭ' Ϯtϭ͕ ĞŵĂŝů͗
ƚŚƵŶƚΛƵŽŐƵĞůƉŚ͘ĐĂ͕
ϮϮ
/ŶƐƚŝƚƵƚĞ ŽĨ ^Žŝů ^ĐŝĞŶĐĞ ĂŶĚ >ĂŶĚ ǀĂůƵĂƚŝŽŶ͕ hŶŝǀĞƌƐŝƚćƚ ,ŽŚĞŶŚĞŝŵ͕ ϳϬϱϵϵ ^ƚƵƚƚŐĂƌƚ͕ ĞŵĂŝů͗ ũŽĂͲ
ĐŚŝŵ͘ŝŶŐǁĞƌƐĞŶΛƵŶŝͲŚŽŚĞŶŚĞŝŵ͘ĚĞΘƚƐƚƌĞĐŬΛƵŶŝͲŚŽŚĞŶŚĞŝŵ͘ĚĞ͕
Ϯϯ
:ŽŝŶƚ 'ůŽďĂů ŚĂŶŐĞ ZĞƐĞĂƌĐŚ /ŶƐƚŝƚƵƚĞ͕ ŽůůĞŐĞ WĂƌŬ͕ D ϮϬϳϰϬ͕ h^͕ ĞŵĂŝů͗ ĐĞͲ
ƐĂƌ͘ŝǌĂƵƌƌĂůĚĞΛƉŶŶů͘ŐŽǀ͕
Ϯϰ
/ŶƐƚŝƚƵƚĞ ŽĨ >ĂŶĚƐĐĂƉĞ ^ǇƐƚĞŵƐ ŶĂůǇƐŝƐ͕ >ĞŝďŶŝǌ ĞŶƚƌĞ ĨŽƌ ŐƌŝĐƵůƚƵƌĂů >ĂŶĚƐĐĂƉĞ ZĞƐĞĂƌĐŚ͕ ϭϱϯϳϰ
DƺŶĐŚĞďĞƌŐ͕'ĞƌŵĂŶǇ͕ĞŵĂŝů͗ĐŬĞƌƐĞďĂƵŵΛǌĂůĨ͘ĚĞΘŶĞŶĚĞůΛǌĂůĨ͘ĚĞ͕
Ϯϱ
WŽƚƐĚĂŵ /ŶƐƚŝƚƵƚĞ ĨŽƌ ůŝŵĂƚĞ /ŵƉĂĐƚ ZĞƐĞĂƌĐŚ͕ ϭϰϰϳϯ WŽƚƐĚĂŵ͕ 'ĞƌŵĂŶǇ͕ ĞŵĂŝů͗ ĐŚƌŝƐͲ
ƚŽƉŚ͘ŵƵĞůůĞƌΛƉŝŬͲƉŽƚƐĚĂŵ͘ĚĞΘŬĂƚŚĂƌŝŶĂ͘ǁĂŚĂΛƉŝŬͲƉŽƐƚĚĂŵ͘ĚĞ͕
Ϯϲ
ŝǀŝƐŝŽŶ ŽĨ ŶǀŝƌŽŶŵĞŶƚĂů ^ĐŝĞŶĐĞƐ͕ /ŶĚŝĂŶ ŐƌŝĐƵůƚƵƌĂů ZĞƐĞĂƌĐŚ /ŶƐƚŝƚƵƚĞ͕ /Z/ Wh^͕ EĞǁ ĞůŚŝ ϭϭϬ
ϬϭϮ͕/ŶĚŝĂ͕ĞŵĂŝů͗ŶĂƌĞƐŚŬƵŵĂƌ͘ƐŽŽƌĂΛŐŵĂŝů͘ĐŽŵ͕
Ϯϳ
>ĂŶĚƐĐĂƉĞΘtĂƚĞƌ^ĐŝĞŶĐĞƐ͕ĞƉĂƌƚŵĞŶƚŽĨWƌŝŵĂƌǇ/ŶĚƵƐƚƌŝĞƐ͕,ŽƌƐŚĂŵϯϰϬϬ͕ƵƐƚƌĂůŝĂ͕ĞŵĂŝů͗ŐĂƌͲ
ƌǇ͘KΖůĞĂƌǇΛĚƉŝ͘ǀŝĐ͘ŐŽǀ͘ĂƵ͕
Ϯϴ
ĞƉĂƌƚŵĞŶƚ ŽĨ ŐƌŽĞĐŽůŽŐǇ Ͳ ůŝŵĂƚĞ ĂŶĚ ŝŽĞŶĞƌŐǇ͕ ϴϴϯϬ͕ dũĞůĞ͕ ĞŶŵĂƌŬ͕ ĞŵĂŝů͗
ũŽƌŐĞŶĞ͘ŽůĞƐĞŶΛĂŐƌƐĐŝ͘ĚŬ͕
Ϯϵ
ĞƉĂƌƚŵĞŶƚ ŽĨ DĞƚĞŽƌŽůŽŐǇ͕ hŶŝǀĞƌƐŝƚǇ ŽĨ ZĞĂĚŝŶŐ͕ ZĞĂĚŝŶŐ͕ Z'ϲ ϱYt͕ h<͕ ĞŵĂŝů͗
ƚ͘ŵ͘ŽƐďŽƌŶĞΛƌĞĂĚŝŶŐ͘ĂĐ͘ƵŬ͕
ϯϬ
ŽŵƉƵƚĂƚŝŽŶĂů ĂŶĚ ^ǇƐƚĞŵƐ ŝŽůŽŐǇ ĞƉĂƌƚŵĞŶƚ͕ ZŽƚŚĂŵƐƚĞĚ ZĞƐĞĂƌĐŚ͕ ,ĂƌƉĞŶĚĞŶ͕ ,ĞƌƚƐ͕ >ϱ Ϯ:Y͕
h<͕ĞŵĂŝů͗ŵŝŬŚĂŝů͘ƐĞŵĞŶŽǀΛďďƐƌĐ͘ĂĐ͘ƵŬ͕
ϯϭ
&K͕ZŽŵĞ͕/ƚĂůǇ͕ĞŵĂŝů͗WĂƐƋƵĂůĞ͘^ƚĞĚƵƚŽΛĨĂŽ͘ŽƌŐ͕
ϯϮ
ŝŽůŽŐŝĐĂů ^ǇƐƚĞŵƐ ŶŐŝŶĞĞƌŝŶŐ͕ tĂƐŚŝŶŐƚŽŶ ^ƚĂƚĞ hŶŝǀĞƌƐŝƚǇ͕ WƵůůŵĂŶ͕ t ϵϵϭϲϰͲϲϭϮϬ͕ ĞŵĂŝů͗ ƐƚŽĐŬͲ
ůĞΛǁƐƵ͘ĞĚƵ͕
ϯϯ
WůĂŶƚ WƌŽĚƵĐƚŝŽŶ ^ǇƐƚĞŵƐ Θ ĂƌƚŚ ^ǇƐƚĞŵ ^ĐŝĞŶĐĞͲůŝŵĂƚĞ ŚĂŶŐĞ͕ tĂŐĞŶŝŶŐĞŶ hŶŝǀĞƌƐŝƚǇ͕ ϲϳϬϬ
tĂŐĞŶŝŶŐĞŶ͕dŚĞEĞƚŚĞƌůĂŶĚƐ͕ĞŵĂŝů͗ũŽŽƐƚ͘ǁŽůĨΛǁƵƌ͘ŶůΘŝǁĂŶ͘ƐƵƉŝƚΛǁƵƌ͘Ŷů͕
ϯϰ
/ŶƐƚŝƚƵƚĞŽĨ'ĞŽŐƌĂƉŚŝĐĂů^ĐŝĞŶĐĞƐĂŶĚEĂƚƵƌĂůZĞƐŽƵƌĐĞƐZĞƐĞĂƌĐŚ͕ŚŝŶĞƐĞĐĂĚĞŵǇŽĨ^ĐŝĞŶĐĞ͕ĞŝũŝŶŐ
ϭϬϬϭϬϭ͕ŚŝŶĂ͕ĞŵĂŝů͗ƚĂŽĨůΛŝŐƐŶƌƌ͘ĂĐ͘ĐŶ͕
ϯϱ
/ŶƐƚŝƚƵƚĞ ĨŽƌ ůŝŵĂƚĞ ĂŶĚ tĂƚĞƌ͕ /EdͲ/ZE͕ ϭϳϭϮ ĂƐƚĞůĂƌ͕ ƌŐĞŶƚŝŶĂ͕ ĞŵĂŝů͗ ŵƚƌĂǀĂƐͲ
ƐŽΛĐŶŝĂ͘ŝŶƚĂ͘ŐŽǀ͘Ăƌ͕
ϯϲ
/EZ͕ hDZ ϭϮϰϴ ŐƌŽƐǇƐƚğŵĞƐ Ğƚ ĚĠǀĞůŽƉƉĞŵĞŶƚ ƚĞƌƌŝƚŽƌŝĂů ;'/ZͿ͕ ϯϭϯϮϲ ĂƐƚĂŶĞƚͲdŽůŽƐĂŶ ĞĚĞǆ͕
&ƌĂŶĐĞ͕ĞŵĂŝů͗ĚĂŶŝĞů͘ǁĂůůĂĐŚΛƚŽƵůŽƵƐĞ͘ŝŶƌĂ͘Ĩƌ͕
ϯϳ
ƌŝĚͲ>ĂŶĚŐƌŝĐƵůƚƵƌĂůZĞƐĞĂƌĐŚĞŶƚĞƌ͕DĂƌŝĐŽƉĂ͕ϴϱϭϯϴ͕h^͕ĞŵĂŝů͗ũĞĨĨƌĞǇ͘ǁŚŝƚĞΛĂƌƐ͘ƵƐĚĂ͘ŐŽǀ͕
ϯϴ
dĞǆĂƐΘDhŶŝǀĞƌƐŝƚǇ͕h^͕ũǁŝůůŝĂŵƐΛďƌĐ͘ƚĂŵƵƐ͘ĞĚƵ͘
η
dŚĞĂƵƚŚŽƌƐƌĞŐƌĞƚƌ͘EĂĚŝŶĞƌŝƐƐŽŶƉĂƐƐŝŶŐĂǁĂǇĚƵƌŝŶŐƚŚĞƐƚƵĚǇŝŶϮϬϭϭ͘
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

ďƐƚƌĂĐƚͶ/ŶƚŚŝƐƐƚƵĚǇ͕ǁĞƉƌĞƐĞŶƚĂŶŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶŽĨϮϲǁŚĞĂƚĐƌŽƉƐŝŵƵůĂƚŝŽŶŵŽĚĞůƐ
ĂŝŵĞĚĂƚƋƵĂŶƚŝĨǇŝŶŐƵŶĐĞƌƚĂŝŶƚŝĞƐŝŶŵŽĚĞůŝŶŐǁĂƚĞƌƵƐĞƵŶĚĞƌĐůŝŵĂƚĞĐŚĂŶŐĞ͘tĞƵƐĞĚ
ĨŝĞůĚĞǆƉĞƌŝŵĞŶƚĂůĚĂƚĂĨƌŽŵĨŽƵƌĐŽŶƚƌĂƐƚŝŶŐƐŝƚĞƐ͕ůŽĐĂƚĞĚŝŶƚŚĞEĞƚŚĞƌůĂŶĚƐ͕/ŶĚŝĂ͕
ƌŐĞŶƚŝŶĂ͕ĂŶĚƵƐƚƌĂůŝĂ͕ƚŽƌĞƉƌĞƐĞŶƚĂǁŝĚĞƌĂŶŐĞŽĨŐƌŽǁŝŶŐĐŽŶĚŝƚŝŽŶƐŽĨǁŚĞĂƚ͘ŶϮͲ
ϮϬϰϬͲϮϬϲϵ;DŝĚͲĞŶƚƵƌǇͿƐĐĞŶĂƌŝŽǁĂƐƵƐĞĚǁŝƚŚϭϲĚŝĨĨĞƌĞŶƚ'ĞŶĞƌĂůŝƌĐƵůĂƚŝŽŶDŽĚĞůƐ
;'DͿ͘&ŽƌĞĂĐŚ'DƚŚĞϮϬϱϬƐƉĞƌŝŽĚǁĂƐĐŽŵƉĂƌĞĚƚŽƚŚĞďĂƐĞůŝŶĞƉĞƌŝŽĚ͘ŽŵŵŽŶůǇ
ƵƐĞĚĚĞůƚĂĐŚĂŶŐĞƐǁĞƌĞƚŚĞŶĂƉƉůŝĞĚƚŽƚŚĞŽďƐĞƌǀĞĚϯϬͲǇĞĂƌďĂƐĞůŝŶĞĂƚĞĂĐŚůŽĐĂƚŝŽŶŽŶĂ
ŵŽŶƚŚůǇďĂƐŝƐ͕ŝŶŽƌĚĞƌƚŽŽďƚĂŝŶŝŶƉƵƚĚĂƚĂŽŶĨƵƚƵƌĞĐůŝŵĂƚĞ͘ZĞƐƵůƚƐŽĨƚŚŝƐƐƚƵĚǇƐŚŽǁƚŚĂƚ
ƚŚĞǀĂƌŝĂďŝůŝƚǇŝŶƐŝŵƵůĂƚĞĚǁĂƚĞƌƵƐĞǁĂƐƐŝŵŝůĂƌĨŽƌďĂƐĞůŝŶĞĂŶĚĨƵƚƵƌĞĐůŝŵĂƚĞ;ďŽƚŚŚĂǀĞĂ
ĐŽĞĨĨŝĐŝĞŶƚŽĨǀĂƌŝĂƚŝŽŶŽĨϭϴйͿ͕ĚĞƐƉŝƚĞƚŚĞĨĂĐƚƚŚĂƚƚŚĞǀĂƌŝĂďŝůŝƚǇŝŶƚŚĞĨƵƚƵƌĞƐŝŵƵůĂƚŝŽŶƐ
ĐŽŵĞƐĨƌŽŵǀĂƌŝĂďŝůŝƚǇŝŶďŽƚŚƚŚĞĐƌŽƉŵŽĚĞůƐĂŶĚƚŚĞ'DƐ͘dŚĞǀĂƌŝĂďŝůŝƚǇďĞƚǁĞĞŶ'DƐ
ĐŽŶƚƌŝďƵƚĞĚůŝƚƚůĞƚŽƚŚĞŽǀĞƌĂůůǀĂƌŝĂďŝůŝƚǇ͕ŶŽĚŽƵďƚƌĞůĂƚĞĚƚŽƵƐĞŽĨƚŚĞĚĞůƚĂŵĞƚŚŽĚ͘ϳϴй
ŽĨƚŚĞƵŶĐĞƌƚĂŝŶƚǇŝŶĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚĐŽŵĞƐĨƌŽŵǀĂƌŝĂďŝůŝƚǇĂŵŽŶŐĐƌŽƉŵŽĚĞůƐĂŶĚ
ϭϱйĨƌŽŵ'D͛ƐĂŶĚƚŚĞƌĞŵĂŝŶĚĞƌĨƌŽŵŝŶƚĞƌĂĐƚŝŽŶďĞƚǁĞĞŶĐƌŽƉŵŽĚĞůƐĂŶĚ'DƐ͘
/ŶĚĞǆdĞƌŵƐͶƌŽƉƐŝŵƵůĂƚŝŽŶŵŽĚĞůƐ͕ĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ͕ƵŶĐĞƌƚĂŝŶƚǇ͕ǁŚĞĂƚ͘
ͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶ

ϭ

/ŶƚƌŽĚƵĐƚŝŽŶ

ƚŐůŽďĂůƐĐĂůĞ͕ĂŐƌŝĐƵůƚƵƌĞŝƐƚŚĞůĂƌŐĞƐƚƵƐĞƌŽĨǁĂƚĞƌ͘ďŽƵƚϳϬйŽĨƚŚĞǁŽƌůĚ͛ƐĨƌĞƐŚǁĂƚĞƌǁŝƚŚĚƌĂǁĂůƐ
ĂƌĞ ƵƐĞĚ ĨŽƌ ŝƌƌŝŐĂƚŝŽŶ ƉƵƌƉŽƐĞƐ͘ &ƵƚƵƌĞ ŐƌŽǁŝŶŐ ƉŽƉƵůĂƚŝŽŶƐ͕ ƵƌďĂŶŝǌĂƚŝŽŶĂŶĚŝŶĚƵƐƚƌŝĂůŝǌĂƚŝŽŶ ǁŝůů ŝŶͲ
ĐƌĞĂƐŝŶŐůǇ ĐŽŵƉĞƚĞ ĨŽƌ ƚŚŝƐ ǁĂƚĞƌ ;,ŽǁĞůů͕ ϮϬϬϭͿ͘ /Ŷ ƌĂŝŶĨĞĚ ĂŐƌŝĐƵůƚƵƌĂů ƐǇƐƚĞŵƐ͕ ǁŚĞƌĞ ĐƌŽƉƐ ƌĞůǇ ŽŶ
ƉƌĞĐŝƉŝƚĂƚŝŽŶŽŶůǇ͕ĨƵƚƵƌĞĐŚĂŶŐĞƐŝŶƌĂŝŶĨĂůůƉĂƚƚĞƌŶƐ͕ǁŚŝĐŚĐĂŶďĞĐŽŵĞŵŽƌĞĨĂǀŽƌĂďůĞŽƌƵŶĨĂǀŽƌĂďůĞ͕
ŝŶĐŽŶũƵŶĐƚŝŽŶǁŝƚŚǁĂƌŵŝŶŐĂŶĚĞŶŚĂŶĐĞĚĂƚŵŽƐƉŚĞƌŝĐKϮĐŽŶĐĞŶƚƌĂƚŝŽŶƐǁŝůůĂĨĨĞĐƚĐƌŽƉƉƌŽĚƵĐƚŝŽŶ
ƉŽƐŝƚŝǀĞůǇŽƌŶĞŐĂƚŝǀĞůǇ͕ĚĞƉĞŶĚŝŶŐŽŶƚŚĞŝƌŐĞŽŐƌĂƉŚŝĐĂůůŽĐĂƚŝŽŶ;ZƂƚƚĞƌĂŶĚǀĂŶĚĞ'ĞŝũŶ͕ϭϵϵϵ͖EĞůƐŽŶ
ĞƚĂů͕͘ϮϬϭϬͿ͘DŽƌĞŐĞŶĞƌĂůůǇ͕ĂƐŐůŽďĂůĨŽŽĚĚĞŵĂŶĚǁŝůůĂƉƉƌŽǆŝŵĂƚĞůǇĚŽƵďůĞďǇϮϬϱϬ;dŝůŵĂŶĞƚĂů͕͘
ϮϬϭϭͿĂŶĚǁĂƚĞƌŝƐŐĞƚƚŝŶŐĂƐĐĂƌĐĞƌƌĞƐŽƵƌĐĞ;^ŝĞďĞƌƚΘƂůů͕ϮϬϭϬͿ͕ŝƚŝƐŝŵƉŽƌƚĂŶƚƚŽĞƐƚŝŵĂƚĞƚŚĞĐƌŽƉ
ǁĂƚĞƌƵƐĞƵŶĚĞƌĐƵƌƌĞŶƚĂŶĚĨƵƚƵƌĞĐůŝŵĂƚŝĐĐŽŶĚŝƚŝŽŶƐ͘dŚŝƐŝƐƚŽŝŶĐƌĞĂƐĞƵŶĚĞƌƐƚĂŶĚŝŶŐŽĨŚŽǁŵƵĐŚ
ǁĂƚĞƌŝƐŶĞĞĚĞĚƚŽƉƌŽĚƵĐĞĂĐĞƌƚĂŝŶĂŵŽƵŶƚŽĨĨŽŽĚ͘ƌŽƉƐŝŵƵůĂƚŝŽŶŵŽĚĞůƐ;^DƐͿĂƌĞŝŶĐƌĞĂƐŝŶŐůǇ
ĂƉƉůŝĞĚ ŝŶ ĂƐƐĞƐƐŝŶŐ ĂŐƌŝĐƵůƚƵƌĂů ŝŵƉĂĐƚƐ ŽĨ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ;ŶŐƵůŽ Ğƚ Ăů͕͘ ϮϬϭϯ͖ KƐďŽƌŶĞ Ğƚ Ăů͖ ϮϬϭϯ͖
tŚŝƚĞĞƚĂů͕͘ϮϬϭϭͿ͘^DƐƚĂŬĞŝŶƚŽĂĐĐŽƵŶƚŵƵůƚŝƉůĞŝŶƚĞƌĂĐƚŝŽŶƐďĞƚǁĞĞŶĐůŝŵĂƚĞ͕ĐƌŽƉ͕ƐŽŝůĂŶĚŵĂŶͲ
ĂŐĞŵĞŶƚ͕ďƵƚƚŚĞƵŶĐĞƌƚĂŝŶƚŝĞƐŽĨďŽƚŚƐŝŵƵůĂƚĞĚǇŝĞůĚĂŶĚǁĂƚĞƌƵƐĞĚƵĞƚŽŝŵƉĞƌĨĞĐƚĐƌŽƉŵŽĚĞůƐŚĂǀĞ
ƌĂƌĞůǇďĞĞŶƋƵĂŶƚŝĨŝĞĚ͘hŶĐĞƌƚĂŝŶƚŝĞƐŚĂǀĞďĞĞŶƐƚƵĚŝĞĚŝŶĐůŝŵĂƚĞƐĐŝĞŶĐĞƵƐŝŶŐƉƌŽďĂďŝůŝƐƚŝĐƉƌŽũĞĐƚŝŽŶƐ
ďĂƐĞĚ ŽŶ ŐůŽďĂů ĂŶĚ ƌĞŐŝŽŶĂů ĐůŝŵĂƚĞ ŵŽĚĞů ĞŶƐĞŵďůĞƐ ;DĞĂƌŶƐ Ğƚ Ăů͕͘ ϭϵϵϳ͖ dĞďĂůĚŝ Θ <ŶƵƚƚŝ͕ ϮϬϬϳͿ͘
,ŽǁĞǀĞƌ͕ĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚƐƚƵĚŝĞƐŚĂǀĞŽĨƚĞŶƵƐĞĚƐŝŶŐůĞĐƌŽƉŵŽĚĞůƐ;tŚŝƚĞĂů͕͘ϮϬϭϭͿ͕ǁŚŝĐŚĚŽ
ŶŽƚĂůůŽǁĂŶǇƋƵĂŶƚŝĨŝĐĂƚŝŽŶŽĨĐƌŽƉŵŽĚĞůƵŶĐĞƌƚĂŝŶƚǇ͘dŽŽǀĞƌĐŽŵĞƚŚŝƐƐŚŽƌƚͲĐŽŵŝŶŐ͕ƚŚĞƵƐĞŽĨŵƵůƚŝͲ
ĐƌŽƉ ŵŽĚĞů ƐŝŵƵůĂƚŝŽŶƐ ŚĂƐ ďĞĞŶ ƐƵŐŐĞƐƚĞĚ ;ZƂƚƚĞƌ Ğƚ Ăů͘ ϮϬϭϭͿ͘ dŚŝƐ ŝƐ Ă ĐƌŝƚŝĐĂů ƉŽŝŶƚ ďĞĐĂƵƐĞ ^DƐ
ĚŝĨĨĞƌŝŶƚŚĞǁĂǇƚŚĞǇƐŝŵƵůĂƚĞƐŽŝůͲƉůĂŶƚͲĂƚŵŽƐƉŚĞƌĞƉƌŽĐĞƐƐĞƐ ĂŶĚ ŝŶƚŚĞ ŶƵŵďĞƌŽĨ ƉĂƌĂŵĞƚĞƌƐĂŶĚ
ŝŶƉƵƚƐ ƌĞƋƵŝƌĞĚ͘ ZĞĐĞŶƚůǇ͕ WĂůŽƐƵŽ Ğƚ Ăů͘ ;ϮϬϭϭͿ ƌĞƉŽƌƚĞĚ ůĂƌŐĞ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ƐŝŵƵůĂƚŝŽŶƐ ŽĨ ŐƌĂŝŶ ǇŝĞůĚ
ϯ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

ďĞƚǁĞĞŶ^DƐ͕ďƵƚŶŽĐŽŵƉĂƌŝƐŽŶǁĂƐŵĂĚĞĨŽƌĐƌŽƉǁĂƚĞƌƵƐĞ͘tŝůƚƐŚŝƌĞĞƚĂů͘;ϮϬϭϯͿƵƐĞĚĂŶĞŶƐĞŵͲ
ďůĞŽĨĐůŝŵĂƚĞƐŝŵƵůĂƚŝŽŶƐƚŽƐƚƵĚǇƚŚĞŝŵƉůŝĐĂƚŝŽŶƐŽĨĐŚĂŶŐĞƐŝŶĐůŝŵĂƚĞŽŶĨŽŽĚĂŶĚǁĂƚĞƌĂǀĂŝůĂďŝůŝƚǇ
Ăƚ Ă ŐůŽďĂů ůĞǀĞů͘ WƌĞǀŝŽƵƐ ƐƚƵĚŝĞƐ ŽĨ ŵŽĚĞů ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶ ŚĂǀĞ ƐŚŽǁĞĚ ƚŚĂƚ ƚŚĞ ĚŝĨĨĞƌĞŶƚ ƉŽƚĞŶƚŝĂů
ĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ ĨŽƌŵƵůĂĞ ǇŝĞůĚ ƐŝŐŶŝĨŝĐĂŶƚ ĚŝĨĨĞƌĞŶĐĞƐ ďĞĐĂƵƐĞ ŽĨ ƚŚĞŝƌ ƐĞŶƐŝƚŝǀŝƚŝĞƐ ƚŽ ƚĞŵƉĞƌĂƚƵƌĞ
ĂŶĚŽƚŚĞƌĐůŝŵĂƚĞŝŶƉƵƚƐ;DĐ<ĞŶŶĞǇĂŶĚZŽƐĞŶďĞƌŐ͕ϭϵϵϯͿ͘WŽƚĞŶƚŝĂůĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶŝƐƚŚĞĨŝƌƐƚƐƚĞƉ
ƵƐĞĚďǇĐƌŽƉŵŽĚĞůƐƚŽƐŝŵƵůĂƚĞƚŚĞǁĂƚĞƌďĂůĂŶĐĞŝŶĂĐƌŽƉ͘ĐƚƵĂůĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶĚŝĨĨĞƌĨƌŽŵƚŚĞ
ƉŽƚĞŶƚŝĂůŽŶĞŝŶŵĂŶǇƐŝƚƵĂƚŝŽŶƐǁŚĞŶƚŚĞƐŽŝůŵŽŝƐƚƵƌĞŝƐůŝŵŝƚŝŶŐ͕ŽƌǁŚĞƌĞǀĞŐĞƚĂƚŝŽŶĨĞĂƚƵƌĞƐĚŝĨĨĞƌ
ĨƌŽŵƚŚŽƐĞƵƐĞĚĨŽƌƚŚĞĚĞĨŝŶŝƚŝŽŶŽĨƚŚĞƉŽƚĞŶƚŝĂůĞǀƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ͘dŚĞƌĞĨŽƌĞ͕ƐŝŐŶŝĨŝĐĂŶƚĚŝĨĨĞƌĞŶĐĞƐŝŶ
ƉŽƚĞŶƚŝĂůĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶƐŝŵƵůĂƚŝŽŶƐĐĂŶďĞƌĞĨůĞĐƚĞĚŝŶƚŚĞƐŝŵƵůĂƚŝŽŶŽĨĂĐƚƵĂůĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ͘
ZƂƚƚĞƌĞƚĂů͘;ϮϬϭϮͿƐŚŽǁĞĚƚŚĂƚƚŚĞƌĞŝƐƵŶĐĞƌƚĂŝŶƚǇŝŶƐŝŵƵůĂƚŝŽŶŽĨĂĐƚƵĂůĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ͘dŚĞŶĞĞĚ
ĨŽƌ Ă ĐŽŽƌĚŝŶĂƚĞĚ ĞĨĨŽƌƚ ŝŶ ĂƐƐĞƐƐŝŶŐ ƵŶĐĞƌƚĂŝŶƚǇ ŝŶ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚ ƉƌŽũĞĐƚŝŽŶƐŽŶ ĐƌŽƉ ƉƌŽĚƵĐͲ
ƚŝŽŶ͕ĂŶĚĐŽŶƚƌŝďƵƚŝŶŐƚŚĞƐĞƚŽĐůŝŵĂƚĞĂŶĚĐƌŽƉŵŽĚĞůƐŚĂƐďĞĞŶƌĞĐŽŐŶŝǌĞĚďǇƚŚĞŐƌŝĐƵůƚƵƌĂůDŽĚĞů
/ŶƚĞƌĐŽŵƉĂƌŝƐŽŶĂŶĚ/ŵƉƌŽǀĞŵĞŶƚWƌŽũĞĐƚ;ŐD/W͖ǁǁǁ͘ĂŐŵŝƉ͘ŽƌŐ͕ZŽƐĞŶǌǁĞŝŐĞƚĂů͕͘ϮϬϭϯͿ͘
dŚĞƌĞĨŽƌĞ͕ǁĞĂŶĂůǇǌĞĚĚŝĨĨĞƌĞŶĐĞƐĂŵŽŶŐŵŽĚĞůƐ;ŝͿĚƵĞƚŽƚŚĞĐĂůĐƵůĂƚŝŽŶŽĨƌĞĨĞƌĞŶĐĞd͕;ŝŝͿĚƵĞƚŽ
ƚŚĞ ƉĂƌƚŝƚŝŽŶŝŶŐ ŽĨ ƐŝŵƵůĂƚĞĚ d ďĞƚǁĞĞŶ ƐŽŝů ĞǀĂƉŽƌĂƚŝŽŶ ĂŶĚ ƉůĂŶƚ ƚƌĂŶƐƉŝƌĂƚŝŽŶ͕ ;ŝŝŝͿ ǁŝƚŚ ƌĞƐƉĞĐƚ ƚŽ
ƚŚĞǁŝƚŚŝŶͲƐĞĂƐŽŶǀĂƌŝĂďŝůŝƚǇŽĨd͕ĂŶĚ;ŝǀͿĨŽƌƚŚĞƐŝŵƵůĂƚĞĚŝŵƉĂĐƚŽŶdƵŶĚĞƌĨƵƚƵƌĞĐůŝŵĂƚŝĐĐŽŶĚŝͲ
ƚŝŽŶƐ͘

Ϯ

DĂƚĞƌŝĂůƐĂŶĚDĞƚŚŽĚƐ


dǁĞŶƚǇƐŝǆĚŝĨĨĞƌĞŶƚǁŚĞĂƚĐƌŽƉƐŝŵƵůĂƚŝŽŶŵŽĚĞůƐǁĞƌĞƵƐĞĚ͘/ŶŵŽƐƚĐĂƐĞƐƚŚĞŐƌŽƵƉƚŚĂƚĚĞǀĞůŽƉĞĚ
ƚŚĞŵŽĚĞůĐĂƌƌŝĞĚŽƵƚƚŚĞŵŽĚĞůƐŝŵƵůĂƚŝŽŶƐ͘dŚĞŵŽĚĞůƐǀĂƌŝĞĚŝŶƚŚĞŝƌƐƚƌƵĐƚƵƌĞ͕ĐŽŵƉůĞǆŝƚǇĂŶĚĨƵŶĐͲ
ƚŝŽŶĂůŝƚǇ͘^ŝŵƵůĂƚŝŽŶƐǁĞƌĞĐĂƌƌŝĞĚŽƵƚĨŽƌƐŝŶŐůĞƚƌĞĂƚŵĞŶƚĞǆƉĞƌŝŵĞŶƚƐůŽĐĂƚĞĚĂƚĨŽƵƌĐŽŶƚƌĂƐƚŝŶŐƐŝƚĞƐ
ŝŶƚŚĞEĞƚŚĞƌůĂŶĚƐ;tĂŐĞŶŝŶŐĞŶͿ͕/ŶĚŝĂ;EĞǁĞůŚŝͿ͕ƌŐĞŶƚŝŶĂ;ĂůĐĂƌĐĞͿ͕ĂŶĚƵƐƚƌĂůŝĂ;tŽŶŐĂŶ,ŝůůƐͿ͘
dŚĞ ůŽĐĂƚŝŽŶƐ ǁĞƌĞ ĐŚŽƐĞŶ ƚŽ ƌĞƉƌĞƐĞŶƚ Ă ǁŝĚĞ ƌĂŶŐĞ ŽĨ ŐƌŽǁŝŶŐ ĐŽŶĚŝƚŝŽŶƐ ŽĨ ǁŚĞĂƚ ;ƐƐĞŶŐ Ğƚ Ăů͕͘
ϮϬϭϯͿ͘ dŚĞ ϯϬͲǇĞĂƌƐ ĂǀĞƌĂŐĞƐ ŽĨ ƚŚĞ ŐƌŽǁŝŶŐ ƐĞĂƐŽŶ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶĚ ƉƌĞĐŝƉŝƚĂƚŝŽŶ ǁĞƌĞ ϴ͘ϱ Σ͕ ϭϮΣ͕
ϭϴ͘ϵΣ͕ϭϲ͘ϮΣ͕ĂŶĚϳϭϲŵŵ͕ϯϵϱŵŵ͕ϰϲϳŵŵ͕Ϯϰϲŵŵ͕ĨŽƌƚŚĞEĞƚŚĞƌůĂŶĚƐ͕ƌŐĞŶƚŝŶĂ͕/ŶĚŝĂ͕ĂŶĚƵƐͲ
ƚƌĂůŝĂ͕ƌĞƐƉĞĐƚŝǀĞůǇ͘&Žƌ/ŶĚŝĂƚŚĞϰϲϳŵŵǁĞƌĞĂƉƉůŝĞĚĂƐŝƌƌŝŐĂƚŝŽŶĂƐƚŚĞŐƌŽǁŝŶŐƐĞĂƐŽŶƌĂŝŶĨĂůůŝƐŶĞŐͲ
ůŝŐŝďůĞ͘dŚĞƌĞĨĞƌĞŶĐĞd;dϬͿǁĂƐĐĂůĐƵůĂƚĞĚĨŽƌƚŚĞϰƐŝƚĞƐƵƐŝŶŐƚŚĞƐƚĂŶĚĂƌĚ&KĂƉƉƌŽĂĐŚĨŽƌƚŚĞĞǆͲ
ƉĞƌŝŵĞŶƚĂůǇĞĂƌƐ ƵƐĞĚ ŝŶƚŚŝƐ ƐƚƵĚǇ ;ůůĞŶĞƚ Ăů͕͘ϭϵϵϴͿ͘ dŚĞ dϬ ǁĂƐ ϴϯϳŵŵ ĨŽƌ ƚŚĞ EĞƚŚĞƌůĂŶĚƐ͕ ϱϯϮ
ŵŵĨŽƌƌŐĞŶƚŝŶĂ͕ϳϳϯŵŵĨŽƌ/ŶĚŝĂ͕ĂŶĚϲϴϵŵŵĨŽƌƵƐƚƌĂůŝĂ͘dŚĞĚĂƚĂƉƌŽǀŝĚĞĚƚŽƚŚĞŵŽĚĞůĞƌƐǁĞƌĞ
ƐŽŝůĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ͕ŝŶŝƚŝĂůƐŽŝůǁĂƚĞƌĂŶĚƐŽŝůEĐŽŶƚĞŶƚƐ͕ĂŶĚĐƌŽƉŵĂŶĂŐĞŵĞŶƚ;EĨĞƌƚŝůŝǌĞƌĂƉƉůŝĐĂƚŝŽŶ͕
ϰ
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ŝƌƌŝŐĂƚŝŽŶ͕ ĂŶĚ ƐŽǁŝŶŐͿ͘ &Žƌ ƚŚĞ ďĂƐĞůŝŶĞ͕ ůŽĐĂƚŝŽŶͲƐƉĞĐŝĨŝĐ ĚĂŝůǇ ĐůŝŵĂƚĞ ĚĂƚĂ ĨŽƌ ƚŚĞ ƉĞƌŝŽĚ ϭϵϴϭͲϮϬϭϬ
ǁĞƌĞƵƐĞĚĨŽƌĞĂĐŚůŽĐĂƚŝŽŶ͘&Žƌ/ŶĚŝĂ͕ƐŽůĂƌƌĂĚŝĂƚŝŽŶǁĂƐŽďƚĂŝŶĞĚĨƌŽŵƚŚĞE^WKtZ;^ƚĂĐŬŚŽƵƐĞ͕
ϮϬϭϬͿĚĂƚĂƐĞƚƚŚĂƚĞǆƚĞŶĚƐďĂĐŬƚŽϭϵϴϯ͘DŝƐƐŝŶŐĚĂƚĂĨŽƌϭϵϴϭƚŽϭϵϴϯǁĞƌĞĨŝůůĞĚƵƐŝŶŐƚŚĞtĞĂƚŚĞƌͲ
ŵĂŶƚŽŽůŝŶĐůƵĚĞĚŝŶ^^dϰ͘ϱ;,ŽŽŐĞŶďŽŽŵĞƚĂů͕͘ϮϬϭϬͿ͘/ŶĂĚĚŝƚŝŽŶ͕ϮͲŵĞƚĞƌǁŝŶĚƐƉĞĞĚ;ŵƐͲϭͿ͕ĚĞǁ
ƉŽŝŶƚƚĞŵƉĞƌĂƚƵƌĞ;ΣͿ͕ǀĂƉŽƌƉƌĞƐƐƵƌĞ;ŚWĂͿ͕ĂŶĚƌĞůĂƚŝǀĞŚƵŵŝĚŝƚǇ;йͿǁĞƌĞĞƐƚŝŵĂƚĞĚĨŽƌĞĂĐŚůŽĐĂƚŝŽŶ
ĨƌŽŵƚŚĞE^DŽĚĞƌŶƌĂZĞƚƌŽƐƉĞĐƚŝǀĞͲŶĂůǇƐŝƐĨŽƌZĞƐĞĂƌĐŚĂŶĚƉƉůŝĐĂƚŝŽŶƐ;DZZͿ͘dŚĞŵŽĚĞůƐ
ǁĞƌĞĐĂůŝďƌĂƚĞĚƵƐŝŶŐĂŶƚŚĞƐŝƐĚĂƚĞƐ͕ŵĂƚƵƌŝƚǇĚĂƚĞƐ͕ǁŝƚŚŝŶͲƐĞĂƐŽŶĂŶĚĨŝŶĂůďŝŽŵĂƐƐ͕ǁĂƚĞƌĂŶĚEƵƉͲ
ƚĂŬĞ͕ ƐŽŝů ǁĂƚĞƌ ĂŶĚ ƐŽŝů ŶŝƚƌŽŐĞŶ͕ ĂŶĚ ŐƌĂŝŶ ǇŝĞůĚ ĂŶĚ ǇŝĞůĚ ĐŽŵƉŽŶĞŶƚƐ͘ /ŶĨŽƌŵĂƚŝŽŶ ŽŶ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ
ŝŵƉůĞŵĞŶƚŝŶŐ ƚŚĞ ƌĞĨĞƌĞŶĐĞ d ;dϬͿ ĐĂůĐƵůĂƚŝŽŶ ĂƉƉƌŽĂĐŚĞƐ͕ WĞŶŵĂŶ ;W͖ WĞŶŵĂŶ͕ ϭϵϰϴͿ͕ WĞŶŵĂŶͲ
DŽŶƚĞŝƚŚ ;WD͖ ůůĞŶ Ğƚ Ăů͕͘ ϭϵϵϴͿ ĂŶĚ WƌŝĞƐƚůĞǇͲdĂǇůŽƌ ;Wd͖ WƌŝĞƐƚůĞǇ ĂŶĚ dĂǇůŽƌ͕ ϭϵϳϮͿ ŝŶ ƚŚĞ Ϯϲ ǁŚĞĂƚ
ŵŽĚĞůƐŝƐŐŝǀĞŶŝŶdĂďůĞϭ͘dǁŽŵŽĚĞůƐ;^d/^ĂŶĚ&^^dͿƵƐĞĚŽƚŚĞƌŵĞƚŚŽĚƐ͖ŽŶĞŵĞƚŚŽĚ;^tŝŶdĂͲ
ďůĞϭͿƵƐĞƐĂŵŽĚŝĨŝĐĂƚŝŽŶŽĨƚŚĞWd;ƌŝƐƐŽŶĞƚĂů͕͘ϭϵϵϴͿ͕ĂŶĚƚŚĞŽƚŚĞƌƚŚĞDĂŬŬŝŶŬĞƋƵĂƚŝŽŶ;,ĂŶƐĞŶ͕
ϭϵϴϰͿ͘ŽƚŚŵŽĚĞůƐǁĞƌĞĐŽŶƐŝĚĞƌĞĚŝŶƚŚĞŐƌŽƵƉŽĨƚŚĞWdĨŽƌƚŚŝƐƐƚƵĚǇ͘ŶĂůǇƐŝƐŽĨsĂƌŝĂŶĐĞ;EKsͿ
ĨŽƌƵŶďĂůĂŶĐĞĚĚĞƐŝŐŶŝƐƵƐĞĚƚŽƚĞƐƚƚŚĞĚŝĨĨĞƌĞŶĐĞƐďĞƚǁĞĞŶƚŚĞϯĚŝĨĨĞƌĞŶƚdϬĨŽƌŵƵůĂĞŝŶĞĂĐŚůŽĐĂͲ
ƚŝŽŶ͘KĨƚŚĞƐĞϮϲŵŽĚĞůƐ͕ϭϵƉƌŽǀŝĚĞĚƐŝŵƵůĂƚĞĚǀĂůƵĞƐŽĨƉůĂŶƚƚƌĂŶƐƉŝƌĂƚŝŽŶ;dĂͿĨŽƌƚŚĞEĞƚŚĞƌůĂŶĚƐ͕
/ŶĚŝĂ͕ ĂŶĚ ƌŐĞŶƚŝŶĂ͕ ǁŚŝůĞ ϭϴ ŵŽĚĞůƐ ƉƌŽǀŝĚĞĚ ƚŚĞƐĞ ŽƵƚƉƵƚƐ ĨŽƌ ƵƐƚƌĂůŝĂ͘ ^Žŝů ĞǀĂƉŽƌĂƚŝŽŶ ;ƐͿ ǁĂƐ
ĐĂůĐƵůĂƚĞĚĂƐĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶƐŝŵƵůĂƚĞĚdĂŶĚƐŝŵƵůĂƚĞĚdĂĨŽƌĞĂĐŚŽĨƚŚĞĂǀĂŝůĂďůĞĐƌŽƉŵŽĚĞůƐ͘
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dĂďůĞ͘ϭ͘ŝĨĨĞƌĞŶƚĂƉƉƌŽĂĐŚĞƐƵƐĞĚƚŽƐŝŵƵůĂƚĞƌĞĨĞƌĞŶĐĞĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ;dϬͿďǇϮϲǁŚĞĂƚĐƌŽƉƐŝŵƵůĂƚŝŽŶŵŽĚĞůƐ͘

# Model
Evapotranspiration
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

APSIM-Nwheat
APSIM-wheat
AquaCrop
CropSyst
DSSAT-CROPSIM-CERES
DSSAT-CROPSIM
EPIC wheat
Expert-N – CERES
Expert-N – GECROS
Expert-N – SPASS
Expert-N – SUCROS
FASSET
GLAM-Wheat
HERMES
InfoCrop
LINTUL-4
LINTUL-FAST
LPJmL
MCWLA-Wheat
MONICA
O’Leary-model
SALUS
Sirius
SiriusQuality
STICS
WOFOST

Priestley –Taylor
Priestley –Taylor
Penman-Monteith
Penman-Monteith
Priestley –Taylor
Priestley –Taylor
Penman-Monteith
Penman-Monteith
Penman-Monteith
Penman-Monteith
Penman-Monteith
Makkink
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ŶϮͲϮϬϰϬͲϮϬϲϵ;DŝĚͲĞŶƚƵƌǇͿƐĐĞŶĂƌŝŽǁĂƐƵƐĞĚǁŝƚŚϭϲĚŝĨĨĞƌĞŶƚ'ĞŶĞƌĂůŝƌĐƵůĂƚŝŽŶDŽĚĞůƐ;'D͖
ZĂŶĚĂůůĞƚĂů͕͘ϮϬϬϳͿ͘&ŽƌĞĂĐŚ'DƚŚĞϮϬϱϬƐƉĞƌŝŽĚǁĂƐĐŽŵƉĂƌĞĚƚŽƚŚĞďĂƐĞůŝŶĞƉĞƌŝŽĚ͘ŽŵŵŽŶůǇ
ƵƐĞĚĚĞůƚĂĐŚĂŶŐĞƐǁĞƌĞƚŚĞŶĂƉƉůŝĞĚƚŽƚŚĞŽďƐĞƌǀĞĚϯϬͲǇĞĂƌďĂƐĞůŝŶĞĂƚĞĂĐŚůŽĐĂƚŝŽŶŽŶĂŵŽŶƚŚůǇ
ďĂƐŝƐ͕ŝŶŽƌĚĞƌƚŽŽďƚĂŝŶŝŶƉƵƚĚĂƚĂŽŶĨƵƚƵƌĞĐůŝŵĂƚĞ͘&ŽƌƚŚŝƐƐƚĞƉŽŶůǇϮϱ^DƐƉƌŽǀŝĚĞĚƐŝŵƵůĂƚĞĚd
ĚĂƚĂ͘
dŚĞĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶƐŝŵƵůĂƚĞĚdǁŝƚŚƚŚĞ'DƐĂŶĚƐŝŵƵůĂƚĞĚdǁŝƚŚďĂƐĞůŝŶĞǁĞĂƚŚĞƌŝƐĐĂůĐƵůĂƚͲ
ĞĚĂƐĨŽůůŽǁƐ͗

Diff ETi , j = ETi ,future
− ETi baseline 
j
future

ǁŚĞƌĞ ETi baseline ;ŵŵͿĂŶĚ ETi , j

;ϭͿ
ĂƌĞƐŽǁŝŶŐƚŽƉŚǇƐŝŽůŽŐŝĐĂůŵĂƚƵƌŝƚǇdƐŝŵƵůĂƚĞĚǁŝƚŚŵŽĚĞůŝĂŶĚ

ĂǀĞƌĂŐĞĚŽǀĞƌƚŚĞϯϬǇĞĂƌƐŽĨďĂƐĞůŝŶĞǁĞĂƚŚĞƌŽƌŽǀĞƌϯϬǇĞĂƌƐŽĨĨƵƚƵƌĞǁĞĂƚŚĞƌƐŝŵƵůĂƚĞĚǁŝƚŚ'Dũ
ƌĞƐƉĞĐƚŝǀĞůǇ͘ŝĨĨdŝ͕ũ;ŵŵͿƚŚĞŶŝƐƚŚĞĚŝĨĨĞƌĞŶĐĞŝŶd;ĨƵƚƵƌĞŵŝŶƵƐďĂƐĞůŝŶĞͿĨŽƌ^DŝĂŶĚ'Dũ͘
ŝĨĨdŝƐƚƌĞĂƚĞĚĂƐĂĚŝƐĐƌĞƚĞƌĂŶĚŽŵǀĂƌŝĂďůĞ͕ǁŚŽƐĞǀĂůƵĞĚĞƉĞŶĚƐŽŶƚŚĞĐŚŽŝĐĞŽĨĐƌŽƉŵŽĚĞůĂŶĚŽĨ
ϲ
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'D͘dŚĞĚŝƐƚƌŝďƵƚŝŽŶŽĨƚŚŝƐǀĂƌŝĂďůĞŝƐ͗

P( DiffET = DiffETij ) =

1
1
=
= 0.0025 ;ϮͿ
nCSM * nGCM 25*16

dŚĞƚŽƚĂůǀĂƌŝĂŶĐĞŽĨŝĨĨdĐĂŶďĞĚĞĐŽŵƉŽƐĞĚŝŶƚŽ͗

var( DiffET ) = var[ E ( DiffET | CSM ) + var[ E ( DiffET | GCM )] + /ŶƚĞƌĂĐƚŝŽŶ

;ϯͿ

dŚĞĨŝƌƐƚƚĞƌŵŽŶƚŚĞƌŝŐŚƚ͕ƚŚĞǀĂƌŝĂŶĐĞŽĨƚŚĞĞǆƉĞĐƚĂƚŝŽŶŽĨŝĨĨdĨŽƌĂĨŝǆĞĚĐƌŽƉŐƌŽǁƚŚŵŽĚĞůŝƐƚŚĞ
ĨŝƌƐƚ ŽƌĚĞƌ ĐŽŶƚƌŝďƵƚŝŽŶ ŽĨ ǀĂƌŝĂďŝůŝƚǇ ďĞƚǁĞĞŶ ĐƌŽƉ ŐƌŽǁƚŚ ŵŽĚĞůƐ͕ ƚŚĞ ƐĞĐŽŶĚ ƚĞƌŵ ŝƐ ƚŚĞ ĨŝƌƐƚ ŽƌĚĞƌ
ĐŽŶƚƌŝďƵƚŝŽŶŽĨǀĂƌŝĂďŝůŝƚǇďĞƚǁĞĞŶ'DƐĂŶĚƚŚĞůĂƐƚƚĞƌŵŝƐƚŚĞŝŶƚĞƌĂĐƚŝŽŶďĞƚǁĞĞŶƚŚĞŵ͘

ϯ

ZĞƐƵůƚƐ


^ŝŵƵůĂƚĞĚĐƵŵƵůĂƚŝǀĞdĨŽƌƚŚĞĞǆƉĞƌŝŵĞŶƚĂůǇĞĂƌĂŶĚĨŽƌƚŚĞĨŽƵƌůŽĐĂƚŝŽŶƐŝƐƐŚŽǁŶŝŶ&ŝŐ͘ϭ͘dŚĞƚŚƌĞĞ
ŵĂŝŶĚŝĨĨĞƌĞŶƚĂƉƉƌŽĂĐŚĞƐƵƐĞĚĨŽƌĐĂůĐƵůĂƚŝŶŐdĂƌĞƐŚŽǁŶďǇĚŝĨĨĞƌĞŶƚƐǇŵďŽůƐĂƐƌĞƉŽƌƚĞĚŝŶ&ŝŐ͘ϭ͘
ĂĐŚŽĨƚŚĞdϬĨŽƌŵƵůĂĞƵƐĞĚƚŽƐŝŵƵůĂƚĞĂĐƚƵĂůd;dĂͿƐŚŽǁĞĚŚŝŐŚǀĂƌŝĂďŝůŝƚǇĂŶĚĂƐŝŐŶŝĨŝĐĂŶƚĚŝĨĨĞƌͲ
ĞŶĐĞďĞƚǁĞĞŶůŽĐĂƚŝŽŶĂŶĚdϬĨŽƌŵƵůĂ͘EŽŵĞĂƐƵƌĞĚĚĂƚĂǁĞƌĞĂǀĂŝůĂďůĞĨŽƌE>ĂŶĚZ͘
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&ŝŐ͘ϭ͘ KďƐĞƌǀĞĚ;ďůĂĐŬĐŝƌĐůĞĨŽƌE>ĂŶĚZ͕ĂŶĚďůĂĐŬƚƌŝĂŶŐůĞĨŽƌ/EĂŶĚhͿ͕ĂŶĚƐŝŵƵůĂƚĞĚĐƵŵƵůĂƚŝǀĞĂĐƚƵĂůŐƌŽǁŝŶŐƐĞĂͲ
ƐŽŶ ĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ ;dĂͿ ĨŽƌ ƚŚĞ EĞƚŚĞƌůĂŶĚƐ ;E>͕ ŐƌĞǇ ƐǇŵďŽůƐͿ͕ ƌŐĞŶƚŝŶĂ ;Z͕ ƌĞĚ ƐǇŵďŽůƐͿ͕ /ŶĚŝĂ ;/E͕ ǇĞůůŽǁ ƐǇŵďŽůƐͿ͕
ĂŶĚ ƵƐƚƌĂůŝĂ ;h͕ ďůƵĞ ƐǇŵďŽůƐͿ ĨŽƌ ŵŽĚĞůƐ ƵƐŝŶŐ ƚŚĞ WĞŶŵĂŶ ;ĚŽƚƐ͖ ŶсϲͿ͕ WĞŶŵĂŶͲDŽŶƚĞŝƚŚ ;ƚƌŝĂŶŐůĞ͖ ŶсϭϭͿ͕ ĂŶĚ WƌŝĞƐƚůǇͲ
dĂǇůŽƌ;ĚŝĂŵŽŶĚƐ͖ŶсϵͿĞƋƵĂƚŝŽŶƐĨŽƌƚŚĞƌĞĨĞƌĞŶĐĞdĐĂůĐƵůĂƚŝŽŶ͘dŚĞůĞƚƚĞƌƐŶĞǆƚƚŽƚŚĞƐǇŵďŽůƐƌĞƉƌĞƐĞŶƚƚŚĞ>ĞĂƐƚ^ŝŐŶŝĨŝĐĂŶƚ
ŝĨĨĞƌĞŶĐĞ;>^ͿĂƚϬ͘Ϭϱ͘



dŚĞ ƌĂƚŝŽ ďĞƚǁĞĞŶ ƐŽŝůĞǀĂƉŽƌĂƚŝŽŶ;ƐͿ ĂŶĚdĂ ŝƐ ƐŚŽǁŶ ĨŽƌƚŚĞ EĞƚŚĞƌůĂŶĚƐ ĂŶĚ ƵƐƚƌĂůŝĂ ŝŶ &ŝŐ͘ ϮĂͲď
ďĞĐĂƵƐĞ ŽĨ ƚŚĞ ĐŽŶƚƌĂƐƚŝŶŐ ĞŶǀŝƌŽŶŵĞŶƚĂů ĨĂĐƚŽƌƐ͘ KǀĞƌĂůů͕ ƚŚĞƌĞ ǁĂƐ Ă ŚŝŐŚ ǀĂƌŝĂďŝůŝƚǇ ŝŶ ƐͬdĂ ĂŵŽŶŐ
^D ĨŽƌ ƵƐƚƌĂůŝĂ ĂŶĚ ůĞƐƐ ĨŽƌ ƚŚĞ EĞƚŚĞƌůĂŶĚƐ͘ DŽĚĞůƐ ƚŚĂƚ ƵƐĞĚ ƚŚĞWd ŽƌWD ĂƉƉƌŽĂĐŚĞƐ ƐŚŽǁĞĚ Ă
ŚŝŐŚƌĂƚŝŽŽĨƚŚŝƐŝŶĚĞǆŝŶĚŝĐĂƚŝŶŐŚŝŐŚƐĂŶĚůŽǁĞƌdĂĨŽƌƚŚĞŐƌŽǁŝŶŐƐĞĂƐŽŶ͘








ϴ
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&ŝŐ͘Ϯ͘dŚĞƌĂƚŝŽďĞƚǁĞĞŶƐŝŵƵůĂƚĞĚƐŽŝůĞǀĂƉŽƌĂƚŝŽŶ;ƐͿĂŶĚƉůĂŶƚƚƌĂŶƐƉŝƌĂƚŝŽŶ;dĂͿǀƐ͘ƐŝŵƵůĂƚĞĚĂĐƚƵĂůĐƵŵƵůĂƚŝǀĞdĐĂůĐƵͲ
ůĂƚĞĚĨƌŽŵƌĞĨĞƌĞŶĐĞdϬĐĂůĐƵůĂƚĞĚǁŝƚŚƚŚĞWƌŝĞƐƚůĞǇͲdĂǇůŽƌ;Wd͕ŽƉĞŶĐŝƌĐůĞͿ͕WĞŶŵĂŶͲDŽŶƚĞŝƚŚ;WD͕ŽƉĞŶƚƌŝĂŶŐůĞͿ͕ĂŶĚWĞŶͲ
ŵĂŶ;W͕ŽƉĞŶƐƋƵĂƌĞͿŝƐƐŚŽǁŶ;ĂͿĨŽƌƚŚĞEĞƚŚĞƌůĂŶĚƐ;ϭϵŵŽĚĞůƐ͖WdŶсϳ͖WDŶсϵ͖WŶсϯͿ͕ĂŶĚ;ďͿĨŽƌƵƐƚƌĂůŝĂ;ϭϴŵŽĚĞůƐ͖Wd
Ŷсϳ͖WDŶсϴ͖WŶсϯͿ͘EŽƚĞ͕ϳĂŶĚϴŽƵƚŽĨƚŚĞϮϲŵŽĚĞůƐƉƌŽǀŝĚĞĚŶŽƉĂƌƚŝƚŝŽŶŝŶŐŽĨdŝŶƚŽƐĂŶĚdĂĨŽƌƚŚĞEĞƚŚĞƌůĂŶĚƐĂŶĚ
ƵƐƚƌĂůŝĂ͕ƌĞƐƉĞĐƚŝǀĞůǇ͘


dŚĞďŽǆƉůŽƚŽĨƚŚĞĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶŽďƐĞƌǀĞĚdĂŶĚƐŝŵƵůĂƚĞĚd͕ĨŽƌƚŚĞϮϲ^D͕ŝƐƐŚŽǁŶŝŶ&ŝŐ͘ϯ
ĨŽƌƵƐƚƌĂůŝĂ͘dŚĞǀĂƌŝĂďŝůŝƚǇĂŵŽŶŐŵŽĚĞůƐǀĂƌŝĞƐĚƵƌŝŶŐƚŚĞŐƌŽǁŝŶŐƐĞĂƐŽŶ͘/ƚŝƐůŽǁĨƌŽŵƚŝůůĞƌŝŶŐ;ĞĐͲ
ŝŵĂůŽĚĞϮϬͲϮϵ͖ĂĚŽŬƐĞƚĂů͕͘ϭϵϳϰͿƵŶƚŝůƚŚĞďĞŐŝŶŶŝŶŐŽĨďŽŽƚŝŶŐ;ϰϬͲϰϵͿ͘dŚĞŶ͕ƚŚĞĚŝƐĐƌĞƉĂŶͲ
ĐǇŝƐŚŝŐŚĂƚƚŚĞĞŶĚŽĨďŽŽƚŝŶŐ͕ĂƚĂŶƚŚĞƐŝƐ;ϲϬͲϲϵͿĂŶĚĂƚƚŚĞďĞŐŝŶŶŝŶŐŽĨŐƌĂŝŶĨŝůůŝŶŐ;ϳϬͲϳϵͿƚŽ
ĚĞĐƌĞĂƐĞĂŐĂŝŶůĂƚĞƌĚƵƌŝŶŐƚŚĞŐƌĂŝŶĨŝůůŝŶŐƉĞƌŝŽĚ;ϳϬͲϳϵĂŶĚϴϬͲϴϵͿĂƐƐŚŽǁŶŝŶ&ŝŐ͘ϯ͘,ŽǁĞǀĞƌ͕ƚŚĞ
ŚŝŐŚĞƐƚĚĞǀŝĂŶĐĞĨƌŽŵƚŚĞŽďƐĞƌǀĞĚdŝƐŽŶůǇĂďŽƵƚϮϬŵŵ͕ǁŚŝĐŚŝƐƐŵĂůůŝĨĐŽŵƉĂƌĞĚƚŽƚŚĞĂďƐŽůƵƚĞ
dŵĞĂƐƵƌĞĚǀĂůƵĞƐ;&ŝŐ͘ϯͿ͘/ŶĚŝĂƐŚŽǁĞĚĂƐŝŵŝůĂƌƉĂƚƚĞƌŶĂƐƵƐƚƌĂůŝĂ;ƌĞƐƵůƚƐŶŽƚƐŚŽǁŶͿ͘







ϵ
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Deviation from observed ET (mm)
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Day of Year (DOY)

&ŝŐ͘ϯ͘ ŽǆͲƉůŽƚŽĨƚŚĞĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶŽďƐĞƌǀĞĚĂŶĚƐŝŵƵůĂƚĞĚĐƵŵƵůĂƚŝǀĞdĨŽƌƚŚĞϮϲĐƌŽƉŵŽĚĞůƐ ĨŽƌƵƐƚƌĂůŝĂĨƌŽŵ
ƐŽǁŝŶŐƚŽƉŚǇƐŝŽůŽŐŝĐĂůŵĂƚƵƌŝƚǇ͘>ŽǁĞƌƐŝĚĞŽĨďŽǆсϳϱйͲƚŝůĞ͕ƵƉƉĞƌƐŝĚĞŽĨďŽǆсϮϱйͲƚŝůĞ͕ƚŚŝŶŚŽƌŝǌŽŶƚĂůůŝŶĞŝŶďŽǆсŵĞĚŝĂŶ͕
ŚŽƌŝǌŽŶƚĂůůŝŶĞǁŝƚŚŽƉĞŶĚŝĂŵŽŶĚƐŝŶďŽǆсĂǀĞƌĂŐĞ͕ůŽǁĞƌǁŚŝƐŬĞƌĞǆƚĞŶĚƐƚŽϵϱйͲƚŝůĞĂŶĚƵƉƉĞƌǁŚŝƐŬĞƌƚŽϱйͲƚŝůĞŽĨƐŝŵƵůĂͲ
ƚŝŽŶƐ ďĂƐĞĚ ŽŶ Ϯϲ ŵŽĚĞůƐ͘ dŚĞ ďůĂĐŬ ŚŽƌŝǌŽŶƚĂů ůŝŶĞ ŝƐ Ǉ с Ϭ͘ dŚĞ ŶƵŵďĞƌƐ ĂďŽǀĞ ƚŚĞ ǆͲĂǆŝƐ ƌĞƉƌĞƐĞŶƚ ƚŚĞ ĞĐŝŵĂů ŽĚĞ ;Ϳ
ĂĐĐŽƌĚŝŶŐƚŽĂĚŽŬƐĞƚĂů͘;ϭϵϳϰͿĂŶĚĚĞĨŝŶĞĚĂƐ͗ϮϬͲϮϵсdŝůůĞƌŝŶŐ͖ϯϬͲϯϵс^ƚĞŵĞůŽŶŐĂƚŝŽŶ͖ϰϬͲϰϵсŽŽƚŝŶŐ͖ϲϬͲϲϵс&ůŽǁĞƌͲ
ŝŶŐ͖ϳϬͲϳϵсDŝůŬĚĞǀĞůŽƉŵĞŶƚ;ŐƌĂŝŶĨŝůůŝŶŐͿ͖ϴϬͲϴϵсŽƵŐŚĚĞǀĞůŽƉŵĞŶƚ;ŐƌĂŝŶĨŝůůŝŶŐͿ͘
dŚĞŶƵŵďĞƌƐĂďŽǀĞƚŚĞďŽǆƌĞƉƌĞƐĞŶƚƚŚĞŽďƐĞƌǀĞĚĐƵŵƵůĂƚŝǀĞdĂ͘


dŚĞďĂƐĞůŝŶĞĂŶĚĨƵƚƵƌĞƐŝŵƵůĂƚĞĚĐƵŵƵůĂƚŝǀĞdŝƐƐŚŽǁŶŝŶ&ŝŐ͘ϰĂ͘KǀĞƌĂůů͕ƚŚĞƌĞǁĂƐĂƐŵĂůů͕ƐƚĂƚŝƐƚŝͲ
ĐĂůůǇŶŽŶͲƐŝŐŶŝĨŝĐĂŶƚ͕ƌĞĚƵĐƚŝŽŶŝŶƐŝŵƵůĂƚĞĚdďĞƚǁĞĞŶĨƵƚƵƌĞ ĂŶĚ ďĂƐĞůŝŶĞ ĨŽƌ Ăůů ƚŚĞ ůŽĐĂƚŝŽŶƐ ;ďŽƚŚ
ŚĂǀĞĂĐŽĞĨĨŝĐŝĞŶƚŽĨǀĂƌŝĂƚŝŽŶŽĨϭϴйͿ͘dŚĞǀĂƌŝĂďŝůŝƚǇŽĨƚŚĞƐŝŵƵůĂƚĞĚdĨŽƌďĂƐĞůŝŶĞĂŶĚĨƵƚƵƌĞĐŽŶĚŝͲ
ƚŝŽŶƐǁĂƐƐŝŵŝůĂƌĨŽƌĂůůƚŚĞůŽĐĂƚŝŽŶƐ͕ĞǆĐĞƉƚƚŚĞEĞƚŚĞƌůĂŶĚƐǁŚĞƌĞƚŚĞƐŝŵƵůĂƚĞĚďĂƐĞůŝŶĞdǀĂƌŝĂďŝůŝƚǇ
ŝƐ ůŽǁĞƌ ;&ŝŐ͘ ϰĂͿ͘ DŽƐƚ ŽĨ ƚŚĞ ƚŽƚĂů ǀĂƌŝĂŶĐĞ ;ĞƋ͘ ϯͿ ŝƐ ĚƵĞ ƚŽ ƚŚĞ ǀĂƌŝĂŶĐĞ ĨƌŽŵ ƚŚĞ ^DƐ ;ϳϴйͿ͘ dŚĞ
'DƐĐŽŶƚƌŝďƵƚĞŽŶůǇϭϱйƚŽƚŚĞƚŽƚĂůǀĂƌŝĂŶĐĞǁŝƚŚĂƐƵďƐƚĂŶƚŝĂůĐŽŶƚƌŝďƵƚŝŽŶŽŶůǇŝŶƵƐƚƌĂůŝĂĂŶĚƚŚĞ
ŝŶƚĞƌĂĐƚŝŽŶƐĐŽŶƚƌŝďƵƚĞϳйƚŽƚŚĞƚŽƚĂůǀĂƌŝĂďŝůŝƚǇ;&ŝŐ͘ϰďͿ͘
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 ĂͿ


ďͿ
1400

Baseline
Future

600

1200

500

1000

ϯϱŵŵ
GCM
CSM
Interaction

ϯϬŵŵ
2

ET variance (mm )

Cumulative evapotranspiration (mm)

700

400

300

200

800

ϮϮŵŵ
600

ϭϵŵŵ
400
200
0

100

NL

AR
Location



IN

NL

AU



AR

IN
Location

AU



&ŝŐ͘ϰ͘ ;ĂͿŽǆͲƉůŽƚŽĨƐŝŵƵůĂƚĞĚďĂƐĞůŝŶĞd;ŐƌĞǇďŽǆƉůŽƚƐͿĂŶĚĨƵƚƵƌĞƐŝŵƵůĂƚĞĚd;ĚĂƌŬŐƌĞǇďŽǆƉůŽƚƐͿĨŽƌƚŚĞEĞƚŚĞƌůĂŶĚƐ
;E>Ϳ͕ƌŐĞŶƚŝŶĂ;ZͿ͕/ŶĚŝĂ;/EͿ͕ĂŶĚƵƐƚƌĂůŝĂ;hͿĨŽƌϮϱĐƌŽƉŵŽĚĞůƐ͘>ŽǁĞƌƐŝĚĞŽĨďŽǆсϳϱйͲƚŝůĞ͕ƵƉƉĞƌƐŝĚĞŽĨďŽǆсϮϱйͲƚŝůĞ͕
ƚŚŝŶŚŽƌŝǌŽŶƚĂůůŝŶĞŝŶďŽǆсŵĞĚŝĂŶ͕ůŽǁĞƌǁŚŝƐŬĞƌĞǆƚĞŶĚƐƚŽϵϱйͲƚŝůĞĂŶĚƵƉƉĞƌǁŚŝƐŬĞƌƚŽϱйͲƚŝůĞŽĨƐŝŵƵůĂƚŝŽŶƐďĂƐĞĚŽŶϮϱ
Ϯ

ŵŽĚĞůƐ͖;ďͿsĂƌŝĂŶĐĞ;ŵŵ ͿŽĨƚŚĞĚŝĨĨĞƌĞŶĐĞŝŶdďĞƚǁĞĞŶƐŝŵƵůĂƚĞĚďĂƐĞůŝŶĞĂŶĚĨƵƚƵƌĞd;ƐƚĂĐŬĞĚďĂƌƐͿĚĞĐŽŵƉŽƐĞĚŝŶƚŽ
ǀĂƌŝĂŶĐĞĚƵĞƚŽĐƌŽƉŵŽĚĞůƐ;^DͲůŝŐŚƚŐƌĞǇƉŽƌƚŝŽŶͿ͕'DƐ;ďůĂĐŬƉŽƌƚŝŽŶͿ͕ĂŶĚŝŶƚĞƌĂĐƚŝŽŶďĞƚǁĞĞŶ'DĂŶĚ^D;ĚĂƌŬŐƌĞǇ
ƉŽƌƚŝŽŶͿ͘dŚĞŶƵŵďĞƌƐĂďŽǀĞƚŚĞƐƚĂĐŬĞĚďĂƌƐƌĞƉƌĞƐĞŶƚƚŚĞƚŽƚĂůƐƚĂŶĚĂƌĚĚĞǀŝĂƚŝŽŶ͘

ϰ

ŝƐĐƵƐƐŝŽŶƐ

/ŶƚŚŝƐƐƚƵĚǇ͕ĨƵƚƵƌĞĐƌŽƉdǁĂƐƉƌĞĚŝĐƚĞĚƚŽĚĞĐƌĞĂƐĞĂĐƌŽƐƐƚŚĞƐƚƵĚǇƐŝƚĞƐ͕ĂůƚŚŽƵŐŚƚŚĞĚĞĐƌĞĂƐĞŝƐ
ƐůŝŐŚƚĂŶĚůĞƐƐƚŚĂŶƚŚĞǀĂƌŝĂďŝůŝƚǇŝŶďĂƐĞůŝŶĞŽƌĨƵƚƵƌĞd͘ĨƵƚƵƌĞĚĞĐƌĞĂƐĞŽĨƐŝŵƵůĂƚĞĚdŝƐĞǆƉĞĐƚĞĚ
ĚƵĞƚŽĂŶŝŶĐƌĞĂƐĞŝŶĂƚŵŽƐƉŚĞƌŝĐKϮĐŽŶĐĞŶƚƌĂƚŝŽŶǁŚŝĐŚŝŶĐƌĞĂƐĞƐĐƌŽƉǁĂƚĞƌƵƐĞĞĨĨŝĐŝĞŶĐǇƚŚƌŽƵŐŚ
ƚǁŽŵĞĐŚĂŶŝƐŵƐ͗;ŝͿĂŶĞŶŚĂŶĐĞŵĞŶƚŽĨůĞĂĨĂŶĚďŝŽŵĂƐƐƉƌŽĚƵĐƚŝŽŶ͕ůĞĂĚŝŶŐƚŽĨĂƐƚĞƌĂŶĚŵŽƌĞĐŽŵͲ
ƉůĞƚĞĐĂŶŽƉǇĐůŽƐƵƌĞĂŶĚĂƌĞĚƵĐƚŝŽŶŽĨƐŽŝůĞǀĂƉŽƌĂƚŝŽŶ͕ĂŶĚ;ŝŝͿĂƌĞĚƵĐƚŝŽŶŝŶĐƌŽƉƐƚŽŵĂƚĂůĐŽŶĚƵĐƚͲ
ĂŶĐĞ͕ĐĂƵƐŝŶŐĂĚĞĐůŝŶĞŝŶd;ZƂƚƚĞƌΘǀĂŶĚĞ'ĞŝũŶ͕ϭϵϵϵͿ͘dŚŝƐĂŐƌĞĞƐǁŝƚŚtĂůůĞƚĂů͘;ϮϬϬϲͿǁŚŽƌĞͲ
ƉŽƌƚĞĚĨŽƌǁŚĞĂƚĂƌĞĚƵĐƚŝŽŶŽĨƐƚŽŵĂƚĂůĐŽŶĚƵĐƚĂŶĐĞƌĞƐƵůƚŝŶŐŝŶƵŶĐŚĂŶŐĞĚŽƌůĞƐƐǁĂƚĞƌƵƐĞĚĞƐƉŝƚĞ
ĂŶŝŶĐƌĞĂƐĞŝŶĐƌŽƉŐƌŽǁƚŚĂŶĚǇŝĞůĚƵŶĚĞƌǁĂƚĞƌͲůŝŵŝƚĞĚĐŽŶĚŝƚŝŽŶƐ͘
/ŶŽƌĚĞƌƚŽƋƵĂŶƚŝĨǇƵŶĐĞƌƚĂŝŶƚǇŝŶĨƵƚƵƌĞƐŝŵƵůĂƚĞĚĐƌŽƉǁĂƚĞƌƵƐĞǁĞĂĚĚƌĞƐƐĞĚƐĞƉĂƌĂƚĞůǇƚŚĞƵŶĐĞƌͲ
ƚĂŝŶƚǇĨƌŽŵǀĂƌŝĂďŝůŝƚǇ͘dŚĞƐŝŵƵůĂƚĞĚdǀĂƌŝĂďŝůŝƚǇďĞƚǁĞĞŶŵŽĚĞůƐŝƐĂƋƵĂŶƚŝƚĂƚŝǀĞĚĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞ
ƐƉƌĞĂĚ ŽĨ ƐŝŵƵůĂƚĞĚ d ĂƐ ƐŚŽǁŶ ŝŶ &ŝŐ͘ ϭ ĂŶĚ ϯ͘ ^ƵĐŚ ǀĂƌŝĂďŝůŝƚǇ ƌĞƉƌĞƐĞŶƚƐ ƚŚĞ ŚĞƚĞƌŽŐĞŶĞŝƚǇ ĂĐƌŽƐƐ
ĐƌŽƉŵŽĚĞůƐ͘KŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ƚŚĞƵŶĐĞƌƚĂŝŶƚǇŝƐĂůĂĐŬŽĨƉƌĞĐŝƐĞŬŶŽǁůĞĚŐĞŽĨƚŚĞĂƐƐĞƐƐŵĞŶƚƉƌŽͲ
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ĐĞƐƐŽĨĨƵƚƵƌĞdƐŝŵƵůĂƚŝŽŶƐ͘
tĞĞǆĂŵŝŶĞĚƚǁŽƉŽƐƐŝďůĞƐŽƵƌĐĞƐŽĨǀĂƌŝĂƚŝŽŶŝŶƐŝŵƵůĂƚĞĚd͕ŶĂŵĞůǇƚŚĞƵƐĞŽĨĚŝĨĨĞƌĞŶƚƌĞĨĞƌĞŶĐĞdϬ
ƚŽƐŝŵƵůĂƚĞĂĐƚƵĂůdĂŶĚƚŚĞƉĂƌƚŝƚŝŽŶŝŶŐďĞƚǁĞĞŶƐŽŝůĞǀĂƉŽƌĂƚŝŽŶĂŶĚĐƌŽƉƚƌĂŶƐƉŝƌĂƚŝŽŶ͘&ŽƌƚŚĞďĂƐĞͲ
ůŝŶĞƐŝŵƵůĂƚŝŽŶƐ͕ƚŚĞƵŶĐĞƌƚĂŝŶƚǇŝŶƐŝŵƵůĂƚĞĚdŝƐƌĞůĂƚŝǀĞůǇŚŝŐŚĞǀĞŶĂŵŽŶŐŵŽĚĞůƐƚŚĂƚƵƐĞƚŚĞƐĂŵĞ
ĂƉƉƌŽĂĐŚƚŽĞƐƚŝŵĂƚŝŶŐdϬ͕ƐƵŐŐĞƐƚŝŶŐƚŚĂƚŽƚŚĞƌĐŽŵƉŽŶĞŶƚƐŽĨƚŚĞƐŽŝůͲƉůĂŶƚͲĂƚŵŽƐƉŚĞƌĞƐǇƐƚĞŵ͕Ğ͘Ő͘
ƚŚĞƉĂƌƚŝƚŝŽŶŝŶŐŽĨdŝŶƚŽĞǀĂƉŽƌĂƚŝŽŶĂŶĚƚƌĂŶƐƉŝƌĂƚŝŽŶ͕ĂĚĚƚŽƵŶĐĞƌƚĂŝŶƚǇŝŶƚŚĞdĐĂůĐƵůĂƚŝŽŶ;&ŝŐ͘ϭ
ĂŶĚ ϮͿ͘dŚĞ ƉĂƌƚŝƚŝŽŶŝŶŐ ŝŶƚŽ Ɛ ĂŶĚdĂ ŝƐ ĐƌŝƚŝĐĂů ĨŽƌĐƌŽƉ ŐƌŽǁƚŚ ĂŶĚ ĨŝŶĂůǇŝĞůĚ ƐŝŵƵůĂƚŝŽŶƐ͘ EŽƚĞ ƚŚĂƚ
ŵŽĚĞůƐǀĂƌŝĞĚǁŝĚĞůǇŝŶƚŚĞŝƌƉĂƌƚŝƚŝŽŶŝŶŐŝŶƚŽƐĂŶĚdĂ;&ŝŐ͘ϮĂͲďͿ͘
sĂƌŝĂďŝůŝƚǇŝŶƐŝŵƵůĂƚĞĚǁĂƚĞƌƵƐĞǁĂƐƐŝŵŝůĂƌĨŽƌďĂƐĞůŝŶĞĂŶĚĨƵƚƵƌĞĐůŝŵĂƚĞ͕ĚĞƐƉŝƚĞƚŚĞĨĂĐƚƚŚĂƚƚŚĞ
ǀĂƌŝĂďŝůŝƚǇŝŶƚŚĞĨƵƚƵƌĞƐŝŵƵůĂƚŝŽŶƐĐŽŵĞƐĨƌŽŵǀĂƌŝĂďŝůŝƚǇŝŶďŽƚŚƚŚĞ^DƐĂŶĚƚŚĞ'DƐ͘/ƚƐĞĞŵƐƚŚĂƚ
ƚŚĞǀĂƌŝĂďŝůŝƚǇďĞƚǁĞĞŶ'DƐĐŽŶƚƌŝďƵƚĞƐƌĞůĂƚŝǀĞůǇůŝƚƚůĞƚŽŽǀĞƌĂůůǀĂƌŝĂďŝůŝƚǇ͘dŚŝƐŝƐƉƌŽďĂďůǇƌĞůĂƚĞĚƚŽ
ƚŚĞĨĂĐƚƚŚĂƚƚŚĞ'DƐǁĞƌĞŶŽƚĂƉƉůŝĞĚĚŝƌĞĐƚůǇ͕ďƵƚƚŚĞŝƌŵŽŶƚŚůǇƉƌŽũĞĐƚĞĚĚĞůƚĂƐǁĞƌĞƵƐĞĚƚŽŐĞƚŚĞƌ
ǁŝƚŚƚŚĞŚŝƐƚŽƌŝĐĂůĐůŝŵĂƚĞĚĂƚĂĨŽƌƚŚĞĨƵƚƵƌĞƉƌŽũĞĐƚŝŽŶƐ͘dŚŝƐŶŽĚŽƵďƚƌĞĚƵĐĞĚƚŚĞƵŶĐĞƌƚĂŝŶƚǇŝŶƚŚĞ
ƌĞƐƵůƚĂŶƚƉƌŽũĞĐƚŝŽŶƐ͘KƚŚĞƌĚŽǁŶͲƐĐĂůŝŶŐŵĞƚŚŽĚƐŵŝŐŚƚŚĂǀĞŐĞŶĞƌĂƚĞĚŚŝŐŚĞƌƵŶĐĞƌƚĂŝŶƚŝĞƐĚƵĞƚŽƚŚĞ
ǀĂƌŝĂƚŝŽŶƐĂŵŽŶŐĐůŝŵĂƚĞĐŚĂŶŐĞƉƌŽũĞĐƚŝŽŶƐ͘
tĞŚĂǀĞĞǆĂŵŝŶĞĚƚŚĞƌĞůĂƚŝǀĞĐŽŶƚƌŝďƵƚŝŽŶƐŽĨ^DƐĂŶĚ'DƐƚŽƚŚĞƵŶĐĞƌƚĂŝŶƚǇŝŶƉƌĞĚŝĐƚĞĚŝĨĨd͘
dŚĞ'DƐŚĂĚĂƌĞůĂƚŝǀĞůǇƐŵĂůůŝŵƉĂĐƚŽŶƚŚĞƐŝŵƵůĂƚĞĚdƵŶĐĞƌƚĂŝŶƚǇ͘dŚƵƐŵŽƐƚŽĨƚŚĞƵŶĐĞƌƚĂŝŶƚǇ
ǁĂƐĚƵĞƚŽǀĂƌŝĂƚŝŽŶƐĂŵŽŶŐ^DƐ͕ĂŶĚƚŽƚŚĞŝŶƚĞƌĂĐƚŝŽŶďĞƚǁĞĞŶĐƌŽƉĂŶĚĐůŝŵĂƚĞŵŽĚĞůƐ;&ŝŐ͘ϰͿ͘
/ŶĐůŝŵĂƚĞƐĐŝĞŶĐĞ͕ŵƵůƚŝͲŵŽĚĞůĞŶƐĞŵďůĞƐŚĂǀĞďĞĞŶƵƐĞĚƚŽŝŶĐƌĞĂƐĞƚŚĞƉƌĞĚŝĐƚŝŽŶƐŬŝůůĂƐĞƌƌŽƌƐƚĞŶĚ
ƚŽĐĂŶĐĞůŽƵƚĚƵĞƚŽƚŚĞŶŽŶͲůŝŶĞĂƌŶĂƚƵƌĞŽĨƚŚĞĐůŝŵĂƚĞŵŽĚĞůƐ;DĞĂƌŶƐĞƚĂů͕͘ϭϵϵϳͿ͘/ƚŚĂƐďĞĞŶŽďͲ
ƐĞƌǀĞĚƚŚĂƚĞǀĞŶǁŝƚŚƚŚĞŝŶĐůƵƐŝŽŶŽĨƚŚĞǁŽƌƐƚŵŽĚĞůƐ͕ƚŚĞĂǀĞƌĂŐĞŽĨŵĂŶǇŵŽĚĞůƐŝŵƉƌŽǀĞƚŚĞƉƌĞͲ
ĚŝĐƚŝŽŶƐŬŝůů;tĞŝŐĞůĞƚĂů͕͘ϮϬϬϴ͖WĂůŽƐƵŽĞƚĂů͕͘ϮϬϭϭ͖ZƂƚƚĞƌĞƚĂů͕͘ϮϬϭϮͿ͘/ĨŽŶůǇĨŝŶĂůĐƵŵƵůĂƚŝǀĞdŝƐ
ĐŽŶƐŝĚĞƌĞĚ͕ ƚŚĞĞƌƌŽƌŽĨ ƚŚĞ ĂǀĞƌĂŐĞŽĨƚŚĞϮϲŵŽĚĞůƐ ĂŶĚ ƚŚĞǀĂƌŝĂďŝůŝƚǇ ďĞƚǁĞĞŶŵŽĚĞůƐ ŝƐ ƌĞůĂƚŝǀĞůǇ
ůŽǁ͘,ŽǁĞǀĞƌ͕ŝĨdĚǇŶĂŵŝĐƐĚƵƌŝŶŐƚŚĞŐƌŽǁŝŶŐƐĞĂƐŽŶĂƌĞĐŽŶƐŝĚĞƌĞĚ͕ƚŚĞǀĂƌŝĂďŝůŝƚǇŽĨƐŝŵƵůĂƚĞĚd
ĐĂŶ ďĞĐŽŵĞ ƌĞůĂƚŝǀĞůǇ ůĂƌŐĞ ĞƐƉĞĐŝĂůůǇ ĂƌŽƵŶĚ ĂŶƚŚĞƐŝƐ ;&ŝŐ͘ ϯͿ͘ dŚŝƐ ƐƵŐŐĞƐƚƐ ƚŚĂƚ ĂŶ ĞŶƐĞŵďůĞ ŵĞĂŶ
ŵŝŐŚƚŶŽƚĂůǁĂǇƐďĞĂŐŽŽĚƉƌĞĚŝĐƚŽƌƚŚƌŽƵŐŚŽƵƚĂŐƌŽǁŝŶŐƐĞĂƐŽŶ͘
ZĞƐƵůƚƐŽĨƚŚŝƐƐƚƵĚǇĂƌĞƉƌĞůŝŵŝŶĂƌǇĂŶĚƐŽŵĞŽĨƚŚĞƐĞĂƐƉĞĐƚƐĂƌĞďĞŝŶŐĨƵƌƚŚĞƌĞůĂďŽƌĂƚĞĚĂŶĚǁŝůůďĞ
ƌĞƉŽƌƚĞĚŝŶƚŚĞĨƵƚƵƌĞ͘,ŽǁĞǀĞƌ͕ŝŶƐƵƉƉŽƌƚŽĨŵƵůƚŝͲŵŽĚĞůĂƉƉƌŽĂĐŚƐƐĞŶŐĞƚĂů͘;ϮϬϭϯͿĂŶĚZƂƚƚĞƌĞƚ
Ăů͘ ;ϮϬϭϮͿ ĨŽƵŶĚ ƚŚĂƚ ĨŽƌ ŐƌĂŝŶ ǇŝĞůĚ ƐŝŵƵůĂƚŝŽŶ ƚŚĞ ŵƵůƚŝͲŵŽĚĞůƐ ĞŶƐĞŵďůĞ ŵĞĂŶ ĚŝĚ ďĞƚƚĞƌ ƚŚĂŶ ĂŶǇ
ƐŝŶŐůĞŵŽĚĞůĂĐƌŽƐƐƚŚĞƐŝƚĞƐ͕ĂŶĚƚŚĂƚƚŚĞǇŝĞůĚǀĂƌŝĂďŝůŝƚǇǁĂƐďĞƚƚĞƌƉƌĞĚŝĐƚĞĚďǇƚŚĞĞŶƐĞŵďůĞŵĞĂŶ͘
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/ŶĐŽŶĐůƵƐŝŽŶ͕ĚĞƐƉŝƚĞĂĐĂůŝďƌĂƚŝŽŶŽĨ^DƐĂƚĞĂĐŚůŽĐĂƚŝŽŶ;ďĂƐĞĚŽŶŝŶĨŽƌŵĂƚŝŽŶŽĨĐƌŽƉĚĞǀĞůŽƉŵĞŶͲ
ƚĂůƐƚĂŐĞƐ͕ǇŝĞůĚĂŶĚǇŝĞůĚĐŽŵƉŽŶĞŶƚƐ͕ĚǇŶĂŵŝĐƐŽĨďŝŽŵĂƐƐ͕>/͕ĂŶĚĨŽƌƚǁŽƐŝƚĞƐŽĨd͕ƐŽŝůǁĂƚĞƌĐŽŶͲ
ƚĞŶƚĂŶĚŶŝƚƌŽŐĞŶͿƚŚĞƌĞƌĞŵĂŝŶƐƵŶĐĞƌƚĂŝŶƚǇŝŶƐŝŵƵůĂƚŝŶŐd͕ĚƵĞƚŽĚŝĨĨĞƌĞŶƚdŽĨƵŶĐƚŝŽŶƐƵƐĞĚ͕ĚŝĨĨĞƌͲ
ĞŶƚƉĂƌƚŝƚŝŽŶŝŶŐŽĨƐĂŶĚdĂĂŶĚƌĞŵĂŝŶŝŶŐĚŝĨĨĞƌĞŶĐĞƐŝŶŽƚŚĞƌƉƌŽĐĞƐƐĞƐĂŶĚƉĂƌĂŵĞƚĞƌƐƵƐĞĚŝŶĐƌŽƉ
ŵŽĚĞůƐ͕ǁŚŝĐŚǁĞƌĞŶŽƚĞǆĂŵŝŶĞĚŚĞƌĞ͘ƌŽƉƐŝŵƵůĂƚŝŽŶŵŽĚĞůƐƌĞƋƵŝƌĞĨƵƌƚŚĞƌƐǇƐƚĞŵĂƚŝĐĞǀĂůƵĂƚŝŽŶŽĨ
ŵŽĚĞůŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶƌĞƐƵůƚƐ͕ĂŶĚŝŵƉƌŽǀĞŵĞŶƚƚŽĂĐĐƵƌĂƚĞůǇĞƐƚŝŵĂƚĞĐƌŽƉǁĂƚĞƌƵƐĞƵŶĚĞƌĐƵƌƌĞŶƚ
ĂŶĚĨƵƚƵƌĞĐůŝŵĂƚĞƐ͘
ĐŬŶŽǁůĞĚŐŵĞŶƚƐ͗
ůůƚŚĞĐŽͲĂƵƚŚŽƌƐƉĞƌĨŽƌŵĞĚĐƌŽƉƐŝŵƵůĂƚŝŽŶĞǆƉĞƌŝŵĞŶƚƐĂŶĚĚŝƐĐƵƐƐĞĚƚŚĞƌĞƐƵůƚƐŽĨƚŚĞƐŝŵƵůĂƚŝŽŶƐ͘
dŚĞĂƵƚŚŽƌƐǁŽƵůĚůŝŬĞƚŽƚŚĂŶŬƚŚĞĂŶŽŶǇŵŽƵƐƌĞǀŝĞǁĞƌĨŽƌĐŽŶƐƚƌƵĐƚŝǀĞĐŽŵŵĞŶƚƐ͘


ϱ

ZĞĨĞƌĞŶĐĞƐ



ůůĂŶ͕:͘͘;ϮϬϬϯͿsŝƌƚƵĂůǁĂƚĞƌ͗ƚŚĞǁĂƚĞƌ͕ĨŽŽĚ͕ĂŶĚƚƌĂĚĞŶĞǆƵƐʹƵƐĞĨƵůĐŽŶĐĞƉƚŽƌŵŝƐůĞĂĚŝŶŐŵĞƚĂͲ
ƉŚŽƌ͍tĂƚĞƌ/ŶƚĞƌŶĂƚŝŽŶĂů͕Ϯϴ͕ϰʹϭϭ͘
ŶŐƵůŽ͕͕͘ZƂƚƚĞƌ͕Z͘W͕͘>ŽĐŬ͕Z͕͘ŶĚĞƌƐ͕͕͘&ƌŽŶǌĞŬ͕^͘ΘǁĞƌƚ͕&͘;ϮϬϭϯͿ/ŵƉůŝĐĂƚŝŽŶŽĨĐƌŽƉŵŽĚĞů
ĐĂůŝďƌĂƚŝŽŶƐƚƌĂƚĞŐŝĞƐĨŽƌĂƐƐĞƐƐŝŶŐƌĞŐŝŽŶĂůŝŵƉĂĐƚƐŽĨĐůŝŵĂƚĞĐŚĂŶŐĞŝŶƵƌŽƉĞ͘ŐƌŝĐƵůƚƵƌĂůĂŶĚ
&ŽƌĞƐƚDĞƚĞŽƌŽůŽŐǇ͕ϭϳϬ͕ϯϮͲϰϲ͘
ůůĞŶ͕Z͘'͘ĞƚĂů͘;ϭϵϵϴͿƌŽƉĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ͗'ƵŝĚĞůŝŶĞƐĨŽƌĐŽŵƉƵƚŝŶŐĐƌŽƉǁĂƚĞƌƌĞƋƵŝƌĞŵĞŶƚƐ͘hEͲ
&K͕ZŽŵĞ͘/ƌƌŝŐĂƚŝŽŶĂŶĚƌĂŝŶĂŐĞWĂƉĞƌŶƵŵďĞƌ͗ϱϲ͘
ƐƐĞŶŐ͕ ^͘ Ğƚ Ăů͘ ;ϮϬϭϯͿ hŶĐĞƌƚĂŝŶƚǇ ŝŶ ƐŝŵƵůĂƚŝŶŐ ǁŚĞĂƚ ǇŝĞůĚƐ ƵŶĚĞƌ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ EĂƚƵƌĞ ůŝŵĂƚĞ
ŚĂŶŐĞ͕/ŶWƌĞƐƐ;K/͗ϭϬ͘ϭϬϯϴͬE>/DdϭϵϭϲͿ͘
ƌŝƐƐŽŶ E͕͘ Ğƚ Ăů͘ ;ϭϵϵϴͿ WĂƌĂŵĞƚĞƌŝƐĂƚŝŽŶ ŽĨ ƚŚĞ ^ŚƵƚƚůĞǁŽƌƚŚ ʹtĂůůĂĐĞ ŵŽĚĞů ƚŽ ĞƐƚŝŵĂƚĞ ĚĂŝůǇ ŵĂǆŝͲ
ŵƵŵƚƌĂŶƐƉŝƌĂƚŝŽŶĨŽƌƵƐĞŝŶĐƌŽƉŵŽĚĞůƐ͘ĐŽůŽŐŝĐĂůDŽĚĞůůŝŶŐ͕ϭϬϳ͕ϭϱϵʹϭϲϵ͘
,ĂŶƐĞŶ͕^͘;ϭϵϴϰͿƐƚŝŵĂƚŝŽŶŽĨƉŽƚĞŶƚŝĂůĂŶĚĂĐƚƵĂůĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ͘EŽƌĚŝĐ,ǇĚƌŽůŽŐǇ͕ϭϱ͕ϮϬϱʹϮϭϮ͘
,ŽŽŐĞŶďŽŽŵ͕'͕͘ĞƚĂů͘;ϮϬϭϬͿĞĐŝƐŝŽŶƐƵƉƉŽƌƚƐǇƐƚĞŵĨŽƌĂŐƌŽƚĞĐŚŶŽůŽŐǇƚƌĂŶƐĨĞƌ;^^dͿsĞƌƐŝŽŶϰ͘ϱ
;ͲZKDͿ͘hŶŝǀĞƌƐŝƚǇŽĨ,ĂǁĂŝŝ͕,ŽŶŽůƵůƵ͕,ĂǁĂŝŝ͘
,ŽǁĞůů͕d͘͘;ϮϬϬϵͿŶŚĂŶĐŝŶŐtĂƚĞƌhƐĞĨĨŝĐŝĞŶĐǇŝŶ/ƌƌŝŐĂƚĞĚŐƌŝĐƵůƚƵƌĞ͘ŐƌŽŶŽŵǇ:ŽƵƌŶĂů͕ϵϯ͕Ϯϴϭʹ
Ϯϴϵ͘
DĐ<ĞŶŶĞǇ͕ D͘^͕͘ ZŽƐĞŶďĞƌŐ͕ E͘:͘ ;ϭϵϵϯͿ ^ĞŶƐŝƚŝǀŝƚǇ ŽĨ ƐŽŵĞ ƉŽƚĞŶƚŝĂů ĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ ĞƐƚŝŵĂƚŝŽŶ
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ŵĞƚŚŽĚƐƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ͘ŐƌŝĐƵůƚƵƌĂůĂŶĚ&ŽƌĞƐƚDĞƚĞŽƌŽůŽŐǇ͕ϲϰ͕ϴϭͲϭϭϬ͘
DĞĂƌŶƐ͕ >͘ Ğƚ Ăů͘ ;ϭϵϵϳͿ DĞĂŶ ĂŶĚ ǀĂƌŝĂŶĐĞ ĐŚĂŶŐĞ ŝŶ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ƐĐĞŶĂƌŝŽƐ͗ ŵĞƚŚŽĚƐ͕ ĂŐƌŝĐƵůƚƵƌĂů
ĂƉƉůŝĐĂƚŝŽŶƐ͕ĂŶĚŵĞĂƐƵƌĞƐŽĨƵŶĐĞƌƚĂŝŶƚǇ͘ůŝŵĂƚŝĐŚĂŶŐĞ͕ϯϱ͕ϯϲϳʹϯϵϲ͘
EĞůƐŽŶ͕ '͘ Ğƚ Ăů͘ ;ϮϬϭϬͿ &ŽŽĚ ƐĞĐƵƌŝƚǇ͕ ĨĂƌŵŝŶŐ͕ ĂŶĚ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ƚŽ ϮϬϱϬ͗ ^ĐĞŶĂƌŝŽƐ͕ ƌĞƐƵůƚƐ͕ ƉŽůŝĐǇ
ŽƉƚŝŽŶƐ͘/&WZ/͕tĂƐŚŝŶŐƚŽŶ͕͘
KƐďŽƌŶĞ͕d͕͘ZŽƐĞ͕'͘ΘtŚĞĞůĞƌ͕d͘;ϮϬϭϯͿsĂƌŝĂƚŝŽŶŝŶƚŚĞŐůŽďĂůͲƐĐĂůĞŝŵƉĂĐƚƐŽĨĐůŝŵĂƚĞĐŚĂŶŐĞŽŶĐƌŽƉ
ƉƌŽĚƵĐƚŝǀŝƚǇ ĚƵĞ ƚŽ ĐůŝŵĂƚĞ ŵŽĚĞů ƵŶĐĞƌƚĂŝŶƚǇ ĂŶĚ ĂĚĂƉƚĂƚŝŽŶ͘ ŐƌŝĐƵůƚƵƌĂů ĂŶĚ &ŽƌĞƐƚ DĞƚĞŽƌŽůŽŐǇ͕
ϭϳϬ͕ϭϴϯͲϭϵϰ͘
WĂůŽƐƵŽ͕ d͘ Ğƚ Ăů͘ ;ϮϬϭϭͿ ^ŝŵƵůĂƚŝŽŶ ŽĨ ǁŝŶƚĞƌ ǁŚĞĂƚ ǇŝĞůĚ ĂŶĚ ŝƚƐ ǀĂƌŝĂďŝůŝƚǇ ŝŶ ĚŝĨĨĞƌĞŶƚ ĐůŝŵĂƚĞƐ ŽĨ
ƵƌŽƉĞ͗ĐŽŵƉĂƌŝƐŽŶŽĨĞŝŐŚƚĐƌŽƉŐƌŽǁƚŚŵŽĚĞůƐ͘ƵƌŽƉĞĂŶ:ŽƵƌŶĂůŽĨŐƌŽŶŽŵǇ͕ϯϱ͕ϭϬϯͲϭϭϰ͘
WĞŶŵĂŶ͕,͘>͘;ϭϵϰϴͿEĂƚƵƌĂůĞǀĂƉŽƌĂƚŝŽŶĨƌŽŵŽƉĞŶǁĂƚĞƌ͕ďĂƌĞƐŽŝůĂŶĚŐƌĂƐƐ͘WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞZŽǇĂů
^ŽĐŝĞƚǇ>ŽŶĚŽŶ͕ϭϵϰ͕ϭϮϬͲϭϰϱ͘
WƌŝĞƐƚůĞǇ͕͘,͕͘͘dĂǇůŽƌ͕Z͘:͘;ϭϵϳϮͿKŶƚŚĞĂƐƐĞƐƐŵĞŶƚŽĨƐƵƌĨĂĐĞŚĞĂƚĨůƵǆĂŶĚĞǀĂƉŽƌĂƚŝŽŶƵƐŝŶŐůĂƌŐĞͲ
ƐĐĂůĞƉĂƌĂŵĞƚĞƌƐ͘DŽŶƚŚůǇtĞĂƚŚĞƌZĞǀŝĞǁ͕ϭϬϬ͕ϴϭʹϵϮ͘
ZĂŶĚĂůů͕ ͘͘ Ğƚ Ăů͘ ;ϮϬϬϳͿ ůŝŵĂƚĞ ŚĂŶŐĞ ϮϬϬϳ͗ dŚĞ WŚǇƐŝĐĂů ^ĐŝĞŶĐĞ ĂƐŝƐ͘ ŽŶƚƌŝďƵƚŝŽŶ ŽĨ tŽƌŬŝŶŐ
'ƌŽƵƉ / ƚŽ ƚŚĞ &ŽƵƌƚŚ ƐƐĞƐƐŵĞŶƚ ZĞƉŽƌƚ ŽĨ ƚŚĞ /ŶƚĞƌŐŽǀĞƌŶŵĞŶƚĂů WĂŶĞů ŽŶ ůŝŵĂƚĞ ŚĂŶŐĞ ;ĞĚƐ͘
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Estimation of Sub-Daily IDF Curves in
Singapore using Simple Scaling
C. W. Chang, S. Hiong
Abstract - In Singapore, the Intensity-Duration-Frequency (IDF) curves is one of the tools
adopted in the Code of Practice to guide the design of urban drainage systems, as the
IDF curves provide information on the intensity of extreme short-duration rainfall that is
expected in Singapore. When studying climate change, a method to scale the projected
annual maximum 24-hour rainfall to maximum hourly and sub-hourly rainfalls is
required, in order to study the effects of climate change on extreme short-duration
rainfall. Through analysis of historical rainfall data from 4 rainfall stations in Singapore,
this paper shows that the rainfall in Singapore displays scale-invariance property and the
simple scaling model is thus applicable to Singapore rainfall. Hence, the simple scaling
model is a viable approach to estimate IDF curves of hourly and sub-hourly rainfall from
daily rainfall projections.
Index terms - Climate change; downscaling methods; extreme rainfall; IDF curves; scale
invariance; stormwater management
————————————————————

1 Introduction
When designing urban drainage systems, knowledge of short duration rainfall is important. The
Intensity-Duration-Frequency (IDF) curves are an effective representation of the extreme rainfall
that is expected of the region of interest, because it reflects the average rainfall intensity at every
return period for all rainfall durations. The IDF curves are derived typically by performing annual
maximum analysis of historical rainfall data, based on the assumption that the climate remains
stationary. In Singapore, a highly urbanised city-state located in the tropics, the Code of Practice on
Surface Water Drainage contains a set of IDF curves representing the rainfall of Singapore which
provides information on average rainfall intensity to guide the design of drainage systems in
Singapore (Figure 1). Furthermore, the Code of Practice (6th Edition) also stipulates the minimum
return period of rainfall in the drainage design, determined by the area of catchment served.
In lieu of climate change, understanding the extent of increase in intensity of rainfall, in particular
the short-duration rainfall, is critical in the adaptation planning of drainage infrastructure to cope
with these extreme events. Often, general circulation models (GCMs) are used to project the global
climate in the long run, in terms of the main climate variables including rainfall, temperature, wind
direction, and sea level, based on the various IPCC greenhouse gases emission scenarios. These
1
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dynamical models typically produce monthly or daily series, as the generation of data of even higher
resolution will require enormous computing powers. Due to the coarse spatial resolution of GCMs as
large grid size are used, the outputs of the GCMs are often further dynamically or statistically
downscaled to generate projections for a specific site. Nevertheless, daily rainfall projections for the
site in question are still not sufficient to construct the IDF curves for future periods. Hence, a
method of scaling the annual maximum 24-hour rainfall to maximum hourly and sub-hourly rainfalls
is required.

Figure 1: IDF curves for Singapore from Code of Practice on Surface Water Drainage (6th Edition)
Menabde et al (1999) proposed a simple scaling model that enables the calculation of rainfall
amounts of any return period and duration shorter than a day using the historical daily rainfall
information, after verification of the scale-invariance property of rainfall patterns. This model was
further explored by Nhat et al (2008) whereby the scale-invariance property of rainfall was proven
based on recorded data at 4 stations in Nagoya (Japan), Daegu (Korea), Geraldton (Australia), and
Malaysia. The IDF curves for 10-min and 1-hour rainfall that are constructed by simple scaling of 24hour maximum rainfall have a Mean Absolute Percent Error (MAPE) of less than 5% when compared
to observed data. The simple scaling method has been used by several countries to estimate subdaily rainfall using daily rainfall to overcome the problem of incomplete (or non-existent) sub-daily
rainfall data.

2
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This study seeks to verify the scale-invariance property of Singapore rainfall, based on past rainfall
data at 4 stations – Changi, MacRitchie, Tengah, and Paya Lebar – and to validate the capability of
the simple scaling model to reproduce the IDF curves of current Singapore rainfall. Once validated,
the scaling exponent derived from historical rainfall data and assumed to be constant with time can
then be applied to daily rainfall projections to derive future periods sub-daily IDF curves.

2

Methodology

2.1

Simple scaling

In the model proposed by Menabde et al (1999), rainfall intensity I(d) of duration d is said to exhibit
simple scale invariance behaviour if
dist

(1)

holds true. The equality refers to identical probability distributions on both sides of the equation; λ
denotes a scale factor and H is a scaling exponent. It follows that by raising both sides of Equation 1
to the power of q and taking the ensemble average, that is, taking the q-th moment of both
distributions, the q-th moments are related in the following manner:
λ
When the moments

(2)

λ

are plotted on a logarithmic chart versus the scale λ for various

moments order q, each slope will represent Hq for the respective q. The various slopes Hq are then
plotted against q: if the graph is a straight line, it implies that H is a constant and I(d) exhibits
characteristics for simple scaling; otherwise a multi-scaling approach has to be considered.
In a case of simple scaling, and when the cumulative distribution function (CDF) of extreme events is
assumed to be independent of d (Menabde et al, 1999), it was shown that the mean µ and standard
deviation σ of different d are related by:
(3)
(4)
By further assuming that the CDF follows a Gumbel Extreme Value distribution (also known as EV I
distribution), the following IDF relationship can be derived:

3
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(5)
where I is in mm/h, T is the return period, and d is in hours.

2.2

Station-year method

The station-year method was proposed primarily to overcome the hydrologic design problem of
estimating return periods that are much longer than the length of rainfall data available at a single
rainfall station. As long as the rainfall stations satisfy the 3 conditions – (i) the area is
meteorologically homogenous, (ii) the stations have a satisfactory length of record, and (iii) the
rainfall observations at each station are independent – the n years of records from m stations may
be combined and treated as m x n station-years of records of a single station (Huff and Neil, 1959).
In Singapore, the IDF curves found in the Code of Practice is derived by combining rainfall records of
35 rainfall stations, each with varying length of rainfall data, using the station-year method. As a
result, over 1300 station-years worth of annual maximum rainfall data is available. In this study, data
from only 4 rainfall stations are used. These stations are roughly evenly spread across Singapore –
their approximate locations are shown in the map Figure 2. For consistency in methodology, the
station-year method will also be applied in the analysis of the rainfall data from the 4 stations.

Figure 2: Map showing approximate locations of Tengah, MacRitchie, Paya Lebar, and Changi
rainfall stations, denoted by red circles
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3 Data used
For the verification of scale-invariance property and derivation of the scaling exponent, H, for the
rainfall in Singapore, annual maximum 15-min, 30-min, 45-min, 1-hour, 2-hour, 3-hour, 6-hour, 12hour, and 24-hour rainfall data from Changi, MacRitchie, Tengah, and Paya Lebar rainfall stations are
used. Each station provides 36-55 years of moving-maximum data for each rainfall duration, which
gives a total of 171 station years.

4 Results and Discussion
4.1

Verification of scale-invariance property

Equation 2 can be checked using empirical data by replacing the ensemble average by the sample
average (Menabde et al, 1999). The sample moments are plotted against duration, d, on a
logarithmic scale as shown in Figure 3. It can be observed from Figure 3 that log(moment) and
log(duration) have a linear relationship with 2 distinct gradients for 2 regimes and the change in
gradient occurs at around 45 min – this phenomenon is also observed by Nhat et al (2008). This
suggests a “transition in the rainfall dynamic” (Nhat et al, 2008) but is not confirmed by a physical
model yet. Linear regression performed separately for each of the two regimes confirmed the linear
relationship – the correlation is consistently strong with coefficient of determination R2 values
greater than 0.98 for both sections.

Log-log plot of moments against durations
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Figure 3: Log-log plot of moments (of orders 1 ≤ q ≤ 5) versus durations
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The slopes of all the best-fit straight lines, Hq, are then plotted against q up to 3rd order, as shown in
Figure 4. The plots show that the relationship is linear with very high values of R2 of close to 1, thus
justifying the using of simple scaling. The slopes, obtained by linear regression, are the values of the
scaling exponent H for the two different regimes – 45-min to 24-hour and 15-min to 45-min. Based
on the rainfall data of the 4 stations used, the scaling exponent is -0.7272 and -0.4012 for 45-min to
24-hour range and 15-min to 45-min range respectively.
order of moment, q
0
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-1
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y = -0.7272x - 0.027
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Linear
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24-h)
Linear
(15-min to
45-min)

-2.5

Figure 4: Relationship between Hq and order of moment q for two ranges, 1-hour to 24-hour and
15-min to 1-hour at Changi Station

4.2

Estimation of IDF curves and evaluation of model performance

The mean µ24 and standard deviation σ24 are estimated from the sample of annual maximum 24hour rainfall data using the L-moment method: this method is said to be more robust (relative to
conventional moment method) against outlying points when estimated from a sample (Sattar and
Wan, 2009). The L-moment is estimated by using plotting position, which is a distribution-free
estimator of cumulative distribution function Fd(i) – in this study, the form Fd(i) = (i-0.35)/n, as
proposed by Hosking (1999), is assumed.
Subsequently, the mean µd and standard deviation σd for various sub-daily durations d are calculated
from µ24 and σ24 using Equations 3 and 4 in 2 steps: first applying a scale exponent H of -0.7272 for
the 45-min to 24-hr range then applying H = -0.4012 on µd=0.74 and σd=0.75 for the 15-min to 45-min
range. Knowing µd and σd enables IDF curves of durations d to be estimated based on Equation 5.
The estimated IDF curves are then plotted together with the actual observed data, as in Figure 5, to
evaluate the goodness-of-fit graphically. Also, the IDF curves derived by fitting Gumbel Extreme
6
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Value distribution to actual observed data (of various durations d) are plotted on the same graphs
for comparison. It can be observed that the estimated IDF curves of the short-duration rainfall by
simple scaling fit the observed data point very well at lower return periods (T<50 years) but not as
well at higher return periods. This is observed for the IDF curves that are fitted to the actual shortduration rainfall data as well, which suggests that the annual maximum (AM) rainfall distribution
does not exactly follow the Gumbel distribution at higher return periods in the first place, due to the
presence of some outliers.
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Figure 5: IDF curves estimated by simple scaling and by fitting Gumbel distribution to the
observations -for 15-min, 30-min, 1-hour rainfall
In addition, evaluation statistics Root Mean Square Error (RMSE) and Mean Absolute Percent Error
(MAPE) are also used to evaluate the performance of the simple scaling model. Table 1 shows the
computed RMSE and MAPE values for 15-min, 30-min and 1-hour IDF curves estimated by simple
scaling. The MAPE values are in the range of 5-7% which is only slightly higher than the MAPE values
when fitting Gumbel distribution to the observed data points which is the range of 2-4%. These
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results validate the performance of the simple scaling model in estimating the IDF curves of shortduration rainfall in Singapore.
Table 1: The Root Mean Square Error and Mean Absolute Percent Error for 15-min, 30-min and 1hour IDF curve estimates
By Simple Scaling and
assuming Gumbel
distribution
RMSE
MAPE

By fitting Gumbel
distribution to observed
data
RMSE
MAPE

15-min

6.5

4.9%

6.3

3.8%

30-min

8.2

8.9%

2.5

2.1%

1-hour

4.3

6.7%

2.3

2.6%

In order to test how representative the rainfall data from the selected 4 rainfall stations are of the
rainfall observed in whole of Singapore, the IDF curves estimated from the 24-h annual maximum
rainfall series of the 4 stations via simple scaling are plotted together with the IDF curves from the
Singapore Code of Practice, estimated by fitting Gumbel distribution to 35 stations of rainfall data.
Figure 6 shows that IDF curves estimated by simple scaling can reproduce the IDF curves for
Singapore reasonably well. The absolute percentage difference is in the range of 1-6% for 15-min,
30-min and 1-hour rainfall of 10 to 100 years return period.
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Intensity-Duration-Frequency Relations
Simple Scaling (4 Stations) and Drainage COP (35 stations)
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Figure 6: IDF curves estimated by simple scaling and IDF curves of Singapore from the Code of
Practice

5 Conclusions
The results of this study show that the Singapore rainfall displays scale-invariance property in 2
scaling regimes – from 45-min to 24-hour and from 15-min to 45-min. Relying only on the statistical
properties of the annual maximum 24-h rainfall, the IDF curves of short-duration rainfall could be
estimated and they are shown to match the actual observations reasonably well, especially in the
lower return period. Furthermore, the IDF curves estimated from data of 4 selected rainfall stations
are similar to the IDF curves derived from fitting Gumbel distribution to the data from 35 stations
and currently being used for drainage design in Singapore. Hence, the simple scaling model is shown
to be applicable to Singapore rainfall.
The findings are of significance to work related to IDF relations of extreme storms. The key
advantage is that IDF curves of shorter rainfall durations that are not measured or unavailable can
be derived solely based on the statistical properties of the annual maximum 24-h rainfall. This is
important because daily rainfall projections are more commonly available in the downscaling of
GCMs results in climate change studies but not sub-hourly rainfall projections. Until computing
powers allow dynamical downscaling to produce time-series of rainfall projections in short time
intervals (for example every 15 minutes), the simple scaling model is a viable and reasonable
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approach to scale daily rainfall projections to hourly and sub-hourly rainfall in order to study the
effects of climate change on extreme short-duration rainfall.
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

hŶĐĞƌƚĂŝŶƚŝĞƐďĞǇŽŶĚĞŶƐĞŵďůĞƐĂŶĚƉĂƌĂŵĞƚĞƌƐʹĞǆƉĞƌŝĞŶĐĞƐŽĨŝŵƉĂĐƚ
ĂƐƐĞƐƐŵĞŶƚƐƵƐŝŶŐƚŚĞ,zWŵŽĚĞůĂƚǀĂƌŝŽƵƐƐĐĂůĞƐ



ŚĂŶƚĂůŽŶŶĞůůǇ͕ĞƌŝƚƌŚĞŝŵĞƌ͕dŚŽŵĂƐŽƐƐŚĂƌĚ͕/ůŝĂƐWĞĐŚůŝǀĂŶŝĚŝƐ


ďƐƚƌĂĐƚͶƐƐĞƐƐŵĞŶƚƐŽĨƵŶĐĞƌƚĂŝŶƚŝĞƐǁŚĞŶŵŽĚĞůůŝŶŐĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚŽŶŚǇĚƌŽůŽŐǇ
ŚĂǀĞŽĨƚĞŶďĞĞŶĨŽĐƵƐĞĚŽŶĞŝƚŚĞƌĞŶƐĞŵďůĞƐŽĨĐůŝŵĂƚĞĨŽƌĐŝŶŐĂŶĚŝŵƉĂĐƚŵŽĚĞůƐ͕Žƌ
ƵŶĐĞƌƚĂŝŶƚŝĞƐŝŶƚŚĞƉĂƌĂŵĞƚĞƌƐŽĨƚŚĞŚǇĚƌŽůŽŐŝĐĂůŝŵƉĂĐƚŵŽĚĞůƐ͘>ĞƐƐĞĨĨŽƌƚŚĂƐďĞĞŶŵĂĚĞ
ƚŽƵŶĚĞƌƐƚĂŶĚƵŶĐĞƌƚĂŝŶƚŝĞƐĂƌŝƐŝŶŐĂƚĚŝĨĨĞƌĞŶƚŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐĐĂůĞƐ͘dŚŝƐƐƚƵĚǇ
ĐŽŵƉĂƌĞƐƌĞƐƵůƚƐĨƌŽŵƚŚĞ,zWŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůŝŶĐůŝŵĂƚĞŝŵƉĂĐƚƐƚƵĚŝĞƐĂƚŶĂƚŝŽŶĂů
;^ǁĞĚĞŶͿ͕ƌĞŐŝŽŶĂů;ĂůƚŝĐ^ĞĂĐĂƚĐŚŵĞŶƚͿĂŶĚĐŽŶƚŝŶĞŶƚĂůƐĐĂůĞ;ƵƌŽƉĞͿ͕ƵƐŝŶŐĂƉƉƌŽƉƌŝĂƚĞ
ŝŶƉƵƚĚĂƚĂĨŽƌĞĂĐŚƐĐĂůĞĂŶĚĂŵƵůƚŝͲďĂƐŝŶ͕ƚƌĂŶƐďŽƵŶĚĂƌǇĂƉƉƌŽĂĐŚ͘ůŝŵĂƚĞĐŚĂŶŐĞƌĞƐƵůƚƐ
ĨŽƌƚŚĞŽǀĞƌůĂƉƉŝŶŐĚŽŵĂŝŶƐŽĨƚŚĞƐĞŵŽĚĞůƐǁĞƌĞĐŽŵƉĂƌĞĚĨŽƌĂƐŝŶŐůĞĐůŝŵĂƚĞƉƌŽũĞĐƚŝŽŶ͘
&ŽƌƚŚĞϯĚŝĨĨĞƌĞŶƚŵŽĚĞůƐĐĂůĞƐƚŚĞƐĂŵĞĐůŝŵĂƚĞƉƌŽũĞĐƚŝŽŶ͕ďŝĂƐͲĐŽƌƌĞĐƚŝŽŶƉƌŽĐĞĚƵƌĞ͕
ŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůĐŽĚĞĂŶĚƐĞƚƵƉĂƉƉƌŽĂĐŚǁĞƌĞƵƐĞĚ͘ŝĂƐŝŶƚŚĞƐŝŵƵůĂƚĞĚĚŝƐĐŚĂƌŐĞĨŽƌ
ƚŚĞƌĞĨĞƌĞŶĐĞƉĞƌŝŽĚǁĂƐƐŚŽǁŶƚŽďĞŽĨƐŝŵŝůĂƌŵĂŐŶŝƚƵĚĞĨŽƌĞĂĐŚŵŽĚĞůƐĐĂůĞďƵƚǀĂƌŝĞĚ
ƐƉĂƚŝĂůĚŝƐƚƌŝďƵƚŝŽŶĂŶĚĚŝƌĞĐƚŝŽŶ͘dŚĞƉƌĞĚŝĐƚĞĚĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚŽŶĚŝƐĐŚĂƌŐĞǀĂƌŝĞĚŝŶ
ďŽƚŚŵĂŐŶŝƚƵĚĞĂŶĚĚŝƌĞĐƚŝŽŶďĞƚǁĞĞŶƚŚĞƌĞŐŝŽŶĂůĂŶĚĐŽŶƚŝŶĞŶƚĂůƐĐĂůĞŵŽĚĞůƐĨŽƌƚŚĞ
ŽǀĞƌůĂƉƉŝŶŐĚŽŵĂŝŶ͕ďƵƚŽŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ƚŚĞĐůŝŵĂƚĞĐŚĂŶŐĞƐŝŐŶĂůĂŶĚŵĂŐŶŝƚƵĚĞǀĂƌŝĞĚ
ƌĞŵĂƌŬĂďůǇůŝƚƚůĞďĞƚǁĞĞŶƚŚĞŶĂƚŝŽŶĂůĂŶĚƌĞŐŝŽŶĂůƐĐĂůĞŵŽĚĞůƐĨŽƌƚŚĞŝƌŽǀĞƌůĂƉƉŝŶŐ
ĚŽŵĂŝŶ͘/ŶƚŚŝƐĐĂƐĞ͕ƚŚĞĐĂƵƐĞǁĂƐƚƌĂĐĞĚƚŽƚŚĞƉƌĞĐŝƉŝƚĂƚŝŽŶĨŽƌĐŝŶŐĚĂƚĂƵƐĞĚĨŽƌŵŽĚĞů
ĐĂůŝďƌĂƚŝŽŶ͕ǀĂůŝĚĂƚŝŽŶĂŶĚĂƐĂƌĞĨĞƌĞŶĐĞĨŽƌďŝĂƐͲĐŽƌƌĞĐƚŝŽŶ͘WƌĞĐŝƉŝƚĂƚŝŽŶĚĂƚĂĨƌŽŵůĂƌŐĞͲ
ƐĐĂůĞĚĂƚĂƐĞƚƐŝŶƚƌŽĚƵĐĞƐůŽĐĂůĂŶĚƌĞŐŝŽŶĂůƐĐĂůĞďŝĂƐĞƐ͕ǁŚŝĐŚŝŶƚƵƌŶĂƌĞĐĂƌƌŝĞĚƚŚƌŽƵŐŚƚŽ
ƚŚĞďŝĂƐͲĐŽƌƌĞĐƚĞĚĐůŝŵĂƚĞƉƌŽũĞĐƚŝŽŶĂŶĚƵůƚŝŵĂƚĞůǇƚŚƌŽƵŐŚƚŚĞĐůŝŵĂƚĞŝŵƉĂĐƚŵŽĚĞů͘dŚĞƌĞ
ŝƐĂŶĞĞĚĨŽƌƐĞŶƐŝƚŝǀŝƚǇƚĞƐƚŝŶŐŽĨďŝĂƐͲĐŽƌƌĞĐƚŝŽŶƉƌŽĐĞĚƵƌĞƐƚŽĞƌƌŽƌƐŝŶƉƌĞĐŝƉŝƚĂƚŝŽŶĨŝĞůĚƐ
ĚŽĚĞƚĞƌŵŝŶĞŚŽǁƐƵĐŚĞƌƌŽƌƐĂĨĨĞĐƚƚŚĞƉƌĞĐŝƉŝƚĂƚŝŽŶĐůŝŵĂƚĞĐŚĂŶŐĞƐŝŐŶĂů͘
/ŶĚĞǆdĞƌŵƐͶĐůŝŵĂƚĞĐŚĂŶŐĞƉƌŽũĞĐƚŝŽŶƐ͕ƵŶĐĞƌƚĂŝŶƚŝĞƐ͕ŚǇĚƌŽůŽŐŝĐĂůŝŵƉĂĐƚ͕ŵŽĚĞůůŝŶŐ͕
ƐĐĂůĞƐ
ͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶ

ϭ

/ŶƚƌŽĚƵĐƚŝŽŶ

'ůŽďĂů ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝƐ ĞǆƉĞĐƚĞĚ ƚŽ ŚĂǀĞ Ă ƐƚƌŽŶŐ ŝŵƉĂĐƚ ŽŶ ǁĂƚĞƌ ƌĞƐŽƵƌĐĞƐ ŽŶ ůŽĐĂů͕ ƌĞŐŝŽŶĂů ĂŶĚ
ŐůŽďĂůƐĐĂůĞƐ͘ƐĂƌĞƐƵůƚ͕ƚŚĞƐĐŝĞŶƚŝĨŝĐĐŽŵŵƵŶŝƚǇŚĂƐďĞĞŶĨŽĐƵƐŝŶŐŽŶƉƌĞĚŝĐƚŝŶŐƚŚĞƉŽƚĞŶƚŝĂůĞĨĨĞĐƚƐ
ŽĨĐůŝŵĂƚĞĐŚĂŶŐĞŽŶƚŚĞŚǇĚƌŽůŽŐŝĐĂůƌĞƐƉŽŶƐĞ͘ĐŽŵŵŽŶŵĞƚŚŽĚƚŽĂƐƐĞƐƐĨƵƚƵƌĞĐůŝŵĂƚĞĐŚĂŶŐĞŝŵͲ
ƉĂĐƚƐŽŶǁĂƚĞƌƌĞƐŽƵƌĐĞƐŝŶǀŽůǀĞƐĐůŝŵĂƚĞǀĂƌŝĂďůĞƐ;ŝ͘Ğ͘ƉƌĞĐŝƉŝƚĂƚŝŽŶ͕ƚĞŵƉĞƌĂƚƵƌĞͿĨƌŽŵŐůŽďĂůĐůŝŵĂƚĞ
ŵŽĚĞůƐ;'DƐͿŝŶĐŽŵďŝŶĂƚŝŽŶǁŝƚŚŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐ͘'DƐĚĞŵŽŶƐƚƌĂƚĞƐŝŐŶŝĨŝĐĂŶƚƐŬŝůůĂƚƚŚĞĐŽŶͲ
ƚŝŶĞŶƚĂůĂŶĚŚĞŵŝƐƉŚĞƌŝĐƐƉĂƚŝĂůƐĐĂůĞƐĂŶĚŝŶĐŽƌƉŽƌĂƚĞĂůĂƌŐĞƉƌŽƉŽƌƚŝŽŶŽĨƚŚĞĐŽŵƉůĞǆŝƚǇŽĨƚŚĞŐůŽďĂů
ƐǇƐƚĞŵ͖ŚŽǁĞǀĞƌƚŚĞǇĂƌĞŝŶŚĞƌĞŶƚůǇƵŶĂďůĞƚŽƌĞƉƌĞƐĞŶƚůŽĐĂůďĂƐŝŶͲƐĐĂůĞĨĞĂƚƵƌĞƐĂŶĚĚǇŶĂŵŝĐƐ;&ŽǁůĞƌ
ĞƚĂů͘ϮϬϬϳͿ͘dŽŶĂƌƌŽǁƚŚĞŐĂƉďĞƚǁĞĞŶ'DƐĂďŝůŝƚǇĂŶĚŚǇĚƌŽůŽŐŝĐĂůŶĞĞĚƐ͕ƌĞŐŝŽŶĂůĐůŝŵĂƚĞŵŽĚĞůƐ
;ZDƐͿŚĂǀĞďĞĞŶĚĞǀĞůŽƉĞĚƚŽŐĞŶĞƌĂƚĞŚŝŐŚͲƌĞƐŽůƵƚŝŽŶŵĞƚĞŽƌŽůŽŐŝĐĂůŝŶƉƵƚƐ͘ZDƐƚƌĂŶƐĨĞƌƚŚĞůĂƌŐĞͲ
ƐĐĂůĞŝŶĨŽƌŵĂƚŝŽŶĨƌŽŵ'DƐƚŽƐĐĂůĞƐ͕ǁŚŝĐŚĂƌĞĐůŽƐĞƌƚŽƚŚĞďĂƐŝŶƐĐĂůĞ;ϮϱͲϱϬŬŵͿďƵƚ͕ZDƌĞƐƵůƚƐ
ƐƚŝůůƐŚŽǁůĂƌŐĞďŝĂƐŝŶƚŚĞŵĂŐŶŝƚƵĚĞĂŶĚĚŝƐƚƌŝďƵƚŝŽŶŽĨƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚƚŽĂůĞƐƐĞƌĞǆƚĞŶƚ͕ƚĞŵƉĞƌĂͲ
ƚƵƌĞ͘ZDŽƵƚƉƵƚƐĂƌĞƚŚĞƌĞĨŽƌĞŶŽƚĐŽŶƐŝĚĞƌĞĚƚŽďĞĚŝƌĞĐƚůǇƵƐĞĨƵůĨŽƌĂƐƐĞƐƐŝŶŐŚǇĚƌŽůŽŐŝĐĂůŝŵƉĂĐƚƐ
ĂƚƚŚĞƌĞŐŝŽŶĂůĂŶĚͬŽƌůŽĐĂůƐĐĂůĞ͘&ŽƌƚŚĂƚƌĞĂƐŽŶ͕ĂŵƵůƚŝͲŵŽĚĞůĞŶƐĞŵďůĞŽĨZDƐƚŽŐĞƚŚĞƌǁŝƚŚďŝĂƐͲ
ĐŽƌƌĞĐƚŝŽŶŵĞƚŚŽĚƐŝƐƵƐƵĂůůǇƵƐĞĚƚŽŽďƚĂŝŶĂƌĞůŝĂďůĞŝŵƉƌĞƐƐŝŽŶŽĨƚŚĞĐůŝŵĂƚĞĐŚĂŶŐĞĂŶĚƉƌŽǀŝĚĞƵŶͲ
ĐĞƌƚĂŝŶƚǇŝŶĨŽƌŵĂƚŝŽŶ;Ğ͘Ő͘^ƉĞƌŶĂtĞŝůĂŶĚĞƚĂů͘ϮϬϭϬ͕ŶĚƌĞĂƐƐŽŶĞƚĂůϮϬϭϮͿ͘ZĞƐƵůƚƐĨƌŽŵŝŵƉĂĐƚƐƚƵĚͲ
ŝĞƐĂƌĞŽĨƚĞŶƐƵďũĞĐƚƚŽƵŶĐĞƌƚĂŝŶƚŝĞƐǁŚŝĐŚĂƌĞƉƌŽƉĂŐĂƚĞĚƚŚƌŽƵŐŚƚŚĞĞŶƚŝƌĞŵŽĚĞůůŝŶŐĐŚĂŝŶĂŶĚĨƵƌͲ
ƚŚĞƌŝŶƚĞƌĨĞƌĞǁŝƚŚĞĂĐŚŽƚŚĞƌ͘dŚĞƐĞĐŽƵůĚďĞĐĂƚĞŐŽƌŝǌĞĚŝŶƚŽ͗;ϭͿĐůŝŵĂƚĞŵŽĚĞůƐĂŶĚƚŚĞŝƌƉĂƌĂŵĞƚĞƌŝͲ
ǌĂƚŝŽŶ͕ ;ϮͿĚŽǁŶƐĐĂůŝŶŐƚĞĐŚŶŝƋƵĞƐ͕ ;ϯͿďŝĂƐĐŽƌƌĞĐƚŝŽŶŵĞƚŚŽĚƐ͕ĂŶĚ ;ϰͿŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐĂŶĚƚŚĞŝƌ
ƉĂƌĂŵĞƚĞƌŝǌĂƚŝŽŶ͘/ŶƚŚŝƐƐƚƵĚǇ͕ƚŚĞŝŶĨůƵĞŶĐĞŽĨŵŽĚĞůƐĐĂůĞĂŶĚƚŚĞĂƐƐŽĐŝĂƚĞĚĚŝĨĨĞƌĞŶĐĞƐŝŶŵŽĚĞůƐĞƚͲ
ƵƉĚƵĞƚŽƐĐĂůĞŝƐŝŶǀĞƐƚŝŐĂƚĞĚƚŽƐĞĞŝĨƚŚŝƐĐŽŶƚƌŝďƵƚĞƐƚŽƵŶĐĞƌƚĂŝŶƚǇŝŶĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚŵŽĚĞůͲ
ůŝŶŐ͘tĞĚƌĂǁŝŶƐŝŐŚƚƐĨƌŽŵŽƵƌĞǆƉĞƌŝĞŶĐĞĂƐƐĞƐƐŝŶŐĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚƐĂƚĐŽŶƚŝŶĞŶƚĂů͕ƌĞŐŝŽŶĂůĂŶĚ
ϭ
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ŶĂƚŝŽŶĂů ƐĐĂůĞ ;ĨŽƌ ƵƌŽƉĞ͕ ƚŚĞ ĂůƚŝĐ ^ĞĂ ĐĂƚĐŚŵĞŶƚ ĂŶĚ ^ǁĞĚĞŶ͕ ƌĞƐƉĞĐƚŝǀĞůǇͿ ƵƐŝŶŐ ƚŚĞ ,ǇĚƌŽůŽŐŝĐĂů
ƉƌĞĚŝĐƚŝŽŶƐĨŽƌƚŚĞŶǀŝƌŽŶŵĞŶƚ;,zWͿŵŽĚĞů͘


Ϯ

ĂƚĂĂŶĚDĞƚŚŽĚƐ


dŽƋƵĂŶƚŝĨǇŚŽǁĐŚŽŝĐĞŽĨŝŶƉƵƚĚĂƚĂĂƚĞĂĐŚŵŽĚĞůƐĐĂůĞ͕ĂŶĚƚŚĞƉĂƌĂŵĞƚĞƌŝƐĂƚŝŽŶŽĨƚŚĞŚǇĚƌŽůŽŐŝĐĂů
ŵŽĚĞůŝŶƌĞƐƉŽŶƐĞƚŽƚŚĞĐŚŽƐĞŶŝŶƉƵƚĚĂƚĂĂĨĨĞĐƚƐƚŚĞƉƌĞĚŝĐƚĞĚĐůŝŵĂƚĞĐŚĂŶŐĞƐŝŐŶĂů͕ĂŚǇĚƌŽůŽŐŝĐĂů
ŵŽĚĞůƐĞƚƵƉĂƚϯĚŝĨĨĞƌĞŶƚƐĐĂůĞƐĂŶĚƌĞƐŽůƵƚŝŽŶƐǁĂƐƵƐĞĚƚŽŵĂŬĞĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚƉƌĞĚŝĐƚŝŽŶƐ͘
dŚĞ,zWŵŽĚĞů;>ŝŶĚƐƚƌƂŵĞƚĂů͘ϮϬϭϬϭͿǁĂƐƐĞƚƵƉĨŽƌĂůůŽĨ^ǁĞĚĞŶ͗^Ͳ,zW;^ƚƌƂŵƋǀŝƐƚĞƚĂů͘ϮϬϭϭͿ͕
ĨŽƌ ƚŚĞ ĂůƚŝĐ ^ĞĂ ďĂƐŝŶ͗ >dͲ,zW ;ƌŚĞŝŵĞƌ Ğƚ Ăů͘ ϮϬϭϮĂͿ ĂŶĚ ĨŽƌ ƚŚĞ ƵƌŽƉĞĂŶ ĐŽŶƚŝŶĞŶƚ͗ Ͳ,zW
;ŽŶŶĞůůǇĞƚĂů͘ϮϬϭϯͿ͘dŚĞŵŽĚĞůĂƉƉůŝĐĂƚŝŽŶƐĚŝĨĨĞƌƌĞŐĂƌĚŝŶŐŝŶƉƵƚƐ͕ƌĞƐŽůƵƚŝŽŶĂŶĚĚŽŵĂŝŶ;dĂďůĞϭͿ͕
ďƵƚĂůƐŽŝŶƉĂƌĂŵĞƚĞƌǀĂůƵĞƐĂŶĚƉĞƌĨŽƌŵĂŶĐĞĂƐĐŽŵƉĂƌĞĚƚŽŽďƐĞƌǀĞĚƚŝŵĞͲƐĞƌŝĞƐ;ŝŶƌĞƐƉŽŶƐĞƚŽƚŚĞ
ǀĂƌǇŝŶŐŝŶƉƵƚĚĂƚĂͿ͘  dŚĞƌĞĨĞƌĞŶĐĞƉĞƌŝŽĚƐĨŽƌďŝĂƐͲĐŽƌƌĞĐƚŝŽŶĂůƐŽǀĂƌǇƐůŝŐŚƚůǇĚƵĞƚŽĂǀĂŝůĂďŝůŝƚǇŽĨƚŚĞ
ƌĞĨĞƌĞŶĐĞĚĂƚĂ͘dŚĞ,zWŵŽĚĞůĐŽĚĞŝƐƚŚĞƐĂŵĞŝŶĂůůƚŚĞĂƉƉůŝĐĂƚŝŽŶƐĂƐǁĞůůĂƐƚŚĞŵĞƚŚŽĚĨŽƌďŝĂƐ
ĐŽƌƌĞĐƚŝŽŶŽĨĨŽƌĐŝŶŐĚĂƚĂĨƌŽŵƚŚĞĐůŝŵĂƚĞŵŽĚĞůƐ͘

dĂďůĞϭ͘^ƵŵŵĂƌǇŽĨŵŽĚĞůĂƉƉůŝĐĂƚŝŽŶƐ
DŽĚĞů
EŽƐƵďďĂƐŝŶƐ
DĞĚŝĂŶƐƵďďĂƐŝŶ
;ŬŵϮͿ
^Ͳ,zW͕

ϯϳϳϴϲ

ϳ

ĂůƚͲ,zW


ϱϭϮϴ


ϯϮϱ

Ͳ,zW


ϯϱϰϰϳ


Ϯϭϱ

&ŽƌĐŝŶŐ

&ŽƌĐŝŶŐZĞƐŽͲ
ůƵƚŝŽŶ;ŬŵͿ

WdͲ,s;:ŽŚĂŶƐͲ
ƐŽŶϮϬϬϮͿ
ZD^E:ĂŶƐͲ
ƐŽŶĞƚĂů͘;ϮϬϬϳͿ͕

ϰŬŵ
ϭϭŬŵ

ZĞĨWĞƌŝŽĚĨŽƌ
ďŝĂƐͲ
ĐŽƌƌĞĐƚŝŽŶ
ϭϵϴϭͲϮϬϭϬ

ϭϵϴϭͲϮϬϬϱ

ZͲ/EdZ/D
ϴϬŬŵ
ϭϵϴϭͲϮϬϭϬ
ǁŝƚŚŵŽŶƚŚůǇďŝĂƐ ;'WϱϱŬŵͿ
ĐŽƌƌĞĐƚŝŽŶ
ĂŐĂŝŶƐƚ'W


dŚĞϭĞŵŝƐƐŝŽŶƐƐĐĞŶĂƌŝŽ͕ƐŝŵƵůĂƚĞĚďǇƚŚĞ,Dϱ'D;ƐƚĂƌƚĐŽŶĚŝƚŝŽŶϯͿ͕ĚǇŶĂŵŝĐĂůůǇĚŽǁŶƐĐĂůĞĚ
ďǇƚŚĞZŽƐƐďǇĞŶƚƌĞDŽĚĞů;Zϯ͕<ũĞůůƐƚƌƂŵĞƚĂů͘ϮϬϭϬͿǁĂƐďŝĂƐͲĐŽƌƌĞĐƚĞĚƚŽƚŚĞϯĚŝĨĨĞƌĞŶƚƌĞĨĞƌĞŶĐĞ
ĨŽƌĐŝŶŐ ĚĂƚĂ ƐĞƚƐ ƵƐŝŶŐ ƚŚĞ ŝƐƚƌŝďƵƚŝŽŶ ĂƐĞĚ ^ĐĂůŝŶŐ ŵĞƚŚŽĚŽůŽŐǇ ;^͕ zĂŶŐ Ğƚ Ăů͘ ϮϬϭϭͿ͘ dŚĞ ^
ŵĞƚŚŽĚĐŽƌƌĞĐƚƐƚŚĞƐĞĂƐŽŶĂůƋƵĂŶƚŝůĞĚŝƐƚƌŝďƵƚŝŽŶŽĨƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚƚŚĞĂŶŶƵĂůĐǇĐůĞŽĨƚŚĞŵĞĂŶĂŶĚ
ƚŚĞǀĂƌŝĂŶĐĞŽĨƚĞŵƉĞƌĂƚƵƌĞ͕ĐŽŶĚŝƚŝŽŶĂůŽŶƚŚĞǁĞƚŽƌĚƌǇƐƚĂƚĞŽĨƉƌĞĐŝƉŝƚĂƚŝŽŶ͘dŚĞďŝĂƐͲĐŽƌƌĞĐƚĞĚĚĂƚĂ
ǁĂƐƵƐĞĚƚŽĨŽƌĐĞĞĂĐŚŽĨƚŚĞϯŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůĂƉƉůŝĐĂƚŝŽŶƐ͘>ŽŶŐͲƚĞƌŵŵĞĂŶƐŽĨďŝĂƐͲĐŽƌƌĞĐƚĞĚƉƌĞͲ
ĐŝƉŝƚĂƚŝŽŶ;WͿ͕ƚĞŵƉĞƌĂƚƵƌĞ;dͿĂƐǁĞůůĂƐĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ;Ϳ͕ůŽĐĂůƌƵŶŽĨĨ;ZͿĂŶĚĚŝƐĐŚĂƌŐĞ;YͿǁĞƌĞ
ĐŽŵƉĂƌĞĚĨŽƌƚŚĞĐŽŵŵŽŶĚŽŵĂŝŶƐŽĨƚŚĞϯĂƉƉůŝĐĂƚŝŽŶƐ͕ŝ͘Ğ͘^ǁĞĚĞŶĂŶĚĂůƚŝĐ^ĞĂĐĂƚĐŚŵĞŶƚ͘ZĞƐƵůƚƐ
ĨƌŽŵƚŚĞƌĞƐƉĞĐƚŝǀĞŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐĨŽƌĐĞĚďǇƚŚĞďŝĂƐͲĐŽƌƌĞĐƚĞĚĚĂƚĂǁĞƌĞƵƐĞĚĨŽƌĚĞƚĞƌŵŝŶŝŶŐ;ĂͿ
ŚŽǁǁĞůůƚŚĞďŝĂƐͲĐŽƌƌĞĐƚĞĚĚĂƚĂƌĞƉƌŽĚƵĐĞĚƚŚĞƌĞĨĞƌĞŶĐĞĚĂƚĂĨŽƌĚŝĨĨĞƌĞŶƚƉĞƌŝŽĚƐĂŶĚ;ďͿŚŽǁŵƵĐŚ
ƚŚĞďŝĂƐͲĐŽƌƌĞĐƚĞĚĚĂƚĂƐĞƚƐĂƚĚŝĨĨĞƌĞŶƚƐĐĂůĞƐĚŝĨĨĞƌĨƌŽŵĞĂĐŚŽƚŚĞƌ;ŶŽƚŝŶŐŚŽǁƚŚĞƌĞĨĞƌĞŶĐĞĚĂƚĂƐĞƚƐ
ĚŝĨĨĞƌͿ͘^ĞĐŽŶĚůǇ͕ĨƵƚƵƌĞĐŚĂŶŐĞƐŝŶůŽŶŐͲƚĞƌŵŵĞĂŶW͕d͕͕ZĂŶĚYǁĞƌĞĐĂůĐƵůĂƚĞĚĂƐƚŚĞƉĞƌĐĞŶƚĂŐĞ
ĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶĂĨƵƚƵƌĞƉĞƌŝŽĚ;ϮϬϳϭͲϮϭϬϬͿĂŶĚĂĐƵƌƌĞŶƚƉĞƌŝŽĚ;ϭϵϳϭͲϮϬϬϬͿ͘dŚĞƐĞĐŚĂŶŐĞƐǁĞƌĞ
ĐŽŵƉĂƌĞĚ ďĞƚǁĞĞŶ ŵŽĚĞů ĂƉƉůŝĐĂƚŝŽŶƐ ƚŽ ĚĞƚĞƌŵŝŶĞ ŚŽǁ ƚŚĞ ƉƌŽũĞĐƚĞĚ ĐŚĂŶŐĞ ĚŝĨĨĞƌƐ ďĞƚǁĞĞŶ ƚŚĞ
ŵŽĚĞůĂƉƉůŝĐĂƚŝŽŶƐ͘

Ϯ
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ϯ
ϯ͘ϭ

ZĞƐƵůƚƐ
ďŝůŝƚǇŽĨďŝĂƐͲĐŽƌƌĞĐƚŝŽŶƚŽƌĞƉƌŽĚƵĐĞƌĞĨĞƌĞŶĐĞƉĞƌŝŽĚ

ǀĞŶ ƚŚŽƵŐŚ ďŝĂƐͲĐŽƌƌĞĐƚŝŽŶ ĂŝŵƐ ƚŽ ĂĚũƵƐƚ ƚŚĞ ƉƌĞĐŝƉŝƚĂƚŝŽŶ ĂŶĚ ƚĞŵƉĞƌĂƚƵƌĞ ƚŽ ŵĂƚĐŚ ƚŚĞ ƌĞĨĞƌĞŶĐĞ
ƉĞƌŝŽĚ͕ŶŽƚĂůůĂƐƉĞĐƚƐŽĨƚŚĞƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚƚĞŵƉĞƌĂƚƵƌĞĚŝƐƚƌŝďƵƚŝŽŶƐĐĂŶďĞĂĚũƵƐƚĞĚ͕ƐŽƐŽŵĞďŝĂƐͲ
ĞƐƌĞŵĂŝŶ͘ ŝĂƐŝƐ ĚĞĨŝŶĞĚŚĞƌĞĂƐƚŚĞƉĞƌĐĞŶƚĚŝĨĨĞƌĞŶĐĞŝŶƚŚĞǀĂƌŝĂďůĞƐŝŵƵůĂƚĞĚ ƵƐŝŶŐ ƚŚĞĐŽƌƌĞĐƚĞĚ
ĐůŝŵĂƚĞƐĐĞŶĂƌŝŽĂŶĚƚŚĞƐĂŵĞǀĂƌŝĂďůĞƐŝŵƵůĂƚĞĚǁŝƚŚƚŚĞƌĞĨĞƌĞŶĐĞĚĂƚĂƚŽǁŚŝĐŚƚŚĞĐůŝŵĂƚĞƐĐĞŶĂƌŝŽ
ǁĂƐĐŽƌƌĞĐƚĞĚ͘ĂŚŶĠĞƚĂů͘;ϮϬϭϯͿƐŚŽǁĞĚƚŚĂƚƚŚĞƐĞƌĞŵĂŝŶŝŶŐďŝĂƐĞƐĐŽŶƚƌŝďƵƚĞƚŽďŝĂƐĞƐŝŶƚŚĞƌĞƐƵůƚͲ
ŝŶŐƌƵŶŽĨĨĂŶĚĚŝƐĐŚĂƌŐĞ͕ĂŶĚĞǀĞŶŵŽƌĞƐŽƚŽŝŶƚĞƌŶĂůŵŽĚĞůǀĂƌŝĂďůĞƐƐƵĐŚĂƐƐŶŽǁǁĂƚĞƌĞƋƵŝǀĂůĞŶƚ
ĂŶĚƐƵƌĨĂĐĞƌƵŶŽĨĨ͘ZĞŵĂŝŶŝŶŐďŝĂƐĞƐŝŶƉƌĞĐŝƉŝƚĂƚŝŽŶĨŽƌĂůůϯŵŽĚĞůƐǁĞƌĞǁŝƚŚŝŶнͬͲϱйĂƉĂƌƚĨƌŽŵĂ
ĨĞǁƐŵĂůůƌĞŐŝŽŶƐǁŝƚŚƐůŝŐŚƚůǇůĂƌŐĞƌďŝĂƐĞƐďĞƚǁĞĞŶϱĂŶĚϭϬй͘dĞŵƉĞƌĂƚƵƌĞďŝĂƐĞƐǁĞƌĞĂůǁĂǇƐǁŝƚŚŝŶ
Ϭ͘ϱ ĚĞŐƌĞĞƐ͘ EŽƚĞ ƚŚĂƚ ĨŽƌ ^Ͳ,zW ĂŶĚ Ͳ,zW͕ ƚŚĞ ƉĞƌŝŽĚ ƐŚŽǁŶ ;ϭϵϴϭͲϮϬϬϱͿ ŝƐ ƐůŝŐŚƚůǇ ĚŝĨĨĞƌĞŶƚ ƚŚĂƚ
ƚŚĂŶƚŚĞďŝĂƐͲĐŽƌƌĞĐƚŝŽŶƉĞƌŝŽĚ;ϭϵϴϭͲϮϬϭϬͿ͕ƚŚŝƐŵĂǇĂůƐŽĐŽŶƚƌŝďƵƚĞƐůŝŐŚƚůǇƚŽƚŚĞďŝĂƐ͘ĞƐƉŝƚĞƚŚĞĨĂĐƚ
ƚŚĂƚƚĞŵƉĞƌĂƚƵƌĞĂŶĚƉƌĞĐŝƉŝƚĂƚŝŽŶŵĞĂŶƐĂƌĞǁĞůůƌĞƉƌŽĚƵĐĞĚ͕ŝƚĐĂŶďĞƐĞĞŶŝŶ&ŝŐ͘ϭƚŚĂƚƚŚĞƌĞŝƐƐƚŝůů
ƐŽŵĞďŝĂƐŝŶƚŚĞϯŵŽĚĞů͛ƐĂďŝůŝƚǇƚŽƌĞƉƌŽĚƵĐĞĚŝƐĐŚĂƌŐĞĨŽƌƚŚĞƉĞƌŝŽĚϭϵϴϭͲϮϬϬϱ͘&Žƌ^Ͳ,zW͕ďŝĂƐŝƐ
ŵŽƐƚůǇǁŝƚŚŝŶнͬͲϱй͕ĂůƚŚŽƵŐŚĨŽƌƚŚĞĨĂƌŶŽƌƚŚŽĨ^ǁĞĚĞŶĂŶĚĨŽƌĂƌĞŐŝŽŶĂƌŽƵŶĚ^ƚŽĐŬŚŽůŵ͕ďŝĂƐĞƐ
ƚĞŶĚƚŽǁĂƌĚƐнϭϬй͕ͲϭϬйƌĞƐƉĞĐƚŝǀĞůǇ͘&ŽƌĂůƚͲ,zW͕ƚŚĞƐƉĂƚŝĂůƉĂƚƚĞƌŶŽĨĚŝƐĐŚĂƌŐĞďŝĂƐĞƐŽǀĞƌ^ǁĞͲ
ĚĞŶŝƐĚŝĨĨĞƌĞŶƚƚŚĂŶƚŚĂƚƐĞĞŶĨŽƌ^Ͳ,zW͘>ĂƌŐĞƐƚďŝĂƐĞƐƚĞŶĚƚŽǁĂƌĚƐнͬͲϮϬйĨŽƌǀĞƌǇƐŵĂůůƌĞŐŝŽŶƐ͕
ĂŶĚůĂƌŐĞƉĂƌƚƐŽĨƚŚĞŵŽĚĞůĚŽŵĂŝŶƐŚŽǁĂďŝĂƐŽĨнϱͲϭϬй͘dŚĞďŝĂƐŝŶƚŽƚĂůĚŝƐĐŚĂƌŐĞƚŽƚŚĞĂůƚŝĐ^ĞĂ
ǁĂƐнϭ͘ϰй͘ƌŚĞŝŵĞƌĞƚĂů͘;ϮϬϭϮďͿƌĂŶĂŶŽƚŚĞƌϰƐĐĞŶĂƌŝŽƐƵƐŝŶŐƚŚĞĂůƚͲ,zWĂƉƉůŝĐĂƚŝŽŶǁŝƚŚďŝĂƐĞƐ
ŝŶƚŽƚĂůĚŝƐĐŚĂƌŐĞƚŽƚŚĞƐĞĂƌĂŶŐŝŶŐĨƌŽŵʹϰйƚŽʹϳй͘dŚŝƐĐĂŶďĞŝŵƉŽƌƚĂŶƚǁŚĞŶƉƌŽũĞĐƚĞĚĐŚĂŶŐĞƐ
ŝŶĚŝƐĐŚĂƌŐĞĂƌĞǁŝƚŚŝŶƚŚĞďŝĂƐͲĐŽƌƌĞĐƚŝŽŶŵĞƚŚŽĚƐĂďŝůŝƚǇƚŽƌĞƉƌŽĚƵĐĞĚŝƐĐŚĂƌŐĞ͘&ŽƌͲ,zWďŝĂƐĞƐŝŶ
ŵĞĂŶĚŝƐĐŚĂƌŐĞŽǀĞƌ^ǁĞĚĞŶĂƌĞƐŝŵŝůĂƌƚŽƚŚŽƐĞƐŚŽǁŶĨŽƌƚŚĞ^Ͳ,zWŵŽĚĞů͕ďƵƚĚŝĨĨĞƌŝŶďŽƚŚŵĂŐŶŝͲ
ƚƵĚĞĂŶĚĚŝƌĞĐƚŝŽŶĨƌŽŵƚŚĞĂůƚͲ,zWŵŽĚĞůŽǀĞƌďŽƚŚ^ǁĞĚĞŶĂŶĚƚŚĞƌĞƐƚŽĨƚŚĞĂůƚŝĐ^ĞĂĐĂƚĐŚŵĞŶƚ͘
ƉĂƌƚĨƌŽŵĂĨĞǁƐŵĂůůƌĞŐŝŽŶƐ͕ďŝĂƐĞƐĂƌĞǁŝƚŚŝŶнͬͲϭϬй͘
;ĂͿ












&ŝŐ͘ϭ͘ŝĂƐŝŶŵĞĂŶĚŝƐĐŚĂƌŐĞƐŝŵƵůĂƚĞĚǁŝƚŚďŝĂƐͲĐŽƌƌĞĐƚĞĚƐĐĞŶĂƌŝŽĚĂƚĂĂƐĐŽŵƉĂƌĞĚƚŽĚŝƐĐŚĂƌŐĞƐŝŵƵůĂƚĞĚǁŝƚŚ
ƌĞĨĞƌĞŶĐĞĚĂƚĂĨŽƌ;ĂͿ^Ͳ,zW͕;ďͿĂůƚͲ,zWĂŶĚ;ĐͿͲ,zW

ϯ͘Ϯ

ŝĨĨĞƌĞŶĐĞƐŝŶƉƌŽũĞĐƚĞĚŝŵƉĂĐƚ

&ŝŐ͘ϮƐŚŽǁƐƚŚĞƉĞƌĐĞŶƚĐŚĂŶŐĞŝŶĚŝƐĐŚĂƌŐĞƉƌĞĚŝĐƚĞĚďǇĞĂĐŚŽĨƚŚĞϯŵŽĚĞůƐĨŽƌƚŚĞƐĐĞŶĂƌŝŽƚĞƐƚĞĚ͘
dŚĞƉĞƌĐĞŶƚĐŚĂŶŐĞǁĂƐĐĂůĐƵůĂƚĞĚƵƐŝŶŐƚŚĞƌĞůĂƚŝǀĞĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶƚŚĞŵĞĂŶĚŝƐĐŚĂƌŐĞĨŽƌƚŚĞƉĞͲ
ƌŝŽĚ ϮϬϳϭ ƚŽ ϮϭϬϬ ĂƐ ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ƉĞƌŝŽĚ ϭϵϳϭ ƚŽ ϮϬϬϬ͘ ĞƐƉŝƚĞ ƚŚĞ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ŵŽĚĞů ŝŶƉƵƚƐ͕
ƐĐĂůĞ͕ ƉĂƌĂŵĞƚĞƌŝƐĂƚŝŽŶ͕ ƉĞƌĨŽƌŵĂŶĐĞ ĂŶĚ ďŝĂƐĞƐ ƌĞŵĂŝŶŝŶŐ ĂĨƚĞƌ ďŝĂƐͲĐŽƌƌĞĐƚŝŽŶ͕ ƚŚĞ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ
ƉƌŽũĞĐƚĞĚďǇƚŚĞĂůƚͲ,zWĂŶĚ^Ͳ,zWŵŽĚĞůƐŝƐƌĞŵĂƌŬĂďůǇƐŝŵŝůĂƌŽǀĞƌ^ǁĞĚĞŶĨŽƌƚŚĞƐĐĞŶĂƌŝŽƚĞƐƚĞĚ
ǁŝƚŚŝŶĐƌĞĂƐĞƐŝŶĚŝƐĐŚĂƌŐĞƐĞĞŶĨŽƌƚŚĞŶŽƌƚŚĞƌŶƌŝǀĞƌƐ͕ĚĞĐƌĞĂƐĞƐŝŶĚŝƐĐŚĂƌŐĞĨŽƌƚŚĞƐŽƵƚŚĞĂƐƚĞƌŶƌŝǀͲ
ĞƌƐĂŶĚŝŶƐŝŐŶŝĨŝĐĂŶƚĐŚĂŶŐĞƐĨŽƌƚŚĞƌĞƐƚŽĨƚŚĞĐŽƵŶƚƌǇ͘





ϯ


241

;ĐͿ
/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ





&ŝŐ͘Ϯ͘WƌĞĚŝĐƚĞĚƌĞůĂƚŝǀĞĚŝƐĐŚĂƌŐĞĐŚĂŶŐĞĨŽƌƚŚĞϱϭϯͺZϯ;ϱϬŬŵͿƐĐĞŶĂƌŝŽĨŽƌ;ĂͿ^Ͳ,zW͕;ďͿĂůƚͲ,zWĂŶĚ
;ĐͿͲ,zW


KŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ƚŚĞĐůŝŵĂƚĞĐŚĂŶŐĞƉƌŽũĞĐƚĞĚďǇƚŚĞͲ,zWŵŽĚĞůŝƐƐŽŵĞǁŚĂƚĚŝĨĨĞƌĞŶƚƚŚĂŶďŽƚŚ
ƚŚĞ^Ͳ,zWĂŶĚ ƚŚĞĂůƚͲ,zWŵŽĚĞůĨŽƌƚŚĞĐŽŵŵŽŶ ĚŽŵĂŝŶƐ͕ŝ͘Ğ͘^ǁĞĚĞŶĂŶĚ ĂůƚŝĐ^ĞĂĐĂƚĐŚŵĞŶƚ͘
dŚĞŝŶĐƌĞĂƐĞŝŶĚŝƐĐŚĂƌŐĞƚŽƚŚĞŶŽƌƚŚĞƌŶ^ǁĞĚŝƐŚƌŝǀĞƌƐŝƐƚŚĞƐĂŵĞ͕ďƵƚĚĞĐƌĞĂƐĞƐŝŶĚŝƐĐŚĂƌŐĞĂƌĞƐĞĞŶ
ĨŽƌƚŚĞĞŶƚŝƌĞ^ǁĞĚŝƐŚĞĂƐƚĞƌŶĐŽĂƐƚ͕&ŝŶůĂŶĚĂŶĚĂůƚŝĐ^ƚĂƚĞƐŝŶƚŚĞͲ,zWŵŽĚĞů͘dŚĞƌĞĂƌĞĂůƐŽĚŝĨĨĞƌͲ
ĞŶĐĞƐŝŶĐůŝŵĂƚĞĐŚĂŶŐĞĚŝƌĞĐƚŝŽŶǁŝƚŚĂůƚͲ,zWƉƌĞĚŝĐƚŝŶŐĚŝƐĐŚĂƌŐĞƚŽŝŶĐƌĞĂƐĞŝŶWŽůĂŶĚĂŶĚŽŶƚŚĞ
ƐŽƵƚŚĞƌŶ &ŝŶůĂŶĚͬZƵƐƐŝĂ ďŽƌĚĞƌ ƌĞŐŝŽŶ ĂŶĚ Ͳ,zW ƉƌĞĚŝĐƚŝŶŐ ĚĞĐƌĞĂƐĞƐ ĨŽƌ ƚŚĞƐĞ ƌĞŐŝŽŶƐ͘ /Ŷ ŽƌĚĞƌ ƚŽ
ƵŶĚĞƌƐƚĂŶĚǁŚĂƚĐĂƵƐĞƐƚŚĞƐĞĚŝĨĨĞƌĞŶĐĞƐ͕ǁĞĨŝƌƐƚĐŚĞĐŬĞĚŚŽǁƚŚĞĐůŝŵĂƚĞĐŚĂŶŐĞƐŝŐŶĂůĨŽƌƚŚĞĨŽƌĐŝŶŐ
ĚĂƚĂ ǀĂƌŝĞĚ ďĞĐĂƵƐĞ ŽĨ ƚŚĞ ĚŝĨĨĞƌĞŶƚ ĨŽƌĐŝŶŐ ĚĂƚĂ ƐĞƚƐ ƵƐĞĚ ĨŽƌ ƚŚĞ ďŝĂƐͲĐŽƌƌĞĐƚŝŽŶ ĂŶĚ ŵŽĚĞů ĐĂůŝďƌĂͲ
ƚŝŽŶͬĞǀĂůƵĂƚŝŽŶ͘&ŝŐƐϯĂŶĚϰƐŚŽǁƚŚĞƉƌĞĚŝĐƚĞĚƚĞŵƉĞƌĂƚƵƌĞĂŶĚƉƌĞĐŝƉŝƚĂƚŝŽŶĐŚĂŶŐĞƐ͘













&ŝŐϯ͘WƌĞĚŝĐƚĞĚƌĞůĂƚŝǀĞƚĞŵƉĞƌĂƚƵƌĞĐŚĂŶŐĞĨŽƌƚŚĞϱϭϯͺZϯ;ϱϬŬŵͿƉƌŽũĞĐƚŝŽŶĨŽƌ;ĂͿ^Ͳ,zW͕;ďͿĂůƚͲ,zW
ĂŶĚ;ĐͿͲ,zW













&ŝŐϰ͘WƌĞĚŝĐƚĞĚƌĞůĂƚŝǀĞƉƌĞĐŝƉŝƚĂƚŝŽŶĐŚĂŶŐĞĨŽƌƚŚĞϱϭϯͺZϯ;ϱϬŬŵͿƉƌŽũĞĐƚŝŽŶĨŽƌ;ĂͿ^Ͳ,zW͕;ďͿĂůƚͲ,zW
ĂŶĚ;ĐͿͲ,zW


/ƚŝƐ ŚĂƌĚƚŽ ĚŝƐĐĞƌŶ ĂŶǇ ŵĂũŽƌ ĚŝĨĨĞƌĞŶĐĞƐŝŶ ƚŚĞ ĐŚĂŶŐĞ ŝŶ ƚĞŵƉĞƌĂƚƵƌĞ ŽǀĞƌ ƚŚĞ ĐŽŵŵŽŶŵŽĚĞů ĚŽͲ
ŵĂŝŶ͖ ŚŽǁĞǀĞƌ͕ ĨŽƌ ƉƌĞĐŝƉŝƚĂƚŝŽŶ ƚŚĞƌĞ ĂƌĞ ŶŽƚŝĐĞĂďůĞ ƐŝŵŝůĂƌŝƚŝĞƐ ĂŶĚ ĚŝĨĨĞƌĞŶĐĞƐ͘ Ɛ ĨŽƌ ƚŚĞ ĐůŝŵĂƚĞͲ
ĐŚĂŶŐĞƐŝŐŶĂůŽĨĚŝƐĐŚĂƌŐĞ͕ƚŚĞƉƌŽũĞĐƚĞĚƉƌĞĐŝƉŝƚĂƚŝŽŶĐůŝŵĂƚĞĐŚĂŶŐĞƐŝŐŶĂůŝƐǀĞƌǇƐŝŵŝůĂƌŽǀĞƌ^ǁĞĚĞŶ
ĨŽƌƚŚĞ^Ͳ,zWĂŶĚĂůƚͲ,zWŵŽĚĞůƐ͘dŚĞͲ,zWŵŽĚĞůƉƌĞĚŝĐƚƐĂƐŵĂůůĞƌƉƌĞĐŝƉŝƚĂƚŝŽŶŝŶĐƌĞĂƐĞĂůŽŶŐ
ƚŚĞ^ǁĞĚŝƐŚƐŽƵƚŚĞƌŶĐŽĂƐƚ͕ŝŶƚŚĞŶŽƌƚŚĞƌŶ^ǁĞĚŝƐŚŚŝŐŚůĂŶĚƐ͕ŝŶƉĂƌƚƐŽĨǁĞƐƚĞƌŶZƵƐƐŝĂŶ͕ĂŶĚŝŶWŽͲ
ůĂŶĚ͘ůůŽĨƚŚĞƐĞƌĞŐŝŽŶƐĐŽŝŶĐŝĚĞǁŝƚŚƌĞŐŝŽŶƐĨŽƌǁŚŝĐŚƉƌŽũĞĐƚĞĚĐŚĂŶŐĞƚŽĚŝƐĐŚĂƌŐĞǁĂƐĚŝĨĨĞƌĞŶƚŝŶ
ƚŚĞͲ,zWƐŝŵƵůĂƚŝŽŶĂŶĚƉĂƌƚŝĐƵůĂƌůǇǁŚĞƌĞͲ,zWƐŚŽǁĞĚĚĞĐƌĞĂƐŝŶŐƌĂƚŚĞƌƚŚĂŶƐƚĂďůĞŽƌŝŶĐƌĞĂƐŝŶŐ
ƉƌĞĐŝƉŝƚĂƚŝŽŶĂƐƐĞĞŶŝŶƚŚĞŽƚŚĞƌĂƉƉůŝĐĂƚŝŽŶƐ;ƐĞĞ&ŝŐϮͿ͘
ϰ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

ϰ

ŝƐĐƵƐƐŝŽŶ



dŚĞ ĂďŽǀĞ ĂŶĂůǇƐŝƐ ŝŶĚŝĐĂƚĞƐ ƚŚĂƚ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ďŝĂƐͲĐŽƌƌĞĐƚĞĚ ƉƌĞĐŝƉŝƚĂƚŝŽŶ ĐĂƵƐĞĚ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ƉƌĞͲ
ĚŝĐƚĞĚŚǇĚƌŽůŽŐŝĐĂůĐůŝŵĂƚĞĐŚĂŶŐĞ͘dŚĞƉƌĞĐŝƉŝƚĂƚŝŽŶĨŽƌĂůůϯŵŽĚĞůĂƉƉůŝĐĂƚŝŽŶƐǁĂƐĐŽƌƌĞĐƚĞĚƵƐŝŶŐƚŚĞ
ƐĂŵĞŵĞƚŚŽĚŽůŽŐǇĨŽƌƚŚĞƐĂŵĞĐůŝŵĂƚĞƉƌŽũĞĐƚŝŽŶ͗ǁŚĂƚĚŝĨĨĞƌĞĚǁĂƐƚŚĞƌĞĨĞƌĞŶĐĞĚĂƚĂƚŽǁŚŝĐŚƚŚĞ
ďŝĂƐͲĐŽƌƌĞĐƚŝŽŶǁĂƐŵĂĚĞ͘WƌĞĐŝƉŝƚĂƚŝŽŶĚĂƚĂĐĂŵĞĨƌŽŵďŽƚŚŝŶƚĞƌƉŽůĂƚĞĚŽďƐĞƌǀĂƚŝŽŶƐĂŶĚƌĞĂŶĂůǇƐĞƐ͘
ƚŵŽƐƉŚĞƌŝĐƌĞĂŶĂůǇƐĞƐĂƌĞĐŽŵŵŽŶůǇƵƐĞĚƚŽĚƌŝǀĞĐŽŶƚŝŶĞŶƚĂůƚŽŐůŽďĂůƐĐĂůĞŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐĚƵĞ
ƚŽƚŚĞůĂĐŬŽĨŽďƐĞƌǀĂƚŝŽŶĚĂƚĂǁŝƚŚƐƵĨĨŝĐŝĞŶƚƌĞƐŽůƵƚŝŽŶĂŶĚƚĞŵƉŽƌĂůĐŽǀĞƌĂŐĞ;tĞĞĚŽŶĞƚĂů͘ϮϬϭϮͿ͘ƚ
ƐŵĂůůĞƌƐĐĂůĞƐ͕ďĞƚƚĞƌĚĂƚĂ͕ƵƐƵĂůůǇŝŶƚĞƌƉŽůĂƚĞĚŽďƐĞƌǀĂƚŝŽŶƐŝƐŶŽƌŵĂůůǇĂǀĂŝůĂďůĞ͘Ͳ,zWŝƐĚƌŝǀĞŶƵƐŝŶŐ
ĚĂŝůǇƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚƚĞŵƉĞƌĂƚƵƌĞĨƌŽŵƚŚĞZͲ/EdZ/DƌĞĂŶĂůǇƐŝƐĂƚϬ͘ϳϱĚĞŐƌĞĞƐ;ĂďŽƵƚϲϴϬϬŬŵϮ͕
ĞĞĞƚĂů͘ϮϬϭϭͿǁŚŝĐŚŚĂƐďĞĞŶĐŽƌƌĞĐƚĞĚƚŽŵŽŶƚŚůǇƉƌĞĐŝƉŝƚĂƚŝŽŶŵĞĂŶƐĨƌŽŵƚŚĞ'WĚĂƚĂďĂƐĞĂƚ
Ϭ͘ϱĚĞŐƌĞĞƐ;ĂďŽƵƚϯϬϬϬŬŵϮ͕ZƵĚŽůĨĞƚĂů͘ϮϬϬϱͿ͘ĂůƚͲ,zWŝƐĚƌŝǀĞŶďǇƚŚĞZD^EĚĂƚĂƐĞƚ;:ĂŶƐͲ
ƐŽŶĞƚĂů͘ϮϬϬϳͿ͕ĂϮͲŵĞƐŽƐĐĂůĞƌĞĂŶĂůǇƐŝƐĚĂƚĂƐĞƚŽĨƉƌĞĐŝƉŝƚĂƚŝŽŶ͕ǁŝŶĚĂŶĚƚĞŵƉĞƌĂƚƵƌĞƚŚĂƚƵƐĞƐĂ
ƌĞĂŶĂůǇƐŝƐĂƐĂĨŝƌƐƚŐƵĞƐƚĨŽƌĂŶŽƉƚŝŵĂůŝŶƚĞƌƉŽůĂƚŝŽŶŽĨŽďƐĞƌǀĞĚŵĞƚĞŽƌŽůŽŐŝĐĂůƉĂƌĂŵĞƚĞƌƐ͘^Ͳ,zWŝƐ
ĚƌŝǀĞŶƵƐŝŶŐƚŚĞWdͲ,sĚĂƚĂƐĞƚ;:ŽŚĂŶƐƐŽŶϮϬϬϮͿ͕ĂŶĂƚŝŽŶĂůϰŬŵͲƌĞƐŽůƵƚŝŽŶŐƌŝĚĚĞĚĚĂƚĂƐĞƚďĂƐĞĚŽŶ
ŝŶƚĞƌƉŽůĂƚĞĚĚĂŝůǇƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚƚĞŵƉĞƌĂƚƵƌĞĨƌŽŵŵĞƚĞŽƌŽůŽŐŝĐĂůƐƚĂƚŝŽŶƐ͘ĞĐĂƵƐĞƚŚĞZD^E
ĚĂƚĂƐĞƚǁĂƐĚĞǀĞůŽƉĞĚŝŶ^ǁĞĚĞŶƚŚĞĂǀĂŝůĂďŝůŝƚǇŽĨŽďƐĞƌǀĂƚŝŽŶĚĂƚĂŽǀĞƌ^ǁĞĚĞŶĨŽƌƚŚĞŽƉƚŝŵĂůŝŶͲ
ƚĞƌƉŽůĂƚŝŽŶǁĂƐŐŽŽĚĂŶĚƚŚĞĚĂƚĂƐĞƚĐŽŵƉĂƌĞƐǁĞůůǁŝƚŚƚŚĞWdͲ,sĚĂƚĂƐĞƚ͘KŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ĐŽŵͲ
ƉĂƌŝƐŽŶŽĨƚŚĞ^Ͳ,zWĂŶĚͲ,zWĚĂƚĂƐĞƚƐĨŽƌƉƌĞĐŝƉŝƚĂƚŝŽŶŝŶŐĂƵŐĞĚ^ǁĞĚŝƐŚĐĂƚĐŚŵĞŶƚƐƐŚŽǁĞĚƚŚĂƚ
ƚŚĞ Ͳ,zW ƉƌĞĐŝƉŝƚĂƚŝŽŶ ŝƐ ŽŶ ĂǀĞƌĂŐĞ ;ĂŶĚ ĨĂŝƌůǇ ĐŽŶƐŝƐƚĞŶƚůǇͿ ϭϬ й ůĞƐƐ ƚŚĂŶ WdͲ,s͘ /ƚ ŝƐ ƚŚĞƌĞĨŽƌĞ
ƚŚŽƵŐŚƚƚŚĂƚƚŚĞĚŝĨĨĞƌĞŶĐĞƐŝŶƌĞĨĞƌĞŶĐĞƉƌĞĐŝƉŝƚĂƚŝŽŶĂĨĨĞĐƚĞĚŶŽƚŽŶůǇƚŚĞďŝĂƐͲĐŽƌƌĞĐƚĞĚƉƌĞĐŝƉŝƚĂƚŝŽŶ͕
ďƵƚĂůƐŽƚŚĞĐŚĂŶŐĞŝŶƉƌĞĐŝƉŝƚĂƚŝŽŶŝŶƚŚĞďŝĂƐͲĐŽƌƌĞĐƚĞĚĚĂƚĂƐĞƚ͘

/ŶƚĞƌĞƐƚŝŶŐůǇ͕ ƚŚĞ ĂďŝůŝƚǇ ŽĨ ƚŚĞ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞů ƚŽ ƌĞƉƌŽĚƵĐĞ ŽďƐĞƌǀĞĚ ĚŝƐĐŚĂƌŐĞ ĚŝĚ ŶŽƚ ĂĨĨĞĐƚ ƚŚĞ
ĐůŝŵĂƚĞĐŚĂŶŐĞƐŝŐŶĂůĨŽƌƚŚĞ^Ͳ,zWĂŶĚĂůƚͲ,zWŵŽĚĞůƐ͘WĞƌĨŽƌŵĂŶĐĞĚŝĨĨĞƌƐĐŽŶƐŝĚĞƌĂďůǇďĞƚǁĞĞŶ
ĂůůƚŚĞŵŽĚĞů ĂƉƉůŝĐĂƚŝŽŶƐ͘DĞĚŝĂŶE^ŝŶ ƚŚĞŵŽĚĞů ǀĞƌƐŝŽŶƐƐƚƵĚŝĞĚŝƐϬ͘ϳϰĂŶĚϬ͘ϰϭĨŽƌ ^Ͳ,zWĂŶĚ
ĂůƚͲ,zW͕ƌĞƐƉĞĐƚŝǀĞůǇ͘DĞĂŶĂďƐŽůƵƚĞƌĞůĂƚŝǀĞĞƌƌŽƌ;ZͿŝƐфϭϬйĂŶĚфϭϱйĨŽƌƚŚĞƌĞƐƉĞĐƚŝǀĞŵŽĚĞůƐ͖
ŚŽǁĞǀĞƌƚŚĞŵĞĂŶĂŶĚŵĞĚŝĂŶďŝĂƐĐĂůĐƵůĂƚĞĚĨŽƌĂůůƐƚĂƚŝŽŶƐŽǀĞƌƚŚĞƐĞŵŽĚĞůĚŽŵĂŝŶƐŝƐĐůŽƐĞƚŽǌĞƌŽ͘
EĞǀĞƌƚŚĞůĞƐƐ͕ƚŚĞƐĞƚǁŽŵŽĚĞůƐŐĂǀĞǀĞƌǇƐŝŵŝůĂƌĐůŝŵĂƚĞĐŚĂŶŐĞƐŝŐŶĂůƐ͘DŽĚĞůƉĞƌĨŽƌŵĂŶĐĞĨŽƌƚŚĞͲ
,zWŵŽĚĞůŝƐƉĂƌƚŝĐƵůĂƌůǇƉŽŽƌŽǀĞƌ^ĐĂŶĚŝŶĂǀŝĂǁŝƚŚĂŶĞŐĂƚŝǀĞďŝĂƐŝŶƐŝŵƵůĂƚĞĚĚŝƐĐŚĂƌŐĞ;ZŽĨĂƉͲ
ƉƌŽǆŝŵĂƚĞůǇʹϭϬйͿĨŽƌŶĞĂƌůǇĂůůƐƚĂƚŝŽŶƐŶŽƌƚŚŽĨϲϬĚĞŐƌĞĞƐĚƵĞƚŽƚŚĞƵŶĚĞƌĞƐƚŝŵĂƚŝŽŶŽĨƉƌĞĐŝƉŝƚĂͲ
ƚŝŽŶŝŶƚŚĞͲ,zWĨŽƌĐŝŶŐĚĂƚĂƐĞƚ͘KŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ŵŽĚĞůƉĞƌĨŽƌŵĂŶĐĞŝƐƌĞĂƐŽŶĂďůĞĨŽƌƚŚĞƐŽƵƚŚͲ
ĞƌŶƉĂƌƚŽĨƚŚĞĂůƚŝĐĐĂƚĐŚŵĞŶƚǁŝƚŚZфϭϬйĂƚƚŚĞĨĞǁĂǀĂŝůĂďůĞŐĂƵŐŝŶŐƐŝƚĞƐ͘/ŶŐĞŶĞƌĂůE^ŝƐƉŽŽƌͲ
ĞƌƚŚĂŶĨŽƌƚŚĞ^Ͳ,zWĂŶĚĂůƚͲ,zWĂƉƉůŝĐĂƚŝŽŶƐ͘KƚŚĞƌĨĂĐƚŽƌƐƚŚĂƚĚŝĨĨĞƌĞĚďĞƚǁĞĞŶĂůůƚŚƌĞĞŵŽĚĞů
ĂƉƉůŝĐĂƚŝŽŶƐ ŝŶĐůƵĚĞ ƐƵďďĂƐŝŶ ĚĞůŝŶĞĂƚŝŽŶ ĂŶĚ ůŝŶŬĂŐĞ͕ ƐĐĂůĞ͕ ƐŽŝůͲƚǇƉĞ ĂŶĚ ůĂŶĚĐŽǀĞƌ ĚĂƚĂ͕ ŶƵŵďĞƌ ŽĨ
ƐƚĂƚŝŽŶƐƵƐĞĚŝŶĐĂůŝďƌĂƚŝŽŶ͕ĂǀĂŝůĂďŝůŝƚǇŽĨůĂŬĞƌĂƚŝŶŐĐƵƌǀĞƐĂƐŵŽĚĞůŝŶƉƵƚ͕ƚŚĞĨŽƌĐŝŶŐĚĂƚĂƌĞƐŽůƵƚŝŽŶ
ĂŶĚƚŚĞďŝĂƐƌĞŵĂŝŶŝŶŐŝŶƚŚĞƉƌĞĐŝƉŝƚĂƚŝŽŶĚĂƚĂƐĞƚĂĨƚĞƌďŝĂƐͲĐŽƌƌĞĐƚŝŽŶ͘ůůƚŚĞƐĞĨĂĐƚŽƌƐƐƚƌŽŶŐůǇĂĨĨĞĐƚ
ŵŽĚĞůƉĞƌĨŽƌŵĂŶĐĞ͕ǇĞƚŶŽƚŶĞĐĞƐƐĂƌŝůǇƉƌĞĚŝĐƚĞĚĐůŝŵĂƚĞĐŚĂŶŐĞ͕ĂƐƐĞĞŶŝŶƚŚĞŶĂƚŝŽŶĂůĂŶĚƌĞŐŝŽŶĂů
ƐĐĂůĞĐŽŵƉĂƌŝƐŽŶ͘


ϱ

ŽŶĐůƵƐŝŽŶƐ

dŚĞƌĞƐƵůƚƐƐŚŽǁŶŚĞƌĞŝŶĚŝĐĂƚĞƚŚĂƚŵŽĚĞůƐĐĂůĞ͕ĐĂůŝďƌĂƚŝŽŶĂŶĚŝŶƉƵƚĚĂƚĂĚŽŶ͛ƚŶĞĐĞƐƐĂƌŝůǇĂĨĨĞĐƚĐůŝͲ
ŵĂƚĞĐŚĂŶŐĞƐŝŐŶĂůƌĞƐƵůƚ͕ŝĨƚŚĞƋƵĂůŝƚǇŽĨƚŚĞŝŶƉƵƚĚĂƚĂŝƐƐƵĨĨŝĐŝĞŶƚ͘dŚĞĞǆĐĞƉƚŝŽŶŝƐƉƌĞĐŝƉŝƚĂƚŝŽŶĨŽƌĐͲ


ŝŶŐ͕ƚŽǁŚŝĐŚŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐĂƌĞŵŽƐƚƐĞŶƐŝƚŝǀĞ͕ĨŽƌǁŚŝĐŚĚŝĨĨĞƌĞŶĐĞƐǁĞƌĞƐĞĞŶǁŚĞŶƵƐŝŶŐĂĐŽƌͲ
ƌĞĐƚĞĚůĂƌŐĞͲƐĐĂůĞƌĞĂŶĂůǇƐŝƐĂƐƌĞĨĞƌĞŶĐĞĚĂƚĂĨŽƌďŝĂƐͲĐŽƌƌĞĐƚŝŽŶ͘dŚĞƌĞŝƐĂŶĞĞĚĨŽƌĨƵƌƚŚĞƌĂŶĂůǇƐĞƐƚŽ
ĚĞƚĞƌŵŝŶĞ ƚŽ ǁŚĂƚ ĞǆƚĞŶƚ ĚŝĨĨĞƌĞŶƚ ƉƌĞĐŝƉŝƚĂƚŝŽŶ ĞƌƌŽƌƐ ĐĂŶ ĂĨĨĞĐƚ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ƐŝŐŶĂů ĂŶĚ ǁŚǇ͘ /ƚ ŝƐ
ƚŚĞƌĞĨŽƌĞƌĞĐŽŵŵĞŶĚĞĚƚŚĂƚĐĂƌĞďĞƚĂŬĞŶǁŚĞŶƵƐŝŶŐĐŽŶƚŝŶĞŶƚĂůĂŶĚŐůŽďĂůƐĐĂůĞƉƌĞĐŝƉŝƚĂƚŝŽŶƉƌŽĚͲ
ƵĐƚƐƚŽŵĂŬĞĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚƐƐƚƵĚŝĞƐ͘dŚĞƐĞƉƌŽĚƵĐƚƐƐŚŽƵůĚďĞĐŽŵƉĂƌĞĚƚŽƌĞŐŝŽŶĂůĂŶĚůŽĐĂů
ƉƌĞĐŝƉŝƚĂƚŝŽŶ ĚĂƚĂǁŚĞƌĞǀĞƌĂǀĂŝůĂďůĞ ƚŽĚĞƚĞƌŵŝŶĞ ƚŚĞ ƌŝƐŬƚŚĂƚĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚƌĞƐƵůƚƐŵĂǇďĞ
ĂĨĨĞĐƚĞĚ͘

ϱ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

ϲ

ĐŬŶŽǁůĞĚŐĞŵĞŶƚƐ

tĞ ŐƌĂƚĞĨƵůůǇ ĂĐŬŶŽǁůĞĚŐĞ ĨŝŶĂŶĐŝĂů ƐƵƉƉŽƌƚ ĨƌŽŵ ƚŚĞ ĨŽůůŽǁŝŶŐ ƌĞƐĞĂƌĐŚ ƉƌŽŐƌĂŵƐ͗ K^hWWKZd ;ŽͲ
ŶƵƐͿ͕>/^;&WϳͿ͕'K>EϮ;&WϳͿ͕>K;^ǁĞĚŝƐŚWͿ

ϳ

ZĞĨĞƌĞŶĐĞƐ

ƌŚĞŝŵĞƌ͕͕͘ĂŚŶĠ͕:͕͘ŽŶŶĞůůǇ͕͕͘>ŝŶĚƐƚƌƂŵ͕'͕͘^ƚƌƂŵƋǀŝƐƚ͕:͘ϮϬϭϮĂ͘tĂƚĞƌĂŶĚŶƵƚƌŝĞŶƚƐŝŵƵůĂƚŝŽŶƐ
ƵƐŝŶŐƚŚĞ,zWŵŽĚĞůĨŽƌ^ǁĞĚĞŶǀƐ͘ƚŚĞĂůƚŝĐ^ĞĂďĂƐŝŶʹŝŶĨůƵĞŶĐĞŽĨŝŶƉƵƚͲĚĂƚĂƋƵĂůŝƚǇĂŶĚƐĐĂůĞ͘,ǇͲ
ĚƌŽůŽŐǇƌĞƐĞĂƌĐŚϰϯ;ϰͿ͗ϯϭϱͲϯϮϵ͘
ƌŚĞŝŵĞƌ͕ ͕͘ ĂŚŶĠ :͕͘ ĂŶĚ ŽŶŶĞůůǇ͕ ͘ ϮϬϭϮď͘ ůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚ ŽŶ ƌŝǀĞƌŝŶĞ ŶƵƚƌŝĞŶƚ ůŽĂĚ ĂŶĚ
ůĂŶĚͲďĂƐĞĚƌĞŵĞĚŝĂůŵĞĂƐƵƌĞƐŽĨƚŚĞĂůƚŝĐ^ĞĂĐƚŝŽŶWůĂŶ͘ŵďŝŽϰϭ;ϲͿ͗ϲϬϬͲϲϭϮ͘
ĂŚŶĠ͕:͘ŽŶŶĞůůǇ͕͕͘ĂŶĚKůƐƐŽŶ͕:͘ϮϬϭϯ͘WŽƐƚͲƉƌŽĐĞƐƐŝŶŐŽĨĐůŝŵĂƚĞƉƌŽũĞĐƚŝŽŶƐĨŽƌŚǇĚƌŽůŽŐŝĐĂůŝŵƉĂĐƚ
ƐƚƵĚŝĞƐ͕ŚŽǁǁĞůůŝƐƌĞĨĞƌĞŶĐĞƐƚĂƚĞƉƌĞƐĞƌǀĞĚ͍WƌŽĐĞĞĚŝŶŐƐŽĨ/,^Ͳ/W^KͲ/^W/ƐƐĞŵďůǇ͕'ŽƚŚĞŶďƵƌŐ͕
^ǁĞĚĞŶ͕:ƵůǇϮϬϭϯ;/,^WƵďů͘ŝŶƉƌĞƐƐͿ͘

ĞĞ͕͘W͕͘ĂŶĚŽĂƵƚŚŽƌƐ͘ϮϬϭϭ͘dŚĞZͲ/ŶƚĞƌŝŵƌĞĂŶĂůǇƐŝƐ͗ŽŶĨŝŐƵƌĂƚŝŽŶĂŶĚƉĞƌĨŽƌŵĂŶĐĞŽĨƚŚĞĚĂƚĂĂƐƐŝŵŝůĂͲ
ƚŝŽŶƐǇƐƚĞŵ͘YƵĂƌƚ͘:͘ZŽǇ͘DĞƚĞŽƌ͘^ŽĐ͕͘ϭϯϳ͕ƉƉϱϱϯʹϱϵϳ͘


ŽŶŶĞůůǇ͕ ͕͘ ƌŚĞŝŵĞƌ͕ ͕͘ ĂƉĞůů͕ Z͕͘ ĂŚŶĞ͕ :͘ ĂŶĚ ^ƚƌƂŵƋǀŝƐƚ͕ :͘ ϮϬϭϯ͘ ZĞŐŝŽŶĂů ŽǀĞƌǀŝĞǁ ŽĨ ŶƵƚƌŝĞŶƚ
ůŽĂĚ ŝŶ ƵƌŽƉĞ ʹ ĐŚĂůůĞŶŐĞƐ ǁŚĞŶ ƵƐŝŶŐ Ă ůĂƌŐĞͲƐĐĂůĞ ŵŽĚĞů ĂƉƉƌŽĂĐŚ͕ Ͳ,zW͘ hŶĚĞƌƐƚĂŶĚŝŶŐ ĨƌĞƐŚͲ
ǁĂƚĞƌ ƋƵĂůŝƚǇ ƉƌŽďůĞŵƐŝŶĂ ĐŚĂŶŐŝŶŐǁŽƌůĚ͘WƌŽĐĞĞĚŝŶŐƐ ŽĨ/,^Ͳ/W^KͲ/^W/ƐƐĞŵďůǇ͕ 'ŽƚŚĞŶďƵƌŐ͕
^ǁĞĚĞŶ͕:ƵůǇϮϬϭϯ;/,^WƵďů͕͘ŝŶƉƌĞƐƐͿ͘
&ŽǁůĞƌ͕ ,͘:͕͘ ůĞŶŬŝŶƐŽƉ͕ ^͘ ĂŶĚ dĞďĂůĚŝ ͕͘ ϮϬϬϳ͘ >ŝŶŬŝŶŐ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŵŽĚĞůůŝŶŐ ƚŽ ŝŵƉĂĐƚƐ ƐƚƵĚŝĞƐ͗
ZĞĐĞŶƚĂĚǀĂŶĐĞƐŝŶĚŽǁŶƐĐĂůŝŶŐƚĞĐŚŶŝƋƵĞƐĨŽƌŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůŝŶŐ͘/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨůŝŵĂƚŽůͲ
ŽŐǇ͕Ϯϳ͕ƉƉ͘ϭϱϰϳʹϭϱϳϴ͘
:ĂŶƐƐŽŶ͕͕͘WĞƌƐƐŽŶ͕͕͘ĂŶĚ^ƚƌĂŶĚďĞƌŐ͕'͘ϮϬϬϳ͘ϮŵĞƐŽͲƐĐĂůĞƌĞͲĂŶĂůǇƐŝƐŽĨƉƌĞĐŝƉŝƚĂƚŝŽŶ͕ƚĞŵƉĞƌĂͲ
ƚƵƌĞĂŶĚǁŝŶĚŽǀĞƌƵƌŽƉĞʹZD^EdŝŵĞƉĞƌŝŽĚϭϵϴϬʹϮϬϬϰ͘^D,/ZĞƉŽƌƚƐ͗DĞƚĞŽƌŽůŽŐǇĂŶĚĐůŝͲ
ŵĂƚŽůŽŐǇŶŽ͘ϭϭϮ͕^D,/͕EŽƌƌŬƂƉŝŶŐ͘
:ŽŚĂŶƐƐŽŶ͕͕͘ϮϬϬϮ͘ƐƚŝŵĂƚŝŽŶŽĨĂƌĞĂůƉƌĞĐŝƉŝƚĂƚŝŽŶĨŽƌŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůůŝŶŐŝŶ^ǁĞĚĞŶ͘dŚĞƐŝƐ;ŽĐͲ
ƚŽƌͿ͕ĂƌƚŚ^ĐŝĞŶĐĞƐĞŶƚƌĞ͕ĞƉĂƌƚŵĞŶƚŽĨWŚǇƐŝĐĂů'ĞŽŐƌĂƉŚǇ͕'ƂƚĞďŽƌŐhŶŝǀĞƌƐŝƚǇ͕ϳϲ͘
<ũĞůůƐƚƌƂŵ͕ ͕͘EŝŬŽůŝŶ͕'͕͘,ĂŶƐƐŽŶ͕ h͕͘^ƚƌĂŶĚďĞƌŐ͕'͕͘ĂŶĚhůůĞƌƐƚŝŐ͕͘ϮϬϭϬ͘ϮϭƐƚ ĞŶƚƵƌǇŚĂŶŐĞƐŝŶ
ƚŚĞ ƵƌŽƉĞĂŶ ůŝŵĂƚĞ͗ hŶĐĞƌƚĂŝŶƚŝĞƐ ĚĞƌŝǀĞĚ ĨƌŽŵ ĂŶ ĞŶƐĞŵďůĞ ŽĨ ƌĞŐŝŽŶĂů ĐůŝŵĂƚĞŵŽĚĞů ƐŝŵƵůĂƚŝŽŶƐ͘
dĞůůƵƐ͕ϲϯ;ϭͿ͕ƉƉϮϰͲϰϬ͘
>ŝŶĚƐƚƌƂŵ'͕͘WĞƌƐ͘W͕͘ZŽƐďĞƌŐ:͕͘^ƚƌƂŵƋǀŝƐƚ:͕͘ĂŶĚƌŚĞŝŵĞƌ͘ϮϬϭϬ͘ĞǀĞůŽƉŵĞŶƚĂŶĚƚĞƐƚŽĨƚŚĞ,zW;,ǇĚƌŽͲ
ůŽŐŝĐĂůWƌĞĚŝĐƚŝŽŶƐĨŽƌƚŚĞŶǀŝƌŽŶŵĞŶƚͿŵŽĚĞůʹǁĂƚĞƌƋƵĂůŝƚǇŵŽĚĞůĨŽƌĚŝĨĨĞƌĞŶƚƐƉĂƚŝĂůƐĐĂůĞƐ͘,ǇĚƌŽůZĞƐ͕ϰϭ͕
ƉƉϮϵϱʹϯϭϵ͘

ZƵĚŽůĨ͕͕͘͘ĞĐŬ͕:͘'ƌŝĞƐĞƌ͕h͘^ĐŚŶĞŝĚĞƌ͘ϮϬϬϱ͘'ůŽďĂůWƌĞĐŝƉŝƚĂƚŝŽŶŶĂůǇƐŝƐWƌŽĚƵĐƚƐ͘'ůŽďĂůWƌĞĐŝƉŝƚĂƚŝŽŶůŝŵĂͲ
ƚŽůŽŐǇĞŶƚƌĞ;'WͿ͕t͕/ŶƚĞƌŶĞƚƉƵďůŝĐĂƚŝŽŶ͕ϭͲϴ͘


^ƉĞƌŶĂtĞŝůĂŶĚ&͕͘͘ǀĂŶĞĞŬ>͘W͘,͕͘<ǁĂĚŝũŬ:͘͘:͘ĂŶĚŝĞƌŬĞŶƐD͘&͘W͕͘ϮϬϭϬ͘dŚĞĂďŝůŝƚǇŽĨĂ'DĨŽƌĐĞĚ
ŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƚŽƌĞƉƌŽĚƵĐĞŐůŽďĂůĚŝƐĐŚĂƌŐĞǀĂƌŝĂďŝůŝƚǇ͘,ǇĚƌŽů͘ĂƌƚŚ^ǇƐƚ͘^Đŝ͕͘ϭϰ͕ƉƉ͘ϭϱϵϱͲϭϲϮϭ͘
^ƚƌƂŵƋǀŝƐƚ:͕͘ƌŚĞŝŵĞƌ͕͘ĂŚŶĠ:͕͘ŽŶŶĞůůǇ͕͘ĂŶĚ>ŝŶĚƐƚƌƂŵ'͘ϮϬϭϮ͘tĂƚĞƌĂŶĚŶƵƚƌŝĞŶƚƉƌĞĚŝĐƚŝŽŶƐ
ŝŶƵŶŐĂƵŐĞĚďĂƐŝŶƐʹ^ĞƚͲƵƉĂŶĚĞǀĂůƵĂƚŝŽŶŽĨĂŵŽĚĞůĂƚƚŚĞŶĂƚŝŽŶĂůƐĐĂůĞ͘,ǇĚƌŽů^Đŝ:͕ϱϳ;ϮͿ͕ƉƉϮϮϵͲ
Ϯϰϳ͘
tĞĞĚŽŶ͕'͘ W͕͘ ĂŶĚ ŽĂƵƚŚŽƌƐ͕ ϮϬϭϭ͘ƌĞĂƚŝŽŶ ŽĨ ƚŚĞ td,&ŽƌĐŝŶŐ ĂƚĂ ĂŶĚ/ƚƐhƐĞ ƚŽ ƐƐĞƐƐ'ůŽďĂů
ĂŶĚZĞŐŝŽŶĂůZĞĨĞƌĞŶĐĞƌŽƉǀĂƉŽƌĂƚŝŽŶŽǀĞƌ>ĂŶĚĚƵƌŝŶŐƚŚĞdǁĞŶƚŝĞƚŚĞŶƚƵƌǇ͘:͘,ǇĚƌŽŵĞƚĞŽƌ͕ϭϮ͕
ƉƉϴϮϯʹϴϰϴ͘
tŝůďǇ͕Z͘>͘ĂŶĚ,ĂƌƌŝƐ͕/͘ϮϬϬϲ͘ĨƌĂŵĞǁŽƌŬĨŽƌĂƐƐĞƐƐŝŶŐƵŶĐĞƌƚĂŝŶƚŝĞƐŝŶĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚƐ͗>Žǁ
ϲ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

ĨůŽǁƐĐĞŶĂƌŝŽƐĨŽƌƚŚĞZŝǀĞƌdŚĂŵĞƐ͕h<͘tĂƚĞƌZĞƐŽƵƌĐĞƐZĞƐĞĂƌĐŚ͕ϰϮ;tϬϮϰϭϵͿ͘
zĂŶŐ͕t͕͘ŶĚƌĞĄƐƐŽŶ͕:͕͘'ƌĂŚĂŵ͕>͘W͕͘KůƐƐŽŶ͕:͕͘ZŽƐďĞƌŐ͕:͕͘ĂŶĚtĞƚƚĞƌŚĂůů͕&͘ϮϬϭϬ͘ŝƐƚƌŝďƵƚŝŽŶͲďĂƐĞĚ
ƐĐĂůŝŶŐ ƚŽ ŝŵƉƌŽǀĞ ƵƐĂďŝůŝƚǇ ŽĨ ƌĞŐŝŽŶĂů ĐůŝŵĂƚĞ ŵŽĚĞů ƉƌŽũĞĐƚŝŽŶƐ ĨŽƌ ŚǇĚƌŽůŽŐŝĐĂů ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵͲ
ƉĂĐƚƐƐƚƵĚŝĞƐ͘,ǇĚƌŽůZĞƐ͕ϰϭ;ϯʹϰͿ͕ƉƉϮϭϭͲϮϮϴ͘


ϳ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

ǀĂůƵĂƚŝŶŐƚŚĞĐĂƉĂĐŝƚǇƚŽŐƌĂƐƉĞǆƚƌĞŵĞ
ǀĂůƵĞƐŽĨĂŐƌŽͲĐůŝŵĂƚŝĐŝŶĚŝĐĞƐƵŶĚĞƌĐŚĂŶŐŝŶŐ
ĐůŝŵĂƚĞĐŽŶĚŝƚŝŽŶƐŽǀĞƌƵƌŽƉĞ
'͘ƵǀĞŝůůĞƌ͕͘ĞŐůĂƌ͕K͘ŚƵŬĂůŝĞǀĂŶĚ^͘EŝĞŵĞǇĞƌ


ďƐƚƌĂĐƚͶdŚŝƐ ƐƚƵĚǇ ĂŶĂůǇƐĞƐ ƚŚĞ ĐŚĂŶŐĞ ŽĨ ŝŶƚĞƌͲĂŶŶƵĂů ǀĂƌŝĂďŝůŝƚǇ ŽĨ ĂŐƌŽͲĐůŝŵĂƚŝĐ ŝŶĚŝĐĞƐ
ĐĂůĐƵůĂƚĞĚĨŽƌƚŚĞŵĂũŽƌĞŶǀŝƌŽŶŵĞŶƚĂůǌŽŶĞƐŝŶƵƌŽƉĞĨƌŽŵĂďĂƐĞůŝŶĞĐůŝŵĂƚĞŝŶϮϬϬϬƚŽĂ
ƉƌŽũĞĐƚĞĚ ĐůŝŵĂƚĞ ŝŶ ϮϬϯϬ͘ /ƚ ůĞǀĞƌĂŐĞƐ ŽŶ Ă ĨƵƚƵƌĞ ĚĂŝůǇ ǁĞĂƚŚĞƌ ĚĂƚĂƐĞƚ ďĂƐĞĚ ŽŶ Ϯ
ĐŽŶƐƚƌĂƐƚŝŶŐ ƌĞĂůŝǌĂƚŝŽŶƐ ŽĨ ƐĐĞŶĂƌŝŽ ϭ ďǇ ŐůŽďĂů ĐŝƌĐƵůĂƚŝŽŶ ŵŽĚĞůƐ ;'DƐͿ ĚǇŶĂŵŝĐĂůůǇ
ĚŽǁŶƐĐĂůĞĚ ǁŝƚŚ ƌĞŐŝŽŶĂů ĐůŝŵĂƚĞ ŵŽĚĞůƐ ;ZDͿ ƚŚĂƚ ŚĂǀĞ ďĞĞŶ ďŝĂƐͲĐŽƌƌĞĐƚĞĚ͘  ƐƉĞĐŝĂů
ĞŵƉŚĂƐŝƐŝƐŐŝǀĞŶƚŽƚŚĞƚĂŝůƐŽĨƚŚĞĂŐƌŽͲĐůŝŵĂƚŝĐŝŶĚŝĐĞƐĚŝƐƚƌŝďƵƚŝŽŶƐ͕ƚŽŚŽǁƚŚĞǇƌĞůĂƚĞƚŽ
ŽďƐĞƌǀĞĚǀĂůƵĞƐŝŶƚŚĞƉƌĞƐĞŶƚĐůŝŵĂƚĞĂŶĚƚŽŚŽǁƚŚĞǇĞǀŽůǀĞŝŶƚŚĞŶĞĂƌĨƵƚƵƌĞ͘
/ŶĚĞǆ dĞƌŵƐͶ ĂŐƌŽͲĐůŝŵĂƚŝĐ ŝŶĚŝĐĞƐ͕ ďŝĂƐͲĐŽƌƌĞĐƚĞĚ ĚǇŶĂŵŝĐĂůůǇ ĚŽǁŶƐĐĂůĞĚ ĚĂŝůǇ ǁĞĂƚŚĞƌ͕
ĐŚĂŶŐĞƐŝŶƐƚĂƚŝƐƚŝĐĂůĚŝƐƚƌŝďƵƚŝŽŶƐ͕ƵŶĐĞƌƚŝĂŶƚǇ
ͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶ

ϭ

/ŶƚƌŽĚƵĐƚŝŽŶ

&ƵƚƵƌĞ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ĐŽŶĚŝƚŝŽŶƐ ĂƌĞ ůŝŬĞůǇ ƚŽ ďĞ ĐŚĂƌĂĐƚĞƌŝǌĞĚ ďǇ ŝŶĐƌĞĂƐĞĚ ĨƌĞƋƵĞŶĐǇ ŽĨ ĞǆƚƌĞŵĞ
ǁĞĂƚŚĞƌĞǀĞŶƚƐ͘dŚŝƐƚƌĂŶƐůĂƚĞƐŝŶŵĂŬŝŶŐĂŐƌŝĐƵůƚƵƌĞĂƌŝƐŬŝĞƌďƵƐŝŶĞƐƐ͕ƐŝŶĐĞŵŽƌĞĞǆƚƌĞŵĞĂŐƌŽͲĐůŝŵĂƚŝĐ
ĞǀĞŶƚƐ ƚĞŶĚ ƚŽ ŚĂǀĞ ŶĞŐĂƚŝǀĞ ŝŵƉĂĐƚƐ ŽŶ ĐƌŽƉ ǇŝĞůĚƐ͘ /Ŷ ǀŝĞǁ ŽĨ ƉƌĞƉĂƌŝŶŐ ƐƚƌĂƚĞŐŝĞƐ ƚŽ ŝŶĐƌĞĂƐĞ ĐƌŽƉ
ƌĞƐŝůŝĞŶĐĞƚŽĐůŝŵĂƚĞǀĂƌŝĂďŝůŝƚǇ͕ƚŚĞƉƌĞƐĞŶƚǁŽƌŬƉƌŽƉŽƐĞƐĂŶĂŶĂůǇƐŝƐŽĨĂŐƌŽͲĐůŝŵĂƚŝĐŝŶĚŝĐĞƐĐĂůĐƵůĂƚĞĚ
ĨƌŽŵ ƉƌĞƐĞŶƚ ĂŶĚ ĨƵƚƵƌĞ ǁĞĂƚŚĞƌ ĚĂƚĂďĂƐĞƐ ŽǀĞƌ ƚŚĞ ŵĂũŽƌ ĞŶǀŝƌŽŶŵĞŶƚĂů ǌŽŶĞƐ ŽĨ ƵƌŽƉĞ͘ tŚŝůĞ
ŝŶƐƉŝƌĞĚďǇĂƉƌĞǀŝŽƵƐƐŝŵŝůĂƌƐƚƵĚǇ;dƌŶŬĂĞƚĂů͘ϮϬϭϭͿ͕ƚŚŝƐĞǆĞƌĐŝƐĞůĞǀĞƌĂŐĞƐŽŶĂŶĞǁĚĂƚĂƐĞƚŽĨĨƵƚƵƌĞ
ĚĂŝůǇǁĞĂƚŚĞƌƚŚĂƚǁĂƐĞƐƉĞĐŝĂůůǇƚĂŝůŽƌĞĚĨŽƌĐƌŽƉŐƌŽǁƚŚĂƉƉůŝĐĂƚŝŽŶƐŝŶƚŚĞŶĞĂƌĨƵƚƵƌĞ;ŽŶĂƚĞůůŝĞƚĂů͘
ϮϬϭϮͿ͘  ƐƉĞĐŝĂů ĞŵƉŚĂƐŝƐ ŝƐ ŐŝǀĞŶ ƚŽ ƚŚĞ ƚĂŝůƐ ŽĨ ƚŚĞ ĂŐƌŽͲĐůŝŵĂƚŝĐ ŝŶĚŝĐĞƐ ĚŝƐƚƌŝďƵƚŝŽŶƐ͕ ƚŽ ŚŽǁ ƚŚĞǇ
ƌĞůĂƚĞƚŽŽďƐĞƌǀĞĚǀĂůƵĞƐĂŶĚƚŽŚŽǁƚŚĞǇĞǀŽůǀĞŝŶƚŚĞŶĞĂƌĨƵƚƵƌĞ͘

Ϯ
Ϯ͘ϭ

ĂƚĂĂŶĚDĞƚŚŽĚƐ
tĞĂƚŚĞƌĚĂƚĂ

dŚĞĨƵƚƵƌĞĚĂŝůǇǁĞĂƚŚĞƌĚĂƚĂƐĞƚƵƐĞĚŝŶƚŚŝƐƐƚƵĚǇŝƐďĂƐĞĚŽŶǀĂƌŝŽƵƐƌĞĂůŝǌĂƚŝŽŶƐŽĨƐĐĞŶĂƌŝŽϭďǇ
ĚŝĨĨĞƌĞŶƚŐůŽďĂůĐŝƌĐƵůĂƚŝŽŶŵŽĚĞůƐ;'DƐͿĚǇŶĂŵŝĐĂůůǇĚŽǁŶƐĐĂůĞĚǁŝƚŚƌĞŐŝŽŶĂůĐůŝŵĂƚĞŵŽĚĞůƐ;ZDͿ
ǁŝƚŚŝŶ ƚŚĞ E^D>^ ƉƌŽũĞĐƚ ;sĂŶ ĚĞƌ >ŝŶĚĞŶ Θ DŝƚĐŚĞůů ϮϬϬϵͿ͘ dŚĞ ƌĞŵĂŝŶŝŶŐ ďŝĂƐ ƉƌĞƐĞŶƚ ŽŶ ďŽƚŚ
ƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚƚĞŵƉĞƌĂƚƵƌĞǀĂůƵĞƐǁĂƐĐŽƌƌĞĐƚĞĚďǇŽƐŝŽΘWĂƌƵŽůŽ;ϮϬϭϭͿƵƐŝŶŐĂŶĞǆƚĞŶƐŝŽŶŽĨƚŚĞ
ƚĞĐŚŶŝƋƵĞ ƉƌŽƉŽƐĞĚ ďǇ WŝĂŶŝ Ğƚ Ăů͘ ;ϮϬϭϬͿ͘ ŝĂƐͲĐŽƌƌĞĐƚŝŽŶ ŝƐ ŽĨ ƐƉĞĐŝĂů ŝŵƉŽƌƚĂŶĐĞ ƐŝŶĐĞ ďŝĂƐĞĚ ZD
ϭ
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ƐŝŵƵůĂƚŝŽŶƐĐĂŶůĞĂĚƚŽƵŶƌĞĂůŝƐƚŝĐƐŝŵƵůĂƚŝŽŶƐŽĨŝŵƉĂĐƚŵŽĚĞůƐ;Ğ͘Ő͘dĞƵƚƐĐŚďĞŝŶΘ^ĞŝďĞƌƚϮϬϭϬ͖ĞŐůĂƌ
Θ<ĂũĨĞǎͲŽŐĂƚĂũϮϬϭϮͿ͘^ŝŶĐĞƚŚĞďŝĂƐͲĐŽƌƌĞĐƚŝŽŶǁĂƐĚŽŶĞŽŶůǇŽŶĂƐƵďƐĞƚŽĨǁĞĂƚŚĞƌǀĂƌŝĂďůĞƐ;ŽŶůǇ
ƌĂŝŶĨĂůů ĂŶĚ ƚĞŵƉĞƌĂƚƵƌĞͿ ƚŚŝƐ ĚĂƚĂƐĞƚ ǁĂƐ ĨƵƌƚŚĞƌ ƉƌŽĐĞƐƐĞĚ ďǇ ŽŶĂƚĞůůŝ Ğƚ Ăů͘ ;ϮϬϭϮͿ ƚŽ ĞŶƐƵƌĞ ƚŚĂƚ
ĚŝĨĨĞƌĞŶƚǁĞĂƚŚĞƌǀĂƌŝĂďůĞƐŽĨĂŐƌŽŶŽŵŝĐŝŵƉŽƌƚĂŶĐĞ;ƐƵĐŚĂƐŐůŽďĂůƐŽůĂƌƌĂĚŝĂƚŝŽŶͿƌĞŵĂŝŶĞĚĐŽŚĞƌĞŶƚ
ĂŵŽŶŐƐƚ ƚŚĞŵƐĞůǀĞƐ͕ ƚŚƵƐ ŵĂŬŝŶŐ ƚŚĞŵ ƵƐĂďůĞ ĨŽƌ ĐƌŽƉ ƐŝŵƵůĂƚŝŽŶƐ͘ dŚŝƐ ƉƌŽĐĞƐƐŝŶŐ ĂůƐŽ ŝŶĐůƵĚĞĚ Ă
ƌĞƐĂŵƉůŝŶŐƚŽĂĐŽŵŵŽŶϮϱďǇϮϱŬŵŐƌŝĚĂŶĚƚŚĞƵƐĞŽĨƚŚĞůŝŵ'ĞŶǁĞĂƚŚĞƌŐĞŶĞƌĂƚŽƌ;^ƚƂĐŬůĞĞƚĂů͘
ϮϬϬϭͿ ƚŽŝŶĐƌĞĂƐĞ ƚŚĞ ŶƵŵďĞƌŽĨǇĞĂƌƐǁŝƚŚŝŶĂŐŝǀĞŶƚŝŵĞǁŝŶĚŽǁ͘dŚĞůĂƚƚĞƌƐƚĞƉ ǁĂƐĚŽŶĞƚŽĂůůŽǁ
ƐƚƵĚǇŝŶŐ ƚŝŵĞ ŚŽƌŝǌŽŶƐ ŝŶ ƚŚĞ ŶĞĂƌͲĨƵƚƵƌĞ ;ƐƵĐŚ ĂƐ ϮϬϮϬ ĂŶĚ ϮϬϯϬͿ ďǇ ƵƐŝŶŐ ϭϱ ǇĞĂƌƐ ŽĨ ĚĂƚĂ ;ƐƵĐŚ ĂƐ
ϮϬϭϯͲϮϬϮϳĂŶĚϮϬϮϯͲϮϬϯϳͿƚŽĐŚĂƌĂĐƚĞƌŝǌĞƚŚĞŵŽŶƚŚůǇĐůŝŵĂƚĞĂŶĚƚŚĞŶŐĞŶĞƌĂƚĞϯϬǇĞĂƌƐŽĨĚĂƚĂǁŝƚŚ
ƚŚĞƐĂŵĞƉƌŽƉĞƌƚŝĞƐ͘/ŶƚŚŝƐǁĂǇ͕ƚŝŵĞŚŽƌŝǌŽŶƐƐƵĐŚĂƐϮϬϮϬĂŶĚϮϬϯϬĐĂŶďĞĐŽŵƉĂƌĞĚǁŝƚŚŽƵƚƵƐŝŶŐ
ƚŽŽŵĂŶǇŽǀĞƌůĂƉƉŝŶŐǇĞĂƌƐ͘
dŚŝƐ ƐƚƵĚǇ ĨŽĐƵƐĞƐ ŽŶ ƚǁŽ ƚŝŵĞ ŚŽƌŝǌŽŶƐ͕ ϮϬϬϬ ĂŶĚ ϮϬϯϬ ;ŝ͘Ğ͘ ĞĂĐŚ ĐŽŶƐŝƐƚ ŽĨ ϯϬ ƐǇŶƚŚĞƚŝĐ ǇĞĂƌƐ
ƌĞƉƌĞƐĞŶƚŝŶŐ ƌĞƐƉĞĐƚŝǀĞůǇ ƚŚĞ ƉĞƌŝŽĚƐ ŽĨ ϭϵϵϯͲϮϬϬϳ ĂŶĚ ϮϬϮϯͲϮϬϯϳͿ͕ ƐŝŵƵůĂƚĞĚ ďǇ ƚǁŽ ĚŝĨĨĞƌĞŶƚ 'DͲ
ZDĐŽŵďŝŶĂƚŝŽŶƐ͘dŚĞĨŝƌƐƚĐŽŶƐŝƐƚŽĨƚŚĞ,ĂĚDϯ'DĐŽƵƉůĞĚǁŝƚŚƚŚĞ,ĂĚZDϯZD͕ĂƐƉƌŽĐĞƐƐĞĚ
ďǇƚŚĞh<DĞƚKĨĨŝĐĞ;ŚĞƌĞĂĨƚĞƌƌĞĨĞƌƌĞĚƚŽĂƐƐŝŵƉůǇĂƐ,>zͿ͘dŚĞƐĞĐŽŶĚĐŽŶƐŝƐƚƐŽĨƚŚĞ,Dϱ
'D ĐŽƵƉůĞĚ ǁŝƚŚ ,/Z,Dϱ ZD ĂŶĚ ƉƌŽĐĞƐƐĞĚ ďǇ ƚŚĞ ĂŶŝƐŚ DĞƚĞŽƌŽůŽŐŝĐĂů /ŶƐƚŝƚƵƚĞ ;ŚĞƌĞĂĨƚĞƌ
,DͿ͘dŚĞƐĞϮĐůŝŵĂƚĞƉƌŽũĞĐƚŝŽŶƐƌĞƉƌĞƐĞŶƚƚŚĞĐŽůĚĞƐƚ;,DͿĂŶĚǁĂƌŵĞƐƚ;,>zͿŽƵƚŽĨƚŚŽƐĞ
ĂǀĂŝůĂďůĞĨƌŽŵŽƐŝŽΘWĂƌƵŽůŽ;ϮϬϭϭͿĨŽƌƚŚĞƉĞƌŝŽĚƐŽĨŝŶƚĞƌĞƐƚ͘/ŶĂĚĚŝƚŝŽŶ͕ƚŚŝƐƐƚƵĚǇĂůƐŽĐŽŶƐŝĚĞƌƐ
ŽďƐĞƌǀĞĚǁĞĂƚŚĞƌĨƌŽŵƚŚĞDZ^ƌŽƉzŝĞůĚ&ŽƌĞĐĂƐƚŝŶŐ^ǇƐƚĞŵ;Dz&^ͿĚĂƚĂďĂƐĞ;'ĞŶŽǀĞƐĞϮϬϬϰͿĨŽƌ
ƚŚĞƉĞƌŝŽĚĐŽǀĞƌŝŶŐϭϵϵϯƚŽϮϬϬϳ͘

Ϯ͘Ϯ

ŐƌŽͲĐůŝŵĂƚŝĐŝŶĚŝĐĞƐ

ŐƌŽͲĐůŝŵĂƚŝĐŝŶĚŝĐĞƐǁĞƌĞĐĂůĐƵůĂƚĞĚƵƐŝŶŐƚŚĞůŝŵ/ŶĚŝĐĞƐƐŽĨƚǁĂƌĞƉĂĐŬĂŐĞ;ŽŶĨĂůŽŶŝĞƌŝĞƚĂů͘ϮϬϭϬͿ͘
ůƚŚŽƵŐŚŵŽƌĞƚŚĂŶϭϬϬŝŶĚŝĐĞƐĂƌĞƐǇƐƚĞŵĂƚŝĐĂůůǇĐĂůĐƵůĂƚĞĚ;ŵĂŶǇŽĨƚŚĞŵĂƌĞďĂƐĞĚŽŶƚŚŽƐĞƵƐĞĚŝŶ
;ĂƌŶĞƚƚĞƚĂů͘ϮϬϬϲͿͿ͕ŽŶůǇϰĂƌĞƉƌĞƐĞŶƚĞĚŚĞƌĞĨŽƌƚŚĞƐĂŬĞŽĨďƌĞǀŝƚǇ͗
ϭ͘ 'ƌŽǁŝŶŐ^ĞĂƐŽŶ^ƚĂƌƚ͘ĞĨŝŶĞĚĂƐƚŚĞĨŝĨƚŚĚĂǇŝŶĂƌŽǁǁŝƚŚĂŶĂǀĞƌĂŐĞĚĂŝůǇƚĞŵƉĞƌĂƚƵƌĞĂďŽǀĞ
ŽƌĞƋƵĂůƚŽĂĐƌŝƚŝĐĂůƚĞŵƉĞƌĂƚƵƌĞ͕ŚĞƌĞĚĞĨŝŶĞĚĂƐϱ͘ϲΣ͘/ƚŝƐĐĂůĐƵůĂƚĞĚĨƌŽŵϭ:ĂŶƵĂƌǇŽŶǁĂƌĚƐ͘
EŽƚĞ ƚŚĂƚ ƚŚŝƐ ŝŶĚĞǆ ŝƐ ǀĞƌǇ ŐĞŶĞƌŝĐ ĂŶĚ ƐŚŽƵůĚ ŶŽƚ ďĞ ƚĂŬĞŶ ůŝƚĞƌĂůůǇ͕ ĂƐ ĐƌŽƉƐ ĂƌĞ ƐŽǁŶ Ăƚ
ĚŝĨĨĞƌĞŶƚĚĂƚĞƐĂĐƌŽƐƐƵƌŽƉĞ;ĂŶĚŵĂŶǇďĞĨŽƌĞϭ:ĂŶƵĂƌǇͿ͘
Ϯ͘ 'ƌŽǁŝŶŐ^ĞĂƐŽŶ>ĞŶŐƚŚ͘ĞĨŝŶĞĚĂƐƚŚĞŶƵŵďĞƌŽĨĚĂǇƐďĞƚǁĞĞŶƚŚĞŐƌŽǁŝŶŐƐĞĂƐŽŶƐƚĂƌƚĂŶĚ
ƚŚĞŐƌŽǁŝŶŐƐĞĂƐŽŶĞŶĚ͕ǁŚŝĐŚ ŝƚƐĞůĨŝƐ ĚĞĨŝŶĞĚĂƐƚŚĞ ĨŝĨƚŚĚĂǇŝŶĂƌŽǁǁŝƚŚĂŶĂǀĞƌĂŐĞ ĚĂŝůǇ
Ϯ
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ƚĞŵƉĞƌĂƚƵƌĞŽĨϱ͘ϲΣŽƌůĞƐƐ͘
ϯ͘ >ĂƐƚŝƌ&ƌŽƐƚ^ƉƌŝŶŐ͘dŚĞůĂƐƚĚĂǇŝŶƐƉƌŝŶŐǁŝƚŚĂŵŝŶŝŵƵŵƚĞŵƉĞƌĂƚƵƌĞďĞůŽǁϬΣ͘
ϰ͘ ƌǇ^ƉĞůů͘dŚĞŵĂǆŝŵƵŵŶƵŵďĞƌŽĨĐŽŶƐĞĐƵƚŝǀĞĚƌǇĚĂǇƐďĞƚǁĞĞŶƉƌŝůĂŶĚ^ĞƉƚĞŵďĞƌ͘
dŚĞƐĞŝŶĚŝĐĞƐŚĂǀĞďĞĞŶĐŚŽƐĞŶďĞĐĂƵƐĞƚŚĞǇĂůůŽǁĂƋƵŝĐŬĂƐƐĞƐĞŵĞŶƚƌĞŐĂƌĚŝŶŐĂĚĂƉƚĂƚŝŽŶƐƚƌĂƚĞŐŝĞƐ
ĨŽƌĂŐƌŝĐƵůƚƵƌĞ͕ƐƵĐŚĂƐƐŽǁŝŶŐĐƌŽƉƐĞĂƌůŝĞƌƚŽďĞŶĞĨŝƚĨƌŽŵĂƉƌŽůŽŶŐĞĚŐƌŽǁŝŶŐƐĞĂƐŽŶďƵƚƚĂŬŝŶŐŝŶƚŽ
ĂĐĐŽƵŶƚĞǀĞŶƚƵĂůĐŚĂŶŐĞƐŝŶŽĐĐƵƌƌĞŶĐĞŽĨƚŚĞůĂƐƚĨƌŽƐƚ;ǁŚŝĐŚĐĂŶũĞŽƉĂƌĚŝǌĞƚŚĞǇŝĞůĚͿ͘ŚĂŶŐĞƐŝŶƚŚĞ
ůĞŶŐƚŚŽĨĚƌǇƐƉĞůůƐĐĂŶĂůƐŽƐƵŐŐĞƐƚǁŚĞƌĞŝƚŝƐŵŽƌĞĐƌŝƚŝĐĂůƚŽĐŚĂŶŐĞĐƌŽƉǀĂƌŝĞƚŝĞƐƚŚĂƚǁŝůůĨĂƌĞďĞƚƚĞƌ
ƵŶĚĞƌƚŚŽƐĞĐŽŶĚŝƚŝŽŶƐ͘
ůůŝŶĚŝĐĞƐĂƌĞĐĂůĐƵůĂƚĞĚĨŽƌĂůůĂǀĂŝůĂďůĞǇĞĂƌƐŝŶĞĂĐŚƚŝŵĞŚŽƌŝǌŽŶĂŶĚĨŽƌĞĂĐŚϮϱďǇϮϱŬŵŐƌŝĚĐĞůů͘
dŚĞ ƌĞƐƵůƚŝŶŐƐƚĂƚŝƐƚŝĐĂůĚŝƐƚƌŝďƵƚŝŽŶƐƉĞƌ ĐĞůůĂƌĞƚŚĞŶƐƵŵŵĂƌŝǌĞĚďǇƚŚĞŝƌϱƚŚ͕ϮϱƚŚ͕ϱϬƚŚ͕ϳϱƚŚĂŶĚϵϱƚŚ
ƉĞƌĐĞŶƚŝůĞƐ͘

Ϯ͘ϯ

^ƉĂƚŝĂůĂŐƌĞŐĂƚŝŽŶ

dŚĞĂŶĂůǇƐŝƐŝƐĐĞŶƚƌĞĚŽŶƵƌŽƉĞĂŶĂŐƌŝĐƵůƚƵƌĂůůĂŶĚƐ͘'ƌŝĚĐĞůůƐǁŝƚŚůĞƐƐƚŚĂŶϱйŽĨƐƵƌĨĂĐĞĐŽǀĞƌĞĚďǇ
ĂƌĂďůĞůĂŶĚ ;ĂƐ ĚĞĨŝŶĞĚ ďǇ ŝŶDz&^͕ ƐĞĞ 'ĞŶŽǀĞƐĞ ;ϮϬϬϰͿͿ ĂƌĞ ĚŝƐĐĂƌĚĞĚ ;ƐĞĞ &ŝŐ͘ϭĂͿ͘ dŚĞĂŶĂůǇƐŝƐ ŝƐ

&ŝŐƵƌĞϭ;ĂͿWĞƌĐĞŶƚĂŐĞŽĨƚŚĞϮϱďǇϮϱŬŵŐƌŝĚĐĞůůƐĐŽǀĞƌĞĚďǇĂƌĂďůĞůĂŶĚĂĐĐŽƌĚŝŶŐƚŽƚŚĞDZ^ƌŽƉ
zŝĞůĚ &ŽƌĞĐĂƐƚŝŶŐ ^ǇƐƚĞŵ ;'ĞŶŽǀĞƐĞ ϮϬϬϰͿ͘ ;ďͿ DĂŝŶ ĞŶǀŝƌŽŶŵĞŶƚĂů ǌŽŶĞƐ ŝŶ ƵƌŽƉĞ ĂƐ ƉƌŽƉŽƐĞĚ ďǇ
DĞƚǌŐĞƌĞƚĂů͘;ϮϬϬϱͿĂŶĚ:ŽŶŐŵĂŶĞƚĂů;ϮϬϬϲͿ͘
ϯ
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ƚŚĞŶ ƐƚƌĂƚŝĨŝĞĚĂĐĐŽƌĚŝŶŐ ƚŽ ĞŶǀŝƌŽŶŵĞŶƚĂůǌŽŶĞƐ;ĚĞĨŝŶĞĚďǇDĞƚǌŐĞƌĞƚĂů͘ ;ϮϬϬϱͿĂŶĚ:ŽŶŐŵĂŶĞƚĂů͘
;ϮϬϬϲͿ ĂŶĚ ŝůůƵƐƚƌĂƚĞĚ ŝŶ &ŝŐ͘ ϭďͿ͘ dŚĞƐĞ ĂƌĞ ƵƐĞĚ ƚŽ ĂŐƌĞŐĂƚĞ ƉĞƌĐĞŶƚŝůĞƐ ŽĨ ƚŚĞ ƐĞůĞĐƚĞĚ ĂŐƌŽͲĐůŝŵĂƚŝĐ
ŝŶĚŝĐĞƐ ĨŽƌ ϲ ŽĨ ƚŚĞ ŵĂŝŶ ĞŶǀŝƌŽŶŵĞŶƚĂů ǌŽŶĞƐ ŝŶ ƵƌŽƉĞ͗ ƚůĂŶƚŝĐ ĞŶƚƌĂů ;dͿ͕ ŽŶƚŝŶĞŶƚĂů ;KEͿ͕
ƚůĂŶƚŝĐEŽƌƚŚ;dEͿ͕DĞĚŝƚĞƌƌĂŶĞĂŶEŽƌƚŚ;DEͿ͕DĞĚŝƚĞƌƌĂŶĞĂŶ^ŽƵƚŚ;D^ͿĂŶĚWĂŶŶŽŶŝĂŶ;WEͿ͘

ϯ
ϯ͘ϭ

ZĞƐƵůƚƐĂŶĚŝƐĐƵƐƐŝŽŶ
ƐƐĞƐƐŵĞŶƚĂŐĂŝŶƐƚŽďƐĞƌǀĞĚĚĂƚĂ

dŚĞ ďŽǆƉůŽƚƐ ŝŶ &ŝŐ͘ Ϯ ƉƌĞƐĞŶƚ Ă ĨŝƌƐƚ ĐŽŵƉĂƌŝƐŽŶ ďĞƚǁĞĞŶ ƚŚĞ ĚŝƐƚƌŝďƵƚŝŽŶƐ ĨƌŽŵ ,>z ĂŶĚ ,D
ƉƌŽũĞĐƚŝŽŶƐ ĂŶĚ ƚŚŽƐĞ ĨƌŽŵ ŽďƐĞƌǀĂƚŝŽŶƐ ĨŽƌ ƚŚĞ ĐŽŵŵŽŶ ϭϵϵϯͲϮϬϬϳ ďĂƐĞůŝŶĞ ƉĞƌŝŽĚ͘ dŚŝƐ ƉƌŽǀŝĚĞƐ Ă
ĨŝƌƐƚ ŝŵƉƌĞƐƐŝŽŶ ŽŶ ǁŚĞƚŚĞƌ ƚŚĞ ƐƚĂƚŝƐƚŝĐĂů ĚŝƐƚƌŝďƵƚŝŽŶ ŽĨ ƚŚĞ ŝŶĚŝĐĞƐ ĐĂůĐƵůĂƚĞĚ ĨƌŽŵ ƚŚĞ ŵŽĚĞůůĞĚ
ǁĞĂƚŚĞƌĂƌĞŝŶƚŚĞƐĂŵĞƌĂŶŐĞƐĂƐƚŚŽƐĞĐĂůĐƵůĂƚĞĚĨƌŽŵŽďƐĞƌǀĞĚĚĂƚĂ͘dŚŝƐĐŽƌƌĞƐƉŽŶĚĞŶĐĞǀĂƌŝĞƐǁŝƚŚ
ƌĞƐƉĞĐƚ ƚŽ͗ ǁŚĂƚ ĞŶǀŝƌŽŶŵĞŶƚĂů ǌŽŶĞ ŝƐ ĐŽŶƐŝĚĞƌĞĚ͕ ǁŚŝĐŚ ŝŶĚĞǆ ŝƐ ƐĞůĞĐƚĞĚ ĂŶĚ ĞǀĞŶ ǁŚĂƚ 'DͲZD
ŵŽĚĞůƌƵŶŝƐƵƐĞĚ͘&ŽƌŝŶƐƚĂŶĐĞ͕ƚŚĞŝŶƚĞƌͲĂŶŶƵĂůĚŝƐƚƌŝďƵƚŝŽŶŽĨĚƌǇƐƉĞůůƐŽǀĞƌƚŚĞďĂƐĞůŝŶĞƉĞƌŝŽĚĂƌĞ
ďĞƚƚĞƌƌĞƉƌĞƐĞŶƚĞĚďǇ,DƚŚĂŶ,>zŽǀĞƌ ƚŚĞDĞĚŝƚĞƌƌĂŶĞĂŶ^ŽƵƚŚ;DEͿǁŚŝůĞƚŚĞŝŶǀĞƌƐĞŝƐ
ŽďƐĞƌǀĞĚĨŽƌƚŚĞƚůĂŶƚŝĐEŽƌƚŚ;dEͿ͘ĞƐƉŝƚĞƚŚĞĚǇŶĂŵŝĐĂůĚŽǁŶƐĐĂůŝŶŐĂŶĚƚŚĞďŝĂƐͲĐŽƌƌĞĐƚŝŽŶ͕ƚŚĞƐĞ
ĨŝŐƵƌĞƐ ƐŚŽǁ ƚŚĂƚ ƚŚĞƌĞ ĂƌĞ Ɛƚŝůů ƐŽŵĞ ĐŽŶƐŝĚĞƌĂďůĞ ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ ŵŽĚĞůƐ ĂŶĚ ŽďƐĞƌǀĂƚŝŽŶƐ ŝŶ
ƐĞǀĞƌĂůĂƌĞĂƐ͘

ϯ͘Ϯ

ŶĂůǇƐŝƐŽĨƚŚĞĚŝƐƚŝďƵƚŝŽŶƚĂŝůƐ

 ƐĞĐŽŶĚ ĂŶĂůǇƐŝƐ ŽĨ ƚŚĞ ĚĂƚĂ ĞŵƉŚĂƐŝǌĞƐ ƚŚĞ ĐŚĂŶŐĞƐ ŝŶ ƐŚĂƉĞ ŽĨ ƚŚĞ ƐƚĂƚŝƐƚŝĐĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ĂƐ
ĐŚĂƌĂĐƚĞƌŝǌĞĚďǇŝƚƐϱƚŚĂŶĚϵϱƚŚƉĞƌĐĞŶƚŝůĞǁŚĞŶƉĂƐƐŝŶŐĨƌŽŵϮϬϬϬƚŽϮϬϯϬ͘ǇƉůŽƚƚŝŶŐƚŚĞĐŚĂŶŐĞƐŝŶ
ƚŚĞƐĞƉĞƌĐĞŶƚŝůĞƐ;&ŝŐ͘ϯͿ͕ŝƚŝƐƉŽƐƐŝďůĞƚŽƐŚŽǁǁŚĞƚŚĞƌĂƐŚŝĨƚŝŶƚŚĞĚŝƐƚƌŝďƵƚŝŽŶƐŚĂƐŽĐĐƵƌƌĞĚ;ǁŚĞŶ
ƚŚĞ ĂƌƌŽǁƐ ŵŽǀĞ ƉĂƌĂůůĞů ƚŽ ƚŚĞ ϭͲƚŽͲϭ ůŝŶĞͿ͕ ǁŚĞƚŚĞƌ ƚŚĞƌĞ ŝƐ ĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ǀĂƌŝĂďŝůŝƚǇ ;ŝĨ ƚŚĞ ĂƌƌŽǁƐ
ŝŶĚŝĐĂƚĞƚŚĞĚŝƌĞĐƚŝŽŶƉĞƌƉĞŶĚŝĐƵůĂƌƚŽϭͲƚŽͲϭůŝŶĞͿ͕ŽƌĂĐŽŵďŝŶĂƚŝŽŶŽĨďŽƚŚ͘
Ɛ ĞǆƉĞĐƚĞĚ͕ ďŽƚŚ ĐůŝŵĂƚĞ ƉƌŽũĞĐƚŝŽŶƐ ƐĞĞŵ ƚŽ ĐŽŶƐŝƐƚĞŶƚůǇ ƉŽƌƚƌĂǇ ĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ƚŚĞ ŐƌŽǁŝŶŐ ƐĞĂƐŽŶ
ůĞŶŐƚŚ ĨŽƌ Ăůů ǌŽŶĞƐ ǁŝƚŚŽƵƚ ĂŶǇ ĐŽŶƐŝĚĞƌĂďůĞ ŝŶĐƌĞĂƐĞ ŝŶ ǀĂƌŝĂďŝůŝƚǇ͘ dŚŝƐ ŝƐ ƉĂƌƚůǇ ĐĂƵƐĞĚ ďǇ ĂŶ ĞĂƌůŝĞƌ
ƐƚĂƌƚ ŽĨ ƚŚĞ ƐĞĂƐŽŶ͕ ĨŽƌ ǁŚŝĐŚ ƚŚĞ ŵŽĚĞůƐ ƉƌŽǀŝĚĞ ĐŽŚĞƌĞŶƚ ƚƌĂũĞĐƚŽƌŝĞƐ ĨŽƌ DĞĚŝƚĞƌƌĂŶĞĂŶ ;D^ ĂŶĚ
DEͿ ĂŶĚ ƚŚĞ ƚůĂŶƚŝĐ ĞŶƚƌĂů ;dͿ ǌŽŶĞƐ͘ &Žƌ ƚŚĞ ŽƚŚĞƌ ǌŽŶĞƐ ;KE͕ dE ĂŶĚ WEͿ͕ ŚŽǁĞǀĞƌ͕ ƚŚĞ
,>zĂŶĚ,DƐŝŵƵůĂƚŝŽŶƐĂƌĞƐŚŽǁŝŶŐĐŽŶƐƚƌĂƐƚŝŶŐďĞŚĂǀŝŽƵƌƐǁŝƚŚ,DŝŶĚŝĐĂƚŝŶŐĂĚĞĐƌĞĂƐĞ
ŝŶǀĂƌŝĂďŝůŝƚǇĂŶĚ,>zĂŶŝŶĐƌĞĂƐĞ͕ĂĐĐŽŵƉĂŶŝĞĚǁŝƚŚĂƐŚŝĨƚƚŽǁĂƌĚƐĞĂƌůŝĞƌǀĂůƵĞƐ͘&ŽƌƚŚĞƐĞƐĂŵĞ
ƌĞŐŝŽŶƐ͕ĐŚĂŶŐĞƐŝŶůĂƚĞĨƌŽƐƚĚĂƚĞƐĂƌĞŶŽƚĂƉƉĂƌĞŶƚ͕ǁĂƌŶŝŶŐƚŚĂƚĂůƚŚŽƵŐŚƐŽǁŝŶŐĐƌŽƉƐĞĂƌůŝĞƌŵŝŐŚƚ
ϰ
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&ŝŐƵƌĞ Ϯ͘ ŽǆĞƐ ƌĞƉƌĞƐĞŶƚŝŶŐ ƚŚĞ ƐƚĂƚŝƐƚŝĐĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ϰ ĂŐƌŽͲĐůŝŵĂƚŝĐ ŝŶĚŝĐĞƐ ;ĨƌŽŵ ůĞĨƚ ƚŽ ƌŝŐŚƚ͗
'ƌŽǁŝŶŐ^ĞĂƐŽŶ^ƚĂƌƚ͕'ƌŽǁŝŶŐ^ĞĂƐŽŶ>ĞŶŐƚŚ͕>ĂƐƚŝƌ&ƌŽƐƚ^ƉƌŝŶŐĂŶĚƌǇ^ƉĞůůͿĂǀĞƌĂŐĞĚĨŽƌϲĞŶǀŝͲ
ƌŽŶŵĞŶƚĂůǌŽŶĞƐŝŶƵƌŽƉĞ;ĨƌŽŵƚŽƉƚŽďŽƚƚŽŵ͗ƚůĂŶƚŝĐĞŶƚƌĂů͕ƚůĂŶƚŝĐEŽƌƚŚ͕ŽŶƚŝŶĞŶƚĂů͕DĞĚŝƚĞƌƌĂͲ
ŶĞĂŶEŽƌƚŚ͕DĞĚŝƚĞƌƌĂŶĞĂŶ^ŽƵƚŚĂŶĚWĂŶŶŽŶŝĂŶͿĐŽǀĞƌŝŶŐƚŚĞϭϵϵϯͲϮϬϬϳƌĂŶŐĞ͘/ŶĞĂĐŚĐĂƐĞ͕ƚŚĞĨŝƌƐƚ
ďŽǆƌĞƉƌĞƐĞŶƚƐƚŚĞĚŝƐƚƌŝďƵƚŝŽŶĞƐƚŝŵĂƚĞĚďǇƚŚĞ,>zŵŽĚĞů͕ƚŚĞƐĞĐŽŶĚďǇ,DǁŚŝůĞƚŚĞƚŚŝƌĚŝƐ
ĐĂůĐƵůĂƚĞĚĨƌŽŵŽďƐĞƌǀĞĚǀĂůƵĞƐŽďƚĂŝŶĞĚĨƌŽŵDz&^͘dŚĞǁŚŝƚĞďŽǆŝŶĚŝĐĂƚĞƐƚŚĞϱƚŚƚŽϵϱƚŚƉĞƌĐĞŶƚŝůĞ
ƌĂŶŐĞ͕ƚŚĞĐŽůŽƵƌĞĚďŽǆƚŚĞϮϱƚŚƚŽϳϱƚŚƉĞƌĐĞŶƚŝůĞƌĂŶŐĞĂŶĚƚŚĞĐĞŶƚƌĂůůŝŶĞƚŚĞϱϬƚŚƉĞƌĐĞŶƚŝůĞ͘

ϱ


250



/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ







&ŝŐƵƌĞ ϯ͘ ^ĐĂƚƚĞƌƉůŽƚƐ ŝŶĚŝĐĂƚŝŶŐ ŚŽǁ ĞĂĐŚ ŵŽĚĞů ;,>z ĂŶĚ ,DͿ ƉƌŽũĞĐƚ ĐŚĂŶŐĞƐ ďĞƚǁĞĞŶ ƚŚĞ
ϮϬϬϬĂŶĚϮϬϯϬƚŝŵĞŚŽƌŝǌŽŶƐƚŽƚŚĞϱƚŚĂŶĚϵϱƚŚƉĞƌĐĞŶƚŝůĞƐŽĨƚŚĞĚŝƐƚƌŝďƵƚŝŽŶƐŽĨĚŝĨĨĞƌĞŶƚĂŐƌŽͲĐůŝŵĂƚŝĐ
ŝŶĚŝĐĞƐĂŐŐƌĞŐĂƚĞĚďǇĞŶǀŝƌŽŶŵĞŶƚĂůǌŽŶĞƐ͘ĚĚŝƚŝŽŶĂůůǇ͕ƚŚĞƉŽŝŶƚƌĞƉƌĞƐĞŶƚŝŶŐƚŚĞƉĞƌĐĞŶƚŝůĞƐŽďƚĂŝŶĞĚ
ĨƌŽŵŽďƐĞƌǀĂƚŝŽŶƐĚƵƌŝŶŐƚŚĞϮϬϬϬƚŝŵĞŚŽƌŝǌŽŶŚĂǀĞďĞĞŶĂĚĚĞĚĨŽƌƌĞĨĞƌĞŶĐĞ͘

ďĞ ďĞŶĞĨŝĐŝĂů ƚŽ ŚĂǀĞ Ă ůŽŶŐĞƌ ŐƌŽǁƚŚ ĐǇĐůĞ͕ ƚŚĞƐĞ ŵĂǇ ƉŽƚĞŶƚŝĂůůǇ ďĞ ĞǆƉŽƐĞĚ ƚŽ ŵŽƌĞ ĨƌŽƐƚ ĚĂŵĂŐĞ͘
ZĞŐĂƌĚŝŶŐ ƌǇ ^ƉĞůůƐ͕ Ă ĐůĞĂƌ ƉĂƚƚĞƌŶ ŽĨ ůŽŶŐĞƌ ĂŶĚ ŵŽƌĞ ǀĂƌŝĂďůĞ ;ĨƌŽŵ ǇĞĂƌͲƚŽͲǇĞĂƌͿ ƉĞƌŝŽĚƐ ŽĨ
ĐŽŶƐĞĐƵƚŝǀĞĚƌǇĚĂǇƐĐĂŶďĞĞǆƉĞĐƚĞĚŝŶƚŚĞDĞĚŝƚĞƌƌĂŶĞĂŶĂŶĚWĂŶŶŽŶŝĂŶƌĞŐŝŽŶƐ͘
dŚŝƐ ĂŶĂůǇƐŝƐ ŽĨ ƚŚĞ ĚŝƐƚƌŝďƵƚŝŽŶ ƚĂŝůƐ ĂůƐŽ ƌĞǀĞĂůƐ ƚŚĂƚ͕ ŝŶ ƐĞǀĞƌĂů ĐĂƐĞƐ͕ ƚŚĞ ϱƚŚͬϵϱƚŚ ƉĞƌĐĞŶƚŝůĞƐ ŽĨ
ŵŽĚĞůůĞĚĚĂƚĂĨŽƌƚŚĞĨƵƚƵƌĞĐĂŶďĞĐůŽƐĞƌƚŽƚŚĞϱƚŚͬϵϱƚŚƉĞƌĐĞŶƚŝůĞƐŽĨƉƌĞƐĞŶƚŽďƐĞƌǀĞĚĚĂƚĂƚŚĂŶƚŚĞ
ϱƚŚͬϵϱƚŚƉĞƌĐĞŶƚŝůĞƐŽĨŵŽĚĞůůĞĚĚĂƚĂĨŽƌƚŚĞƉƌĞƐĞŶƚ;&ŝŐƵƌĞϯͿ͘
ϲ
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ϰ

ŽŶĐůƵƐŝŽŶƐĂŶĚƉĞƌƐƉĞĐƚŝǀĞƐ

dŚŝƐ ƐŚŽƌƚ ƉĂƉĞƌ ŝƐ Ă ƐŵĂůů ŽǀĞƌǀŝĞǁ ŽĨ ƚŚĞ ĚĂƚĂƐĞƚ ƉƌĞƉĂƌĞĚ ŝŶ ƚŚĞ ĨƌĂŵĞǁŽƌŬ ŽĨ ƚŚŝƐ ƐƚƵĚǇ͕ ĂŶĚ Ă
ĐŽƌƌĞƐƉŽŶĚŝŶůŐǇƐŚŽƌƚĂŶĂůǇƐŝƐŽĨƚŚĞŝŶĨŽƌŵĂƚŝŽŶǁŝƚŚŝŶ͘ZĞƐƵůƚƐĂƌĞƐƚŝůůƉƌĞůŝŵŝŶĂƌǇĂŶĚƌĞƋƵŝƌĞĨƵƌƚŚĞƌ
ĂƚƚĞŶƚŝŽŶ͘ĨŝƌƐƚĐŽŶĐůƵƐŝŽŶƚŚĂƚƐƚĞŵƐĨƌŽŵƚŚŝƐĂŶĂůǇƐŝƐŝƐƚŚĂƚƚŚĞƐƚĂƚŝƐƚŝĐĂůĚŝƐƚƌŝďƵƚŝŽŶƐŽĨƚŚĞĨŽƵƌ
ĐĂůĐƵůĂƚĞĚĂŐƌŽͲĐůŝŵĂƚŝĐŝŶĚŝĐĞƐƉƌĞƐĞŶƚĞĚŚĞƌĞĂƌĞŶŽƚƐǇƐƚĞŵĂƚŝĐĂůůǇĐŽŚĞƌĞŶƚǁŝƚŚƚŚĞĚŝƐƚƌŝďƵƚŝŽŶƐŽĨ
ƚŚĞƐĂŵĞŝŶĚŝĐĞƐĐĂůĐƵůĂƚĞĚŽŶŽďƐĞƌǀĞĚĚĂƚĂ͘ǀĞŶƚŚŽƵŐŚƚŚĞĐŚĂŶŐĞƐŝŶƚŚĞƐĞĚŝƐƚƌŝďƵƚŝŽŶƐŐĞŶĞƌĂůůǇ
ƐĞĞŵ ĐŽŚĞƌĞŶƚ͕ ŝŶ ƐŽŵĞ ĐĂƐĞƐ ƚŚĞ ŵŽĚĞůůĞĚ ĚĂƚĂ ĨŽƌ ƚŚĞ ĨƵƚƵƌĞ ŝƐ ĐůŽƐĞƌ ƚŽ ƚŚĞ ŽďƐĞƌǀĞĚ ĚĂƚĂ ŝŶ ƚŚĞ
ƉƌĞƐĞŶƚ ƚŚĂŶ ƚŚĞ ŵŽĚĞůůĞĚ ĚĂƚĂ ŝŶ ƚŚĞ ƉƌĞƐĞŶƚ͘ dŚĞƐĞ ƌĞƐƵůƚƐ ŝŶĚŝĐĂƚĞ ƚŚĂƚ ĚĞƐƉŝƚĞ ƚŚĞ ĞĨĨŽƌƚƐ ŽĨ
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A multi-model ensemble for identifying
future water stress hotspots
Martina Flörke, Stephanie Eisner, Naota Hanasaki, Yoshimitsu Masaki, Yoshihide Wada, Marc Bierkens
Abstract— This study assesses the impact of climate and socio-economic changes on
future freshwater resources with a special focus on water scarcity. Associated changes in
water availability, water withdrawals and consumption are simulated using a multi-model
ensemble, forced by statistical bias-corrected climate data from five Global Climate
Models (GCMs) under three Representative Concentration Pathways (RCPs), and socioeconomic input from the recently developed Shared Socio-Economic Pathways (SSPs).
Water availability and demand projections are combined to identify future water stress
hotspots, i.e. two indicators are calculated, one considering water withdrawals and the
other including water consumption. Uncertainties in hydrological projections related to
GCMs and scenarios are well known and have been studied in recent years. The
establishment of a model intercomparison initiative in the water sector enabled the
assessment of uncertainties related to global hydrological models (GHMs) with respect to
water availability and irrigation. Our study goes beyond state-of-the-art by analyzing the
uncertainty related to water withdrawals and consumption and its implication on the
identification of hotspots. Preliminary GHM-ensemble results show reasonable agreement
in projecting domestic and irrigation water withdrawals whilst there is a large discrepancy
between the projections of industrial water withdrawals. An additional dimension of
uncertainty needs to be considered if both exposure and sensitivity to climate change
build the basis of an impact study.
Index Terms—ensemble modeling, indicator, uncertainty, water stress hotspots
————————————————————

1

Introduction

Many river basins of the world are seriously affected by water scarcity, often caused by an imbalance
between water availability and water demand. According to the FAO (2010), total freshwater abstraction today amounts to 3856 km³ of which 70% is withdrawn by the agricultural sector, followed by
the industry (19%) and domestic sectors (11%). Total water withdrawals increased threefold between
1950 and 2005 (Shiklomanov and Rodda 2003, Flörke et al. 2013) as a result of population growth
and consumption change that have contributed to a rising demand for electricity, industrial and agricultural products, and thus for water. According to the newly developed “Shared Socio-Economic
Pathways” (SSPs) global population is expected to increase to 7.2 or even 14 billion people by 2100
(O’Neill et al. 2012) and meeting the future demand for water will be a challenge, particularly in the
context of avoiding further expansion of irrigated land.
Considering the impacts of climate change, socio-economic developments, further industrialization
and urbanization, the competition for freshwater resources is likely to become a key concern for
population, economy, and the environment. Water scarcity is both a natural and human-made phenomenon and defined as the condition where there are insufficient water resources to satisfy longterm average requirements. In other words, it refers to long-term water imbalances, combining low
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water availability with a level of water demand exceeding the supply capacity of the natural system
(EC 2011). Changes in future water scarcity are mainly driven by changes in water withdrawals (Alcamo et al. 2007, Hanasaki et al. 2012), i.e. sensitivity to climate change outweighs exposure. Hanasaki et al. (2012) estimated that between 2.5 and 5.6 billion people will live under water stress by
2071 to 2100.
So far, the assessment of regional water-scarcity hotspots was mostly based on climate change impacts simulated by driving global hydrological models with climate projections from different Global
Climate Models (GCMs) whereas less emphasise has been put on the water demand side.
The main objective of this study is to go one step further in identifying future water-scarce regions by
using a multi-model ensemble of global hydrological and water demand projections for the 21st century as simulated within the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP) with different water stress indices. Here, we analyse future global water resources under the latest generation of scenarios for global climate change studies (Moss et al. 2010). More specifically, we identify
and compare future hotspot regions considering socio-economic scenarios of the lately developed
SSPs (Kriegler et al. 2012) in combination with a set of climate scenarios generated under the framework of the Coupled Model Intercomparison Project Phase 5 (CMIP5, Taylor et al. 2012).
Uncertainties resulting from the spread among climate scenarios and from global hydrological models (GHMs) have been assessed by Haddeland et al. (2011, 2013), Schewe et al. (2013), and Wada et
al. (2013). This approach will address the main uncertainties related to both climate and socioeconomic impacts on water scarcity and will provide more robust and consistent conclusions, which
are important for adapting to these impacts as well as for future management of freshwater resources.

2

Methodology

We use a set of three state-of-the-art GHMs to quantify the impact of climate and socio-economic
changes on global and regional freshwater scarcity, and the resulting uncertainties arising from the
newly available CMIP5 climate projections obtained through the ISI-MIP initative. For our study we
applied statistical bias-corrected daily climate model output as developed by Hempel et al. (2013). To
explore the uncertainties related to climate change, we calculate water availablity, water withdrawals
and consumption under three Representative Concentration Pathways (RCPs) from five GCMs and
one SSP (SSP2), respectively. By balancing available freshwater resources and water abstracted or
consumed for crop production, industrial and human needs we identify regions under water stress.
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2.1

Modeling freshwater availability

In a first step, future freshwater availability affected solely by climate change is calculated (“natural
conditions”). The three GHMs used in this study are: H08 (Hanasaki et al. 2008a, b), PCR-GLOBWB
(van Beek et al. 2011, Wada et al. 2010, 2011), and WaterGAP (Döll et al. 2003, 2012, Flörke et al.
2013).
The aim of the hydrological modeling is to simulate the characteristic macro-scale behavior of the
terrestrial water cycle in order to estimate water availability. Based on the daily time series of climatic projections, the GHMs calculate the water balance at a daily time step and a spatial resolution of
0.5 degree latitude and longitude (~50 km at the equator), respectively, taking into account physiographic characteristics such as soil type, vegetation, slope, etc. Runoff generated on the grid cells is
routed to the catchment outlet on the basis of a global drainage direction map (DDM30, Döll and
Lehner 2002), taking into account the extent and hydrological influence of lakes, reservoirs, dams,
and wetlands.

2.2

Modeling water withdrawals and consumption

Next to water availability the three GHMs listed above calculate water withdrawals and consumption
for the domestic, industrial and irrigation sectors. Irrigation water requirements are simulated on a
grid cell level while domestic and industrial water uses are computed at the country scale and allocated to grid cells using demographic data.
Multi-model and multi-scenario ensemble projections of irrigation water requirements according to
the ISI-MIP modeling protocol have been analysed by Wada et al. (2013). The models considered in
that study simulate irrigation water requirements per unit crop area based on surface and soil water
balance, by counterbalancing the difference between crop evapotranspiration and actual evapotranspiration (soil water availability) at a daily time step and correcting for conveyance and application
losses. Future expansion of irrigated areas is not considered, and hence remains constant to the year
2000 (Portmann et al. 2010). Further, it must be noted that optimal crop growth is assumed, i.e. water supply is not limited.
Although the approaches to simulate domestic and industrial water use differ between the GHMs, in
general, water withdrawals are calculated by multiplying sector-specific water use intensities by a
sector-related socio-economic driving force (e.g. population, GDP, or energy-related input). In order
to take into account improving water use efficiency, technological change rates per country are introduced. The H08 and PCR-GLOBWB models calculate water use for the total industry sector,
whereas WaterGAP distinguishes between water used for cooling purposes in thermal power plants
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and water processed in manufacturing industries.

2.3

Identification of water stress hotspots

A set of impact indicators is derived from hydrological and water use projections, which were aggregated to river basins. We selected two water stress indicators, the first one based on water withdrawals and the second one depending on water consumption:
The water exploitation index (WEI) is defined as the total water withdrawals-to-availability ratio within a river basin. Generally speaking, the larger the volume of water withdrawn and the smaller water
availability the higher the water stress. Increasing water stress results in stronger competition between society’s users, as well as between society and ecosystem requirements. A river basin is asƐƵŵĞĚƚŽďĞƵŶĚĞƌůŽǁǁĂƚĞƌƐƚƌĞƐƐŝĨt/чϬ͘Ϯ, unĚĞƌŵĞĚŝƵŵǁĂƚĞƌƐƚƌĞƐƐŝĨϬ͘Ϯфt/чϬ͘ϰ͕ĂŶĚ
under severe water stress if WEI > 0.4 (Vörösmarty et al. 2000, Alcamo et al. 2007).
Next to WEI, we address water stress related to water consumption, i.e. the share of water withdrawals that is not returned to the surface waters, with the consumption-to-availability ratio CTA.
According to Hoekstra et al. (2012) a river basin is considered to be under severe water stress if CTA >
0.2. This impact indicator predominates in regions where agriculture is a major water user as nearly
90% of the irrigation water withdrawals is consumed (Shiklomanov and Rodda 2003), i.e. lost by
evaporation during supply or evapotranspiration from plants. Both indicators, WEI and CTA, are computed on an annual and monthly basis.

3

Results

At this stage of the study we can only provide preliminary results and most of the analysis is still work
in progress. Regarding water withdrawals, first results were generated for the “middle of the road”
scenario SSP2 under RCP6.0 conditions, i.e. comparable to a business-as-usual case. However, the
analysis to identify future water scarcity hotspots has started and results will be presented at the
conference.
Fig. 1 presents the future projections of global domestic, industrial, and irrigation water withdrawals
as calculated by the three GHMs. The figure indicates that the GHM-ensemble results clustered
around a very narrow range for domestic and irrigation water withdrawals. Depending on the GHM,
domestic water withdrawals vary between 758 km³ and 976 km³, whereas water abstractions for irrigation purposes (median of 5 GCM driven model runs) range from 3636 km³ to 3900 km³. Further it
can also be noted that the variation between the model outcomes is largest in terms of industrial
water withdrawals, which differ between 800 km³ and 4000 km³ globally in 2100. Due to this dis-
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crepancy total water withdrawals are expected to amount between 5370 and 8890 km³ by the end of
the century. In fact, the industrial sector may become the most important water use sector in the
future, and hence replace the agricultural sector.
The huge differences in future industrial water withdrawals as calculated by the GHMs are a result of
applying different model functions and driving forces in order to estimate the same metric. Key socio-economic input (e.g. population, GDP per capita, electricity production) has been harmonized
between the different GHMs. Furthermore, the same assumption of technological improvements
was used, i.e. technological change rates of 0.7% per year for developed countries and 0.3% per year
for least developed countries (GDP per capita < 1500 USD). Account should be taken of the fact that
data records on industrial water withdrawals and consumption are rare compared to the other sectors, in particular related to the manufacturing sector. Although all models showed their ability to
back-calculate historical water withdrawals based on a function of current water intensities and socio-economic drivers, some of the socio-economic driving forces are expected to change in an unprecedented scale.
It is apparent from Fig. 1 that the uncertainty related to the methods used by the different GHMs can
be high, here especially in case of industrial water withdrawals. The same can be assumed for the
calculation of sectoral water consumption where the usage of consumption factors will be an additional element of uncertainty. However, Haddeland et al. (2011) and Schewe et al. (2013) showed in
their studies that GHM uncertainty is higher than the uncertainty related to GCMs and socioeconomic input. For our further analysis, i.e. to identify future water stress hotspots, it will be of importance not only to quantify the uncertainty but also to present and explain the discrepancy between model results in a transparent fashion.
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Fig. 1 Global sectoral water withdrawals under RCP6.0 as calculate by the model ensemble for the
21st century.

4

Conclusions

Our preliminary results confirm that GHM uncertainty is not only related to water availability but also
to water withdrawals. Whilst the results of future domestic and irrigation water withdrawals of the
GHM ensemble are in a close range, projecting industrial water withdrawals is subject to considerable uncertainties. Although the GHM input was harmonized the methodological realizations differ
within the model ensemble.
Overall, an additional dimension of uncertainty needs to be considered if both exposure and sensitivity to climate change build the basis of an impact study. The estimation of future water withdrawals
(and consumption) is a function of climate change as well as socio-economic developments, and
changes in electricity production and technological improvements. In order to identify future
hotspots of water stress both the supply and demand sides are of importance but also susceptible to
uncertainties.
Further analysis of water stress measures, the identification of robust results, and the quantification
of uncertainty will contribute to improving the assessment of impact studies. Nevertheless, these
studies build the basis for adaptation or mitigation strategies, i.e. technological innovations or transformations will help either to decrease the intensity of radiative forcing in order to reduce the effects
of global warming or to reduce or even prevent unnecessary water abstractions in water scarce regions.
6
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Improved consideration of uncertainties in a
comprehensive assessment of climate
change impacts in Europe
Hans-Martin Füssel*
Abstract— In November 2012 the European Environment Agency (EEA) published its third
indicator-based report on climate change, impacts and vulnerability in Europe. This report
aimed among others at improving the assessment and reporting of uncertainties in
observed and projected climate change and its impacts. EEA decided not to copy the IPCC
approach for using calibrated uncertainty language, due among others to differences in
the purpose and process between IPCC and EEA reports. Instead, authors were requested
to consider the following aspects when writing their assessment and in particular when
formulating key messages: choosing the appropriate type of statement, choosing the
appropriate level of precision, considering all relevant sources of uncertainty, and
reporting explicitly on the lack of information where appropriate. The treatment of
uncertainties in the report was described in a dedicated section in the introduction. This
paper presents the experiences with improving the consideration and reporting of
uncertainties in the 2012 EEA climate impacts report.
Index Terms—climate impacts, European Environment Agency, indicators, uncertainty.
————————————————————

1

Introduction

The European Environment Agency (EEA) is mandated by its founding regulation1 “to provide the
Community and the Member States with the objective information necessary for framing and implementing sound and effective environmental policies” and “to publish […] indicator reports focusing
upon specific issues”. One topic where EEA activities have increased in recent years is climate change
impacts and adaptation. The increased information demand is driven, among others, by the commitment in the European Commission’s 2009 White Paper “Adapting to climate change: Towards a
European framework for action”2 to develop a comprehensive EU Adaptation Strategy by 20133. Furthermore, 16 EEA member countries have developed National Adaptation Strategies and/or National
Adaptation Action Plans in recent years, and many others are currently doing so.4
In response to the policy demands, EEA has so far published three indicator-based reports dealing
with climate change (EEA 2004; EEA 2008; EEA 2012). The main target group of the reports are European and national policy-makers but they also serve academic scientists, non-governmental organisations, the press and the public at large. Within 3 months of its publication, the 2012 report already
had around 100 000 Google hits and more than 500 media citations.
*

European Environment Agency (EEA)
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:31990R1210:EN:HTML,
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:126:0013:0022:EN:PDF
2
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2009:0147:FIN:EN:PDF
3
http://ec.europa.eu/clima/events/0069/index_en.htm
4
http://climate-adapt.eea.europa.eu/countries
1
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2

EEA reports vs. IPCC reports

All environmental information managed by EEA is subject to some uncertainties, and EEA is working
actively with its member countries to improve the consistency and accuracy of data reported from
countries to EEA. The assessment and communication of uncertainty related to climate impacts faces
particular challenges:
1. EEA indicators on climate impacts generally do not rely on data reporting from countries.
Instead, data stems from international organizations, European research projects, research networks and individual institutions.
2. EEA indicators on climate change are primarily used to inform adaptation policies, which
in turn are largely driven by anticipated changes in climate. Hence the importance of future projections is much more important for EEA indicators on climate impacts than for
most other EEA indicators.
EEA has paid considerable attention to uncertainties in climate impact indicators already in its first
and second indicator-based reports. The importance of this topic increased further in the preparation of the third indicator-based report for two main reasons:
1. The substantially increased activities around climate change adaptation at the European
and national level resulted in higher demands on the underlying knowledge base, including relevant EEA indicators.
2. The discovery of an erroneous statement about the melting of Himalayan glaciers in a
chapter of the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate
Change in December 2009 (dubbed “Glaciergate”) resulted in strong public and political
criticism of the IPCC. In response, the UN Secretary-General and the IPCC Chair asked the
InterAcademy Council (IAC) in March 2010 to carry out an independent review of IPCC
processes and procedures.5
The IPCC has considerable experience in assessing and communicating uncertainties in its assessment reports. Over a period of 10 years, the IPCC has developed and refined a ‘calibrated language’
to express the confidence in and/or likelihood of specific findings, which is applied in most key messages of IPCC reports (Moss & Schneider 2000; IPCC 2005; Mastrandrea et al. 2010). This author had
been involved in the preparation of the IPCC AR4 as an author, review editor, expert reviewer and
government representative in IPCC plenary meetings. The increased efforts to describe the accuracy
and robustness of the data underlying indicators in the 2012 EEA report was facilitated by his close
familiarity with relevant IPCC practices.
EEA reports share some similarities with IPCC assessment, including a mandatory review by EEA
member countries. However, there are also some important differences:
1. IPCC assessment reports aim to assess all information available in the relevant (academic)
literature whereas the EEA climate impact reports focus on the presentation of selected
indicators.
2. The writing team of a chapter in an IPCC report typically consists of 20 or more authors
5

https://www.ipcc.ch/pdf/IAC_report/iac_letter.pdf, https://www.ipcc.ch/organization/organization_review.shtml#.UTnrPCJZxqE
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supported by at least two review editors. For example, the writing team of the chapter on
Europe in the Working Group II contribution to the IPCC AR4 consisted of 3 convening lead
authors, 7 lead authors, 12 contributing authors and 2 review editors. In contrast, most
chapters of the EEA climate impacts report are written by only one or two authors supported by a small number of contributors.
3. IPCC reports receive very strong attention from the media world-wide, including from
countries where climate change is a very contentious issue. Their publication is regularly
covered in the main evening news. The EEA climate impacts reports also receive considerable attention in the media (e.g. the 2012 report was cited more than 500 times in newspapers and websites), but this is still much less than for an IPCC report. Furthermore, EEA
reports have not (yet) faced such a hostile reception by parts of its target audience as the
IPCC reports.
Copying the IPCC approach for assessing and communicating uncertainty appeared neither feasible
nor necessary for the EEA climate impacts report. Most importantly, the small number of experts
involved in each indicator assessment prohibits quantitative expert assessments of confidence and
uncertainty. Additionally, key messages would have become rather cumbersome and difficult to interpret for the target audience, without providing readers with substantial relevant information. It is
important to emphasize that this decision does not in any way imply a criticism of the IPCC approach.
It simply reflects the different needs and capacities between EEA and IPCC.

3

Consideration of uncertainty in the 2012 EEA climate impacts report

In the 2012 climate impacts report, uncertainty was addressed by the following elements, which
were applied in particular in its key messages:
1.
2.
3.
4.
5.
6.
7.

Dedicated uncertainty section
Careful choice of the type of statement
Careful choice of the appropriate level of precision
Explicit information on the pedigree of information and uncertainty
Explicit reporting of knowledge gaps
Central editing of uncertainty language
Extended expert review

These elements are further explained below.
Dedicated uncertainty section
A dedicated uncertainty section was included in the report that outlines the relevant key sources of
uncertainty and explains how they are addressed and communicated in the report.
Appropriate choice of type of statement
Most key messages related to indicators can be categorized into a limited number of “types” of
statements. The following types of statements are distinguished in key messages related to climate
and impact indicators in the EEA report (based on IPCC 2007, Table SPM.2):

3

264

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

1.
2.
3.
4.

Observation of a climate variable or a climate-sensitive ‘impact’ variable
Observation of a statistically significant (change in) trend of a climate or impact variable
Attribution of a change in a climate or impact variable to a particular cause
Projection of a climate or impact variable into the future

Different types of statements are subject to different sources of uncertainty. As a general rule, the
(sources of) uncertainty increases from observations to attributions and projections and from climate
indicators to climate impact indicators. For example, observations of a climate or climate impact variable can be made for short time series whereas statements about statistically significant trends require availability of longer time series and the consideration of natural interannual variability. Authors were advised to formulate key messages so that it is clear what type of statement they make,
and to avoid the combination of different types of statements in a single message.
Careful choice of the appropriate level of precision
Statements in key messages can be made at different levels of precision (or quantification), which are
ordered here from least to most precise (based on IPCC 2005):
1.
2.
3.
4.
5.

Existence of effect (but the direction is ambiguous or unpredictable)
Direction (of change or trend)
Order of magnitude
Range or confidence interval
Single value (implying confidence in all significant digits)

Authors were advised to formulate key messages at the highest level of precision justified by the underlying data, and to separate statements with different levels of precision (e.g. related to observations vs. projections) in order to clearly indicate the precision of each individual statement.
Explicit information on the pedigree of information and uncertainty
Authors were advised to state explicitly whether and how key sources of uncertainty have been considered in the underlying dataset, and what this implies for the confidence that can be put in a specific data set or conclusion (where relevant and feasible). For example, a message on future climate
change would indicate which emission scenarios and how many climate models are considered in
this projection.
Explicit reporting of knowledge gaps
Authors were advised to report explicitly on the availability of data related to past trends as well as
future projections. Explicit statements on knowledge gaps can inform future efforts for data collection and research. Additionally, they ensure the reader that a lack of reporting on an issued does not
reflect a lack of consideration.
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Central editing of uncertainty language
Some authors of the 2012 report had previously contributed to IPCC assessments and were prepared
to pay particular attention to uncertainty assessment and communication whereas others felt less
comfortable assessing the merits and robustness of research results reported in the academic literature that they were not directly involved in. As a result, the degree to which the recommendations
above were followed differed substantially across chapters. In the end, central editing by EEA lead
authors was needed to improve the consistency of uncertainty reporting across the report.
Extended expert review
All EEA reports are reviewed by experts from so-called National Focal Points and thematic National
Reference Centres from all EEA member countries. These experts are generally employed by government institutions, such as national Environmental Protection Agencies. For this report, the review
was extended to an advisory group of about 20 thematic experts that had supported the report production from the beginning and to about 20 further scientific experts from academic institutions that
were not involved as authors.

4

Discussion and conclusions

The clear communication of the state of knowledge on a particular subject, including associated uncertainties, is relevant in all work areas of the EEA. EEA reports and indicators addressing climate
change and its impacts face particular challenges due to the large importance of future projections
for informing present adaptation planning. For more than a decade, the IPCC has been guiding its
authors on the consistent assessment and reporting of relevant uncertainties. While the efforts of
the IPCC have been inspiring for the EEA, application of the IPCC uncertainty guidance to the EEA
report was not feasible, largely due to the small number of authors working on a particular topic.
Instead of applying a calibrated uncertainty language, EEA efforts focussed on clarity about the type
of statements (e.g. observation of a trend vs. attribution to a particular cause), careful choice of the
level of quantification, and explicitit discussion of key uncertainties and of knowledge gaps. The efforts at improved consideration of uncertainty in the 2012 EEA climate impacts report have also inspired a wider discussion on uncertainty communication in EEA assessment reports.
Feedback from academic readers on the uncertainty reporting in the 2012 EEA report has generally
been very positive. EEA has only received limited feedback from policy makers on this specific topic.
However, key uncertainties relevant for climate change adaptation are clearly referred in the EU
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Strategy on adaptation to climate change6 adopted in April 2013 as well as in national adaptation
strategies. Hence, we feel confident to conclude that European and national decision-makers have
accepted that adaptation planning involves decision-making under uncertainty, and that they do appreciate efforts by EEA (and others) to communicate the scope and source of these uncertainties as
clearly as possible.
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Systematic quantification of climate change
impacts modelling uncertainty
Simon N. Gosling1
1. School of Geography, University of Nottingham, Nottingham, UK
Abstract—ISI-MIP has made important advances in climate change impacts modeling by using
multiple climate models and impacts models together with socio-economic and emissions
scenarios to quantify uncertainties in projections of the impacts of climate change. This is in
recognition of the fact that different models will simulate different outputs, even when forced
with identical input data. However, two links of the chain of uncertainties in climate change
impacts modelling are still missing. These are 1) quantification of uncertainty from the
application of different versions of the same climate model, and 2) quantification of
uncertainty from application of different versions of the same impacts model. This paper
facilitates discussion around this topic by explaining why these uncertainties need to be
quantified. It also demonstrates how these uncertainties may be quantified by using examples
from climate model experiments and one of the impacts models included in the water sector
of ISI-MIP. Three recommendations for addressing this gap in knowledge are suggested.
Index Terms—climate change impacts modelling, perturbed parameter ensemble, uncertainty
————————————————————

1

Introduction

The aim of this paper is to raise awareness of, and trigger discussion of, an important element of climate
change impacts science that is still largely missing from the literature; the systematic quantification of
inherent uncertainties that arise from the application of different versions of the same climate and impacts models. For example, how large might be the range in simulations if multiple, yet plausible, versions of the same climate model and/or impacts model are used? Specifically, this paper focuses on one
of the questions included in the second fundamental challenge that the conference seeks to address
(“How certain are we?”); “What are the main sources of uncertainty along the chain from climate change
and socio-economic drivers to impact projections?”

2

Quantification of uncertainties thus far

It is well known that impacts models developed by different institutions will perform slightly differently
from each other even when they are forced with consistent input data (Gosling et al., 2011, Haddeland
et al., 2011, Thompson et al., 2013). This is because each impacts model will apply different, but equally
plausible, paramaterisations of the environment that they are attempting to model. The same holds for
climate models developed at different institutions (Meehl et al., 2007). Application of different climate
models and impacts models gives rise to uncertainties and these have been well quantified in ISI-MIP,
1
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where, for instance, in the water sector impacts assessment, 5 different climate models were used with
11 different impacts models (Schewe et al., submitted). This has been an important advance from other
assessments that have typically applied multiple climate model simulations to only a single impacts
model (Arnell et al., 2013, Gosling et al., 2010). So far, ISI-MIP has quantified these two sources of uncertainty along with socio-economic and emissions uncertainty. These represent important sources of uncertainty in the overall chain of impacts modelling uncertainty that is illustrated in boxes 1, 3, 4 and 6 in
Fig 1.
However, the quantification of two sources of uncertainty is still largely missing from the impacts modelling literature; 1) uncertainty from the application of different versions of the same climate model, and
2) uncertainty from application of different versions of the same impacts model. The following two sections explain why these two uncertainties are important.

3

Different versions of the same climate model

The implementation of different paramaterisations within climate models, and indeed in any model,
gives rise to uncertainties in the model simulations. Within the climate modelling community, two main
strategies exist for quantifying this uncertainty. One approach involves collecting climate model results
from several different models (Meehl et al., 2007) to produce an ensemble of projections for comparison. This is sometimes referred to as an “ensemble of opportunity” (Fig. 1) and the uncertainty is attributed to different institutions applying different but plausible paramaterisations in their models. A
second approach generates a “perturbed parameter ensemble” (PPE; Fig. 1) that introduces perturbations to the physical parameterisation schemes of a single climate model, leading to many plausible versions of the same underlying model (Murphy et al., 2004).
Each approach has its own advantages and disadvantages. Ensembles of opportunity tend to be more
readily available because individual institutions will have run their models for major international exercises such as the IPCC AR5. However, such ensembles may not span the true range of parameter values
or schemes that are considered plausible and/or may miss some out. PPEs facilitate a more systematic
consideration of parameter space but they can be demanding and expensive in terms of computational
and resource requirements.
Fig. 2 shows simulations for the 2080s of daily maximum temperature from a single climate model grid
cell located over London, UK, for a single climate model (HadCM3) under three emissions scenarios (B2,
A1B, A2), compared with simulations under a single emissions scenario (A1B) but with a PPE for the
2
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same climate model. All 17 ensemble members of the PPE are equally plausible representations of future climate. The range in both the variability and mean temperature across the PPE is greater than the
range across three emissions scenarios when employing a single version of the climate model. The differences are typically greater for other variables such as precipitation.
It has been found that the range of uncertainty across simulations from a PPE is comparable to that
across an ensemble of opportunity (Collins et al., 2006) but the absolute values of the upper and lower
limits of these ranges may be different. To this end, application of a PPE is not a substitute for applying
an ensemble of opportunity. Rather, if resources allow, combined ensembles made up of a number of
PPEs made with a number of individual climate models should be sought (Collins et al., 2006). The quantification of uncertainty in impacts projections from PPEs is in its infancy (Gosling et al., 2012, Fung et al.,
2011) and it deserves further attention.

4

Different versions of the same impact model

Mac-PDM.09 is one of the global hydrological models included in ISI-MIP. The standard model setup described by Gosling and Arnell (2011) has been used in ISI-MIP. However, just as parameterisations in individual climate models are a source of uncertainty, so they are also in individual impacts models like
Mac-PDM.09. This is why multiple impacts models present different impacts even when they are forced
with consistent forcing climate data (Gosling et al., 2011, Haddeland et al., 2011, Thompson et al., 2013).
ISI-MIP has addressed this to some extent by using multiple impacts models from various institutions;
essentially an ensemble of opportunity of impacts models (Fig. 1).
However, there remains an opportunity to quantify impacts model uncertainty more systematically by
applying different plausible versions of the same impacts model. This could be achieved in a very similar
approach to that adopted by the climate modelling community, discussed previously; i.e. by conducting
a PPE comprised of several versions of a global-scale impacts model.
Fig. 3 shows the effects of changing simultaneously three paramaterisations in Mac-PDM.09, within
plausible bounds, by comparing a “baseline” simulation with a “perturbed” simulation. The forcing data
was identical for each simulation (1961-1990). Differences in average annual runoff of up to ±40% are
observed between the two simulations. This is appreciable, especially considering that the results are
from plausible versions of a single impacts model. Additional work would repeat this but with more parameter perturbations and under climate change scenarios. The range across simulations could then be
compared to the ISI-MIP impacts model ensemble of opportunity.
3
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While impacts models can be calibrated to help select appropriate parameter values, when climate
change scenarios are applied, the models are operating outside of their calibration range. To this end,
modelers are encouraged to explore the sensitivity of their models under climate change scenarios to
alternative and plausible parameter setups.

5

Conclusions and recommendations

The climate modelling community have been quantifying uncertainties in individual climate models (e.g.
HadCM3) for around a decade (Murphy et al., 2004) but this approach has not yet transcended to the
impacts modelling community. This means that two links in the chain of uncertainties in climate change
impacts modelling are missing. The following three recommendations for further research are suggested
to address this.
1. Application of a climate model PPE to one global-scale impacts model. This would facilitate
quantification of climate model uncertainty more systematically than has been achieved before
and would address box 2 in Fig. 1. The results could be compared with impacts associated with a
climate model ensemble of opportunity such as that already applied in ISI-MIP.
2. Application of a single climate change scenario to an impacts model PPE. This would facilitate
quantification of impacts model uncertainty more systematically than has been achieved before
and address box 5 in Fig. 1. The results could be compared with impacts associated with an impacts model ensemble of opportunity such as that already undertaken in ISI-MIP.
3. A combination of 1) and 2), where a climate model PPE is applied to an impacts model PPE. This
would require greater resources but it would complete the missing links in the chain of uncertainties displayed in Fig. 1.
In all three cases above, careful thought will need to be given as to whether every combination of model
parameter values within the PPE is plausible. This is related to the issue of equifinality in hydrological
modelling (Beven, 1993). It could be addressed by considering the uncertainty in the model simulations
of observed climate for any number of test catchments across the globe and weighting them by their
relative likelihood or level of acceptability (Beven and Freer, 2001). There are various methods for doing
this, e.g. Generalised Likelihood Uncertainty Estimation (GLUE) (Beven and Binley, 1992).
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6

Figures and Tables
1. Multiple climate models uncertainty (climate ensembles of opportunity)
2. Individual climate models ucertainty (climate PPEs)
3. Emissions uncertainty
4. Multiple impacts model uncertainty (impacts ensembels of opportunity)
5. Individual impacts model uncertainty (impacts PPEs)
6. Socio-economic uncertainty
Overall impacts uncertainty

Fig. 1. The chain of uncertainties in climate change impacts modelling that lead to overall impacts uncertainty (blue bar). The green bars denote uncertainties considered in ISI-MIP so far. Red bars denote uncertainties that remain to be quantified. PPE denotes “Perturbed Parameter Ensemble”.

Fig. 2. PDFs of simulated daily maximum temperature for the period 2070–2099 under three emissions
scenarios (SRES B2, A1B, A2) with a single climate model (HadCM3) compared with 17 simulations under
A1B with a PPE (QUMP) and the QUMP ensemble mean. Adapted from Gosling et al. (2012).
5
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Fig. 3. Difference in average annual runoff (%) between the standard Mac-PDM.09 hydrological model
parameter setup (Gosling and Arnell, 2011) and a perturbed version of the model where parameter values and/or parameter schemes are changed as follows; beta soil moisture variability parameter
(changed from 0.5 to 0.3), field capacity parameter (1.0 to 1.2) and method of PE calculation (PenmanMonteith to Priestley-Taylor). Adapted from Gosling and Arnell (2011).
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Abstract— Introduction: In temperate countries, mortality rates are generally lowest in the
warmer summer months. This average seasonal pattern reflects the net effect of seasonally
varying exposures, via complex mechanisms. Heatwaves and cold events can cause transient
departure from the seasonal pattern (temperature-related excess mortality). However, the
mechanisms of "heat-related" and "cold-related" excess mortality may differ. Global climate
change is projected to cause increases in average temperatures, but the net effect of these
trends on mortality is not clear. In this study, we investigated whether or not global warming
will alleviate "cold-related" excess mortality using monthly data from several countries.
Methods: We investigated the relation between monthly average temperature and monthly
average relative mortality risk for 47 prefectures of Japan, 6 cities of Korea, 3 cities of Taiwan
and 20 large cities of US.
Results: Mortality rates were generally highest during winter, moderate during spring and fall
and lowest in summer. This pattern was basically seen across cities and countries. There was
little evidence that warmer areas had lower mortality during spring, summer and fall. There
was some evidence that colder areas in Korea and Japan had lower mortality level in winter.
Discussion: This study suggests that month-specific relative risk is similar across cities in wide
range of climate zones. Hence, it may not be appropriate to apply a V-shaped relation
between temperature and mortality to long term climate projections. The effect of global
climate change on "cold related excess mortality" may be much smaller than previously
expected.
Index Terms— Climate, cold-related mortality, month-specific analysis , multi-country
analysis,
————————————————————

1

Introduction

In temperate countries, mortality rates are generally lowest in the warmer summer months. This average
seasonal pattern reflects the net effect of seasonally varying exposures, via complex mechanisms. Heatwaves and cold events can cause transient departure from the seasonal pattern (temperature-related
excess mortality). However, the mechanisms of "heat-related" and "cold-related" excess mortality may
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differ. For example, if we control for year trend only, the relation between daily maximum temperature
and mortality appears V-shaped, but if we control for season in addition to year trend, then the colder
part of the V-shape disappeared (Honda & Ono 2009)(Kinney et al. 2012) also raised concern about naive
use of temperature-mortality relation for evaluating cold effect. In this regard, we should evaluate the
net impact of global climate change based on different evaluation method for cold-related and heatrelated health effect.

In this paper, we offer some critical findings for discussion that contradict the previous belief that the
global warming will alleviate "cold-related" excess mortality, and that may alter our policy how we avoid
heat- and cold-related mortality.

2

Data and Methods

All the mortality and meteorology data were obtained from respective governmental agencies in Janna,
Korea, and Taiwan. For US, we obtained NMMAPS data in 2010, when the data were available through
internet.

We first observed the relation between monthly average daily maximum temperature and monthly average of "detrended relative mortality risk," which we will explain below. Unit of analysis is area, i.e., prefecture for Japan, city for Korea, Taiwan and US. All 47 prefectures were included for Japanese analyses,
and 6 cities (Seoul, Incheon, Deajeon, Daegu, Busan and Gwangju) for Korea, 3 cities for Taiwan (Taipei,
Taichung and Kaohsiung) and 20 largest NMMAPS cities (Los Angeles, New York, Chicago, Dallas/Fort
Worth, Houston, Phoenix, Santa Ana/Anaheim, San Diego, Miami, Detroit, Seattle, San Bernardino, San
Jose, Minneapolis/St. Paul, Riverside, Philadelphia, Atlanta, Oakland, Denver and Cleveland) for US were
selected for the analyses.

The method we obtained the “detrended relative mortality risk” is as follows: (1) For each year, we collected the days with daily maximum temperature level between 75 percentile value and 85 percentile
value; (2) we computed the average number of daily deaths for these collected days; (3) setting the
computed average for the year as reference, we computed the year’s relative mortality; (4) we iterated
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the process for all the observation period. This procedure appears complicated, but the number of
deaths on days with daily maximum temperature level between 75 percentile value and 85 percentile
value is the lowest during the year (Honda et al. 2007) and is usually not affected by influenza epidemics,
which occur during winter and the size of which varies from year to year.

3
3.1

Results and Discussion
Temperature-mortality difference by area

Figure 1 shows the relation between average of daily maximum temperature and relative mortality in
Japan, Korea, Taiwan and US. The numbers in the figure represent the month; “1” stands for January for
example.

Figure 1. Relation between monthly average of daily maximum temperature and relative mortality.
(Numbers in the graph represent month of year.)
3
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3.1.1 Winter pattern
Taiwan has only 3 cities and hard to determine the trend, but the colder areas have lower mortality than
warmer areas in Japan and Korea. This implies that colder areas adapted better to colder climate than
warmer areas. If this applies to the future, warmer winter due to global warming will not alleviate winter mortality. In the US, there was no clear tendency, but at least negative correlation was not shown,
and we cannot expect alleviation of winter mortality either.

3.1.2 Spring (and autumn) pattern
All the countries and territory showed the mortality level in April (represented by “4”) between that for
winter and summer. Three Taiwan cities and some of the US cities are very warm, with spring average
daily maximum temperature close to 30 degrees C and still the mortality level is higher than summer.
Although not shown here, autumn months also showed similar pattern to spring months.

It is counterintuitive that the mortality level in comfortable seasons is higher than that in hot season.
However, Figure 1 shows that hot weather is good for survival. This poses us serious question: Do we
want to warm up our rooms in spring or autumn up to 30 degrees C to avoid excess mortality due to
“higher than optimal temperature”?

3.1.3 Summer pattern
Figure 1 does not consistently show that heat is harmful. However, unlike cold effect, heat effect is acute,
i.e., the same day high temperature yields excess mortality and the carry-over effect lasts only a couple
of days. Due to this acuteness, the heat effect was not captured in Figure 1. Based on this observation,
it is not recommended to evaluate the heat effect using monthly analysis. On the other hand, daily mortality analyses of cold effect using distributed lag non-linear model by Armstrong (Ben Armstrong 2006)
showed that the effect was not very acute and has a long lag (carry-over effect), usually a couple of
weeks (Gasparrini et al. 2010)(Sugimoto et al. 2012). This warrants weekly or monthly analysis for cold
effect evaluation. Because some readers may want to see the difference between monthly analysis and
weekly analysis, we prepared Figure 2 for comparison. This is a Japanese example, and US had similar
pattern (figure not shown).
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Figure 2. Comparison between monthly analysis and weekly analysis in Japan. (Numbers in the graph
represent month of year.)

3.2

Temperature-mortality relation by year

Figure 3 showed the relation between monthly average daily maximum temperature and relative mortality by year in 4 representative prefectures from north to south. There is no indication that colder winters had higher mortality, except for Okinawa’s winter. Although not shown here, US, Korea and Taiwan
did not show that colder winter had higher mortality, and this Okinawa’s pattern can be due to chance.
In this figure, we did not control for influenza epidemic, but the years with larger influenza epidemic did
not necessarily showed higher mortality level (presented at 2012 meeting of International Society for
Environmental Epidemiology), and it is unlikely the pattern shown here is due to influenza..

4

Conclusions

It is unlikely that global warming will alleviate the winter excess mortality. Even in spring and autumn,
the excess mortality was observed. Whether or not we should take actions for this excess mortality is
debatable.
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Figure 3. Relation between monthly average of daily maximum temperature and mortality by year.
(Numbers in the graph represent month of year.)
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ClimatechangeimpactonhydrologicalexͲ
tremeeventsinGermany:amodellingstudy
usinganensembleofclimatescenarios
ShaochunHuang,ValentinaKrysanovaandFredF.Hattermann


Abstract—Thisstudyaimedtoevaluatetheperformanceoftheensembleofclimatescenarios
forfloodanddroughtprojections,andtodetecttherobustchangesinfloodsanddroughts
underawarmerclimateinfivelargeriverbasinsinGermany.Theresultsshowthatmost
Germanriversmayexperiencemoreextreme50Ͳyearfloodsandmorefrequentoccurrenceof
current50Ͳyeardroughtsagreedby60Ͳ70%ofsimulations.Changeswithahighagreement
includeanincreasingtrendoffloodsintheElbebasinandmorefrequentextremedroughtsin
theRhinebasinfrom2060to2100.Theuseofthewholeensembleofavailablescenariosis
necessarybecausetheuseofafewbestperformingRCMoutputsinthereferenceperiod
doesnotguaranteealowuncertaintyofthefutureprojections.
IndexTerms—SWIM,uncertainty,ENSEMBLESproject,flood,drought,Germany
————————————————————

1

Introduction

Achangingclimateultimatelylinkstochangesinthehydrologicalcycle,andchangesinhydrologicalexͲ
tremesmaybemoresignificantthanchangesinhydrologicalmeanconditionsunderawarmerclimate
(Katz and Brown, 1992; IPCC, 1996). Located in Central Europe, Germany is experiencing increasing
trends in flood and drought conditions (Petrow and Menz, 2009; Stahl et al. 2010, Hattermann et al.
2012), which have a great potential to threat the human society and the environment. To better plan
water management adaptation strategies, more information is necessary on the potential changes in
floodanddroughtconditions.
However, extreme event projections particularly for floods are associated with large uncertainties
(Huangetal.2012a).ThelargeuncertaintyispartlyduetodifferencesinGCMandRCMstructures,emisͲ
sionscenarios,hydrologicalmodelsandmodelparameters(Kayetal.2009),andpartlyduetothenatuͲ
ralvariabilityofrareevents.
Inordertoaccountfordifferentuncertaintysourcesforclimate,weappliedanensembleofclimatesceͲ
nariosfromtheEuropeanENSEMBLESproject(ENSEMBLES,2009)todrivethehydrologicalmodel.These
ensemblescenariosmakeitpossibletoinvestigatethepotentialchangesinfloodsanddroughtsinGerͲ
manyunderclimatechangebasedonourpreviousstudies(Huangetal.2012aandb).Inaddition,they
arehelpfulforanalysingtheuncertaintiesduetodifferentGCMandRCMstructures.

1
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Themainobjectivesofthisstudywere(a)toevaluatetheperformanceoftheensembleclimatescenarͲ
iosforfloodanddroughtimpactassessmentinGermany,and(b)toidentifytherobustchangesinflood
anddroughtconditionsinthefivelargeriverbasinsinGermanyunderclimatechange.

2

Studyarea,dataandmethods


ThestudyareaincludesthefivelargeriverbasinsinGermany(theupperDanube,Elbe,Ems,Rhineand
Weser)andtheirpartsintheneighboringcountriessuchastheCzechRepublic,Austria,Switzerland,LuxͲ
emburgandFrance.30selectedgaugestationswereusedforassessingthefloodanddroughtconditions
atthemainriversandtheirlargetributaries.Moredetailedinformationaboutthesebasinscanbefound
inHuangetal.(2012aandb).
The ecoͲhydrological model SWIM (Soil and Water Integrated Model) was used to simulate daily disͲ
charges for the five river basins. It is a processͲbased, semiͲdistributed ecoͲhydrological model develͲ
opedbasedontwopreviouslydevelopedmodels:SWAT(SoilandWaterAssessmentTool:Arnoldetal.
1993)andMATSALU(Krysanovaetal.1989).AfulldescriptionofthebasicversionofSWIMcanbefound
inKrysanovaetal.(1998).
TosetuptheSWIMmodel,fourspatialmapsarerequired:adigitalelevationmodel(DEM),asoilmap,a
landusemapandasubͲbasinmap.Observedclimate(dailytemperature,precipitation,globalradiation
andrelativehumidity)andhydrologicaldatawereusedtocalibrateandvalidatetheSWIMmodelinthe
historicalperiod.
In total, there are 16 RCM scenarios used in this study, including 13 simulations from the ENSEMBLES
project (ENSEMBLES, 2009) and 3 simulations from the CCLM (Rockel et al. 2008) and REMO (Jacob,
2001)modelsdevelopedinGermany.ThedetailedinformationonthesesimulationsislistedinTable1.
Allthesimulatedoutputsbeforeandafter2000wereconsideredashindcastsandscenarios,correspondͲ
ingly.NobiascorrectionwasappliedontheseRCMsoutputsbecausetherearestilllargedoubtsonthe
biascorrectionprocedures,especiallyforextremeevents.
The50Ͳyearfloodsanddroughtswereestimatedbyfittingthepeakdischargesabovethresholdandthe
deficit volumes using the Generalized Pareto Distribution (GPD) (Coles, 2001) for all 30 gauges for the
referenceperiod1961Ͳ2000andtwoscenarioperiods(2021Ͳ2060and2061Ͳ2100).Thechangesinthe
50Ͳyearflooddischarge(ordeficitvolume)inpercentsandthefrequencyoftoday’s50Ͳyeardroughtsin
thefuturewereusedtoanalysetheclimateimpactsonhydrologicalextremes.
2
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Table1:regionalclimatemodeldatausedinthisstudy.(notice:therearetworealizationsfromCCLM;
modifiedfromTable.1inHuangetal.inreview)

Acronym
C4IRCA3
DMI-Arpege
DMI-ECHAM5
ETHZ
ICTP
KNMI
METO
METO-Q3
METO-Q16
MPI
SMHIRCA-BCM
SMHIRCA-ECH
SMHIRCA-HAD
REMO
CCLM

3

GCM
HadCM3Q16
Arpege
ECHAM5-r3
HadCM3Q0
ECHAM5-r3
ECHAM5-r3
HadCM3Q0
HadCM3Q3
HadCM3Q16
ECHAM5-r3
BCM
ECHAM5-r3
HadCM3Q3
ECHAM5-r2
ECHAM5-r2

RCM
RCA3
HIRHAM
HIRHAM
CLM
RegCM
RACMO
HadRM3Q0
HadRM3Q3
HadCM3Q16
REMO
RCA3
RCA3
RCA3
REMO
CCLM

Data period
1951-2099
1951-2099
1951-2099
1951-2099
1951-2100
1951-2100
1951-2099
1951-2100
1951-2099
1951-2100
1961-2099
1951-2100
1951-2099
1951-2100
1960-2100

Emssion
scenarios
A1B
A1B
A1B
A1B
A1B
A1B
A1B
A1B
A1B
A1B
A1B
A1B
A1B
A1B
A1B

Nr. Of
Resolution
Realization (km)
1
25
1
25
1
25
1
25
1
25
1
25
1
25
1
25
1
25
1
25
1
25
1
25
1
25
1
10
2
22 

Results

3.1

Simulationsforthereferenceperiod(1961Ͳ2000)

SWIMhasalreadybeencalibratedandvalidatedintermsofdailyriverdischarge,floodsandlowflows
using observed climate data for the five river basins in Germany (see in Huang et al. 2012a and b). In
boththe calibration(1981Ͳ1990)andvalidation(1961Ͳ1980)periods,morethan90%ofthe30gauges
havetheNashͲSutcliffeefficiency(NashandSutcliffe,1970)largerthan0.7andthepercentbiaswithin
±5%.
However,whentheRCMhindcastdatawereusedinsteadoftheobservedclimatedata,thedifferences
between the simulated and observed mean discharges for the five last gauges are significant, ranging
fromͲ30%to+120%andindicatingasubstantialdiscrepancyamongtheensembleofhindcastdataand
observedclimate(Fig.1a).Inmorethan60%cases,thesimulatedannualmeandischargeishigherthan
theobservedonemainlyduetotheprecipitationbiasoftheRCMoutputs.
ThereisalargeuncertaintyinsimulationsusingRCMstoprojectextremedroughteventscomparedto
theseasonalaverageconditions(Fig.1b).ThemediumdeviationisrangingfromͲ15%to50%forthefive
gauges,butwithalargespread:fromͲ80%to+200%.Itshouldbenotedthatneitherwatermanagement
norlandusechangeimpactintheseriverswasconsideredinthisstudy,andtheymaybeattributableto
3
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largedeviationsbetweenthesimulatedandobserveddroughtsaswell.
Thesimulated50Ͳyearfloodshaveabetteragreementwiththeobservations(Fig.1c),especiallyforthe
rivers Rhine and Elbe. The medium deviation is from Ͳ22% to 0%, and the total range of deviations is
within±40%foralltherivers.
BasedonFig.1bandc,weselectedthebestfittingfiveRCMhindcastsimulationsforeachriverandfor
floodsanddroughtsseparately.ThebestfittingfiveRCMhindcastsimulationsprovidethesmallestdeͲ
viationsin50Ͳyeardroughtsandfloods.Asaresult,thereisnoonesingleRCMhindcast,whichwouldbe
goodforalltheriversorforcertainextremeevent.ThisresulthighlightstheimportanceofusinganenͲ
sembleofRCMdatabecauseasingleRCMoutputisinsufficienttoprovideareliableclimatehindcastfor
suchalargestudyareaandforbothhydrologicalextremes.


Figure 2: differences between the observed and simulated annual mean discharge, 50Ͳyear deficit volͲ

4
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ume(droughts)andfloodsdrivenbyRCMdataforthereferenceperiod.(modifiedfromFig.4inHuang
etal.inreview)

3.2

Projectionsinthescenarioperiods(2021Ͳ2060and2061Ͳ2100)

At first, the changes in the 50Ͳyear flood discharge and deficit volume under all RCM scenarios were
compared with the ones driven by the “best fitting” five models. The projected changes driven by all
scenariosarefromͲ100%to800%fordroughtsandfromͲ20%to90%forfloods.The“bestfitting”five
scenarios,whichareassumedtogeneratemorereliableprojectionsduetotheirbetterperformancein
the reference period, could not help to substantially reduce this large uncertainty. The changes under
thefive“bestfitting”scenarioscanstillcovermorethan75%ofthetotalrangeofthechangesusingall
ensembledata.ThisindicatesthatthelargeuncertaintyintheprojectionofextremeeventsisnotattribͲ
utabletothebiasoftheRCMoutputs,butmainlyduetotheRCMconceptsandtheirparameterizations,
aswellasGCMboundaryconditionsdrivingRCMs.Hence,theresultsusingtheensembleofallscenarios
arepresentedinthefollowingassessmentforthe30gauges.
DuetothelargeuncertaintyfromdifferentRCMoutputs,onlythemedianchangesin50Ͳyearfloodsand
the median return period for current 50Ͳyear droughts in 2061Ͳ2100, which are agreed by >= 80% (13
simulations)and60%(10simulations)ofallresults,areshowninFig.2.
Asagreedby>=60%simulations,morethan20gaugesshowanincreasein50Ͳyearflooddischarge.If
onlytheresultswiththehighcertainty(agreedby>=80%simulations)areconsidered,onlytheupper
Elbe and the Inn river flowing from the southern alpine regions have an increasing trend of extreme
flooddischarge.
Thecurrent50ͲyeardroughtsmayoccurmorefrequentlyintheRhine,DanubeandsomesubͲregionsin
theWeser,ElbeandEmsbasins,asagreedby>=60%simualtions.Atrendtolessfrequentdroughtswas
foundfortheInnRiverandsomenorthernsubͲregionsinGermany.Morefrequentdroughtswithahigh
certaintyarefoundalongtheRhineRiveranditstributaryMoselle.TherobustprojectionswithlessfreͲ
quentdroughtscanonlybefoundintheInnRiverintheperiod2021–2060(notshownhere).

5


286

ImpactsWorld2013,InternationalConferenceonClimateChangeEffects,
Potsdam,May27Ͳ30


Figure3:changesin50Ͳyearfloods(medianvaluesunderallscenarios,unit:%)withthechangedirecͲ
tionsagreedbyш60%projections(a),andш80%projections(b)in2061Ͳ2100.Thesameforthereturn
periodfor50Ͳyeardroughts(medianvaluesunderallscenarios,unit:year)(candd).(modifiedfromthe
Fig.6Ͳ7inHuangetal.inreview)

4

Conclusions

ThisstudyprojectedthefloodanddroughtconditionsinthefivelargeriverbasinsinGermanyusingan
ensembleof16RCMscenarios.AsthereisalargeuncertaintycausedbydifferentRCMoutputs,60Ͳ70%
6
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ofsimulationssuggeststhatmostGermanriversmayexperienceextremer50ͲyearfloodsandmorefreͲ
quent occurrence of extreme droughts. Robust signals agreed by 80Ͳ100% of projections can only be
foundintheElbebasinwithanincreasingtrendoffloodsandintheRhinebasinwithmorefrequentexͲ
tremedroughtsfrom2061to2100.
TheuseofallensemblescenariosisnecessarybecausethebestperformingRCMoutputsforthereferͲ
enceperioddonotguaranteeareduceduncertaintyofthefutureprojections.Theuncertaintysourcesin
thisstudyincludethedifferencesbetweenGCMs,RCMs,andbetweentherealizationsgeneratedfrom
oneGCM.Moreuncertaintysourcesshouldbeincludedinthefollowingstudies,suchasmoreemission
scenarios,differenthydrologicalmodelsandtheirparameters.TheinterͲcomparisonacrosstheprojecͲ
tions accounting for the uncertainty sources mentioned above can help understanding the weights of
differentuncertaintysourcesintheclimateimpactstudiesanddetectingrobusttrendsignals.
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Abstract Ͳ Flood risk assessment is a preͲrequisite to flood risk management, required by the
FloodsDirectiveoftheEuropeanUnion.However,evenevaluationoffloodriskchangesinpastͲ
toͲpresent is problematic. No ubiquitous, general, and significant changes in observed flood
flows can be detected. Flood risk projections for the future are far more uncertain. A climatic
track is likely but there is also a strong natural variability and, at times, nonͲclimatic factors
dominate. Clearly, climate models cannot reliably reconstruct past precipitation and massive
bias reduction is necessary that does not build confidence. Projections are not only scenarioͲ
specific, but also largely modelͲspecific.Robust projections are sought across models and
scenarios,butofteninvain.Hence,thequestion“adapttowhat?”comesabout.Forthe time
being, precautionary principle is of use. Even if science cannot deliver a crisp number, safety
marginapproachlendsitselfwellandadaptationisdrivenbythewillingnesstobeonthesafe
side.Thereishopeinreducinguncertaintybyadvancingrigorousattribution,viamodelͲbased
interpretationofpastextremefloodevents.
IndextermsͲfloodrisk,changedetectionandattribution,projections,adaptation

1Notionoffloodriskanddesignflood
Oneincreasinglydealswithfloodsusingfloodriskasadecisionparameter.Thenotionofflood
riskplaysacentralroleintheEuropeanCommission’sFloodsDirective2007/60/EC(CEC2007)
that interprets flood risk as a combination of the probability of a flood event and of the
potentialadverseconsequencesforhumanhealth,environment,culturalheritageandeconomic
activity.
FlooddefensesaretypicallydesignedtowithstandanNͲyearflood,i.e.aflooddischargewhose
probability of exceedance in any one year is 1/N, where N may differ between countries and
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landͲuse classes within the range from 10 to 1,000 years and more. In most countries the
principaldesignstandardforriverdikesisa100Ͳyearflood.
Evaluationoffloodriskchangesisproblematic,eveninpastͲtoͲpresent.Inastationarysituation,
100yearsofrecordswouldenablerobustestimationofa20Ͳyearflood.However,thesituation
isnotstationaryandoftenwehaveonly20yearsofdataandthetaskistodeterminea100Ͳyear
flood. The flood records are nonͲuniform and nonͲhomogeneous, with gaps and inaccuracies,
e.g. due to missing flood peak information (destroyed gauges), uncertain stageͲdischarge
relation, etc. Long time series of good observation records are badly needed, but are not
common, inter alia due to financial stringencies (shrinking observation networks) and lack of
willingnesstosharethedata(especiallyforinternationalrivers).

2Changedetectioninobservationrecords
Despiteconsiderableinvestmentsintoflooddefenses,floodscontinuetobeanacuteproblem,
causinghigh materialdamageworldwideand considerabledeathtoll. Globally,direct material
lossesfromfloodshavereachedtheleveloftensofbillionsofUS$perannumandthenumber
of fatalities reached thousands. The highest numbers of flood victims have been recorded in
densely populated, large developing countries in Asia, where the population is especially
vulnerable.
The IPCC SREX (Field et al. 2012) assessed that there is high confidence, based on high
agreement and medium evidence, that economic losses from weatherͲ and climateͲrelated
events have increasing trend. The global number of reported hydrological events (floods and
landslides) associated with major losses has considerably increased in the last three decades
(Fig. 1) at a rate greater than the number of reported geophysical events (Kundzewicz et al.
2013b).Thisdifferenceintherateunderpinsthatvulnerabilityandexposuremaynotdevelopin
asimilarmannerovertime(Bouwer2011).However,thereisacaveatthatreportingonhydroͲ
meteorologicaldisastershasimprovedsignificantlyduetodensersatellitenetwork,internetand
international media, whereas earthquakes were recorded globally from terrestrial stations.
Theseimprovementshaveintroducedabiasininformationaccessthroughtimewhichneedsto
beaddressedintrendanalysis(Peduzzietal.2012).However,aportionofthisdifferencemay
berelatedtochangesinweatherpatternsandrainfallcharacteristics.Thereareindicationsthat
exposedpopulationandassetshaveincreasedmorerapidlythanoverallpopulationoreconomic
growth(Bouwer2011).However,aggregateglobaltrendscanbeirrelevantinaspecificlocation.
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Fig. 1 Changes in global number of large geophysical and hydrological events. Source: Munich
Re.
14

12
y = 0.3123x + 2.46
R2 = 0.4339

10

Severity=>1.5
Magnitude=>5

8

y = 0.2608x + 0.33
R2 = 0.6012
6

4

2

2009

2008

2007

2006

2005

2004

2003

2002

2001

2000

1999

1998

1997

1996

1995

1994

1993

1992

1991

1990

1989

1988

1987

1986

1985

0



Fig. 2 Numbers of large floods in Europe in 1985Ͳ2009, based on Flood Observatory
records.Source:Kundzewiczetal.(2013a).
Availability of 25 years of records in the Flood Observatory archive (web site:

http://floodobservatory.colorado.edu).allows us to analyze changes in the time series of
counts of large floods in Europe. One can note the temporal changes of numbers of floods
above fixed thresholds of severity or magnitude (Kundzewicz et al., 2013a). Figure 2
demonstratesthatforbothdefinitionsoflargefloodsusedinKundzewiczetal.(2013a),there
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are increasing trends in numbers of large flood events during the 25Ͳyear period, 1985Ͳ 2009.
However, considerable variability is superimposed on the overall tendency. For instance, in
floodͲrichyears1997and1998,thenumberoflargefloods(withmagnitudeш5)inEuropewas
equal to 11and 12, respectively, while in a floodͲpoor year, such as 2000, it went down to 4.
Nevertheless,cautionisneededthattheseriesisnotentirelyhomogeneous–lessinformation
waspossiblyavailableintheearlydaysofthedatabase.
The physics of rainͲcaused river flooding suggests the following rule: If [temperature is rising]
and[rainfallintensityincreaseswithwarming]then[flooddischargeisontherise].Thefirsttwo
elementsoftherule–temperatureriseandincreasingtrendsinheavyrains(Trenberthetal.,
2007) have been observed, respectively, in all and some regions. However, no clear and
ubiquitous trend in flood flows has been observed. Some increases and some decreases in
intense flood flows have been detected, but many of these changes are not statistically
significant.
Asmostoftheclimatewarmingisverylikelyduetoanthropogenicinfluence,onecouldexpect
the existence of a link between increasing atmospheric greenhouse gas concentrations and
increasingfloodproxies(e.g.maximumriverflow).However,Hirsch&Ryberg(2012)conducted
an observationͲbased study with use of 200 longͲterm streamgauge flow series in the
coterminousUnitedStates,inwhichtheydidnotfindsignificantevidenceforfloodmagnitudes
increasingwithatmosphericconcentrationofcarbondioxideinanyofthefourregionsdefined.
One region, the southwest, showed a statistically significant negative relationship between
atmospheric concentration of carbon dioxide and flood magnitudes. In contrast, Pall et al.
(2011) have demonstrated, in a modelͲbased study, that increasing global anthropogenic
greenhousegasemissionssubstantiallyincreasedtheriskoffloodoccurrenceintheUKin2000.
There is little doubt that a multiͲfactor situation, weakness of the change signal and a strong
naturalvariabilityrenderthedetectionandattributionproblemsverydifficult.Nevertheless,itis
clear that where increase in flood risk has occurred, it has been largely caused by direct
anthropogenicinfluences.Climatetrendscanbefoundinsomeareas,butnotuniformly,even
withinasinglecountrylikeGermany,asshownbyHattermannetal.(2012).
Flood risk has typically increased as a consequence of the increase in exposure to floods and
damagepotentialasaresultofsocialandeconomicadvances.Hence,itisofutmostpriorityto
managelanddevelopmentandtoenforcefloodzoning.
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River flow is an integrated result of multiple natural factors, such as precipitation, catchment
storageandevaporation,aswellaswatershedmanagementpracticesandriverengineeringthat
alters the river conveyance system over time. This complicates the problem of detecting a
climate change signature in river flow data. Hence, particular care is needed in selecting data
and sites for use in studying climate impact on floods. In order to assess climaticallyͲforced
hydrologicalchanges,datashouldbetaken,totheextentpossible,frompristinedrainagebasins
that are minimally affected by human activities such as deforestation, urbanization, river
engineering, or reservoir construction. However, in some countries, where anthropogenic
influencesarestrongeverywhere,itmaybeverydifficulttoselectpristinebasins.Datashould
be of high quality and extend over a long period, preferably at least 50 years (Kundzewicz &
Robson, 2004). The currency of records is important, and should preferably extend to the
present. Ideally, there should be no missing values and gaps in data because they are
complicating factors; a dilemma arises whether or not to fill them, and if so, how. Inevitably,
availablefloodrecordsareofdifferentlengths.
Flood risk and vulnerability tend to increase over many areas, due to a range of climatic and
nonͲclimaticimpactswhoserelativeimportanceissiteͲspecific.Deforestation,urbanization,and
reduction of wetlands diminish the available water storage capacity and increase the runoff
coefficient,leadingtogrowthintheflowamplitudeandreductionofthetimeͲtoͲpeakofaflood
triggeredby‘typical’intenseprecipitation(e.g.designprecipitation).Humanencroachmentinto
unsafe areas has increased the potential for damage. Societies become more exposed,
developingfloodͲproneareas(maladaptation).

3Projectionsforthefuture
Floodriskprojectionsforthefutureareveryuncertain.Aclimatictrackislikelybutthereisalso
a strong natural variability and nonͲclimatic factors (e.g. landͲuse change, change in water
storage volume, exposure, vulnerability) may dominate. Clearly, climate models are not ready
forprimetime.Theycannotreliablyreconstructpastprecipitationandmassivebiasreductionis
necessary that does not build confidence in projections that are not only scenarioͲspecific, by
definition, but also largely modelͲspecific. Weaknesses of GCMs with respect to representing
precipitationarewellvisibleatarangeofspatialscales.Intheglobalscale,GCMsdonoteven
preservemassinthewaterbalance(cf.LiepertandPrevidi,2012).AccordingtoStephensetal.
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(2010),thestateofprecipitationinglobalmodelsisdreary,asthereislittleskillinprecipitation
inindividualgridcell–modelsproducemorefrequentandlessintenseprecipitation.
Astheworldpopulationgrows,morepeopleandpropertywillbeatriskfromfloods.Thetollof
death and destruction can be expected to rise, especially in the developing world where
vulnerabilityisgenerallymuchhigherthanintheindustrializedcountries.
Changes in river flows due to climate change depend primarily on changes in the volume and
timingofprecipitationand,crucially,whetherprecipitationfallsassnoworrain.Arobustfinding
is that warming would lead to changes in the seasonality of river flows where much winter
precipitation currently falls as snow, with spring flows decreasing because of the reduced or
earliersnowmelt,andwinterflowsincreasing,withlikelyconsequencestofloodrisk.Inregions
with little or no snowfall, changes in runoff are much more dependent on changes in rainfall
thanonchangesintemperature,andstudiesoftenprojectanincreaseintheseasonality
of flows, with higher flows in the peak flow season (Meehl et al. 2007). Due to the regionͲ
dependentuncertaintyofprecipitationprojections,projecteddirectionofchangeoflongͲterm
averageannualrunoffcanbeinconsistentacrossdifferentclimatemodels.
Floodingisacomplexphenomenonandseveralgeneratingmechanismscanbeinvolved,suchas
intense and/or longͲlasting precipitation, snowmelt, dike or dam break, ice jam/landslide,
outburst of glacial lake. ClimateͲdriven changes in future flood frequency are projected to be
complex, depending on the generating mechanism, e.g., increasing flood magnitudes where
floodsresultofheavyrainfallontheriseanddecreasingmagnitudeswherefloodsaregenerated
by spring snowmelt under less abundant snow cover. However, global warming may not
necessarily reduce snowmelt flooding everywhere, as an increase in winter precipitation is
expected,andsnowcovermayactuallyincreaseinareaswherethetemperatureisstillbelow
0oC. In some areas, where snowmelt is the principal floodͲgenerating mechanism, the time of
greatestfloodriskwouldshiftfromspringtowinter.Winter(rainͲcaused)floodhazardislikely
toriseformanycatchmentsundermanyscenarios.
Severalresearchers,e.g.Lehneretal.(2006),Hirabayashietal.(2008),andDankersandFeyen
(2008) developed quantitative projections of flood hazard in Europe based on climatic and
hydrological models. What used to be a 100Ͳyear flood in the control period becomes either
more frequent or less frequent in the future time horizon of concern (Fig. 3) and this is of
importance for design and operation of large water infrastructure (e.g. dikes, dams and
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spillways). Climate change is likely to cause an increase of the risk of riverine flooding across
much of Europe, as  a 100Ͳyear flood may become more commonplace, occurring every 50
years, or even more frequently. Hence, in order to maintain the same standard of protection
againsta100Ͳyearflood,aneedforacostlyoverhaulingcomesabout.


Fig.3Recurrenceinterval(returnperiod)oftoday’s100Ͳyearflood(i.e.floodwithexceedence
intervalof100yearsduringtheperiod1961–1990)attheendofthe21stcentury(2071–2100),
incaseofscenarioSRESA1B.Source:Kundzewiczetal.(2010),usingresultsfromHirabayashiet
al.(2008).

4Stationarityisdead,but…Ͳadaptationdilemma
If the flood hazard is changing, we will have to adapt flood frequency methods used in
hydrological and hydraulic design to the nonͲstationary situation (cf. Milly et al., 2008).
However, since projections for the future are not robust across models and scenarios, a
question“adapttowhat?”comesabout.Duetolargeuncertaintyofclimateprojections,thereis
noscientificallyͲsoundprocedureforredefiningdesignfloods(e.g.100Ͳyearflood)understrong
nonͲstationarity of the changing climate and land use, and appraisal of all uncertainties
involved.Forthetimebeing,precautionaryprincipleisofuse.Evenifsciencecannotdelivera
crisp number, safety margin approach lends itself well and adaptation is driven by the
willingness tobeon the safeside.Designfloodsareadjustedusinga“climatechangefactor”,
whichcanbegreaterthan1inareaswithlikelyincreaseoffloodhazardandlessthan1(i.e.a
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“new”NͲyearfloodishigherthanan“old”NͲyearflood)inareaswithlikelydecreaseofflood
hazard.Intheformercase,strengtheningandheighteningofdikeswouldbeneededinorderto
maintain the protection level. In the latter case, a fine dike, dimensioned after the old design
flood and adequately maintained, would offer overͲprotection, without any need for
strengtheningandheighteningeffort.Duetouncertainty,floodriskreductionstrategiesshould
be reviewed on a regular basis, in the light of new data and information, and—if necessary—
updated.
InpartsofGermany(e.g.intheStateofBavaria),flooddesignvalueshavebeenincreasedbya
safety margin, based on projections corresponding to climate change impact scenarios. In the
UK,Defra’sprecautionaryallowance(DEFRA,2006)accountsforexpectedincreasesinthepeak
rainfall intensity (up to 20% by 2085and 30% by 2115) and in peak river flows (up to 10% by
2025and20%by2085),basedonearlyimpactassessments.Measurestocopewiththeincrease
inthedesigndischargefortheRhineintheNetherlandsfrom15000to16000m3/smustbe
implementedby2015.

5Prospectsandprioritiesforthefuture
Thereisaprospecttoreduceuncertaintybyadvancingrigorousattribution,viainterpretationof
past extreme flood events (such as in Pall et al. 2011). It is crucial to continue seeking a
significant change in flood records. Nevertheless, modelͲsupported studies projecting such
changesbeforetheybecomerealityinthefloodrecordisuseful(Raffetal.2009).
In order to reduce future flood damage, flood risk reduction measures should start early,
becausedevelopmentandimplementationofplansandassociatedpoliticaldecisionprocesses
takealongtime.Hence,thereisatradeͲoffbetween,ontheonehand,waitingfordetectionof
a significant signal in flood records, determining its cause and reducing uncertainty in
projectionsand,ontheotherhand,missingtheopportunityforadequateadaptation.
Detection of climate change in river flow at global or regional (let alone catchment) scales is
inherently difficult, because of the low signalͲtoͲnoise ratio (Wilby et al., 2008). The relatively
weakclimatechangesignalissuperimposedonalargenatural,interͲannualvariabilityofrainfall
and river flow (under a confounding effect of landͲuse change). Hence, Wilby et al. (2008)
speculatethatstatisticallyrobusttrendsareunlikelytobefoundforseveraldecadesmore.They
statethatforfloodriskassessment,“treatmentofuncertaintyisstillverymuchinitsinfancy”.
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Hence,theresponsetothequestionposedinthetitle„howcertainarewe?”isasfollows:we
arenotcertainatallandthisuncertaintyisunlikelytodisappearsoon.
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Abstract
Thenowconvincingevidencethatclimateischangingbringsaboutadditionalsourcesofuncertainty
for adaptation decisionͲmakers across scales (i.e. local to international) and capacities (e.g. policyͲ
makers, practitioners). Uncertainty is associated with limitations on the knowledge of a relevant
system. The scientific enterprise thrives on uncertainty and on the quest for knowledge. But for
adaptation,asformostallhighͲstake,potentiallytransformativeandfinanciallysensitivedecisions,
thereisaclearneedforarobustevidenceͲbase(‘afiguretoputonthedecision’)placingadaptation
decisionsatthefarendofacomplexcascadeofuncertainties.TakingmodelͲbaseddecisionsupport
as example, uncertainty can spur from the choice of socioͲeconomic scenarios (e.g. SRES), climate
models (e.g. HadCM), biophysical impacts models (e.g. SWAT), integrated assessment models (e.g.
IMAGE), vulnerability assessments (e.g. DIVA), to end up in the decisionͲmaking process itself.
Climate impact and more recently adaptation research communities have focused their efforts in
improving the utility of their results by reducing uncertainties in conceptual and modelling
frameworks. But little attention has been given to understanding if these efforts have been
successfulinsupportingthesortofcomplexdecisionstheyaimat(‘areadaptationdecisionsbeing
made?’). Recent literature, mostly related to highͲend climate change scenarios has called the
attentiontosomekeygaps.Firstly,theneedofinnovativestrategiesandendͲuserinvolvementinthe
developmentofuncertaintyͲmanagementmethods;andsecondly,theneedtoframethesewithina
broadersortingofdecisiontypessystematizingthemintosupportframeworks.Thispaperreportson
workcarriedoutintheCIRCLEͲ2JointInitiativeonClimateUncertaintiesleadingtothepublicationof
a ‘lessons learned’ guide to uncertainty, and stimulated from real caseͲstudies where dealing with
uncertaintiesinadaptationdecisionͲmakingprocesseswassuccessfullyaccountedfor(oridentified
butfailed).

Keywords: Adaptation,ClimateChange,DecisionͲmaking,Uncertainties
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1 Introduction
Decisions associated with planning  and managing the environment are severely affected by
uncertainty (Dessai & Hulme 2007) bringing about  complexity for both scientists and decisionͲ
makers(Hangeretal.2012).However,inmanycircumstancesdecisionsmustbemadebeforerobust
evidenceͲbaseisavailableorbeforeuncertaintiescanbereduced(Walkeretal.,2003;vanderSluijs
etal.,2008).
Walkeretal.2003defineduncertaintyas“anydeviationfromtheunachievableidealofcompletely
deterministicknowledgeoftherelevantsystem”.Thus,uncertaintyisalsoanaturalproductofthe
scientificprocesswheretypicallyquestionsariseastowhatinformationcanbeconsideredvalidand
reliable (van der Sluijs et al. 2008; Lemos & Rood 2010). Even though progress has been made in
quantifying and characterising the uncertainty relevant for climate adaptation planning not much
progresshasbeenmadeinreducingit(Mearns2010).
For quite some time the scientific community has been debating whether the focus should be in
reducing uncertainty or whether it should be to embrace and deal with uncertainties in decision
making processes (Mearns 2011). Several scientists advocated the need to reduce uncertainties in
climatemodelsandprojectionssincethesearebeingincreasinglyprocuredbydecisionͲmakersand
seem essential in assessing the impacts of climate change and the development of adaptation
strategies (GagnonͲLebrun & Agrawala, 2006; Füssel, 2007; Shukla et al. 2009; Hawkins & Sutton
2010). However, prospects of fully reducing uncertainties are very limited and the potential for
climate science to achieve these reductions will only be through contributions associated with
internalvariabilityandmodeluncertainty,andnottheuncertaintyassociatedwithfutureemissions
ofgreenhousegases(Hawkins&Sutton2010),sincethesearemostlypolicydependent.Inanycase,
the argument that decisionͲmakers are increasingly demanding such information is contested by
Tribbia & Moser (2008) and Hanger et al. (2012) which demonstrated that decisionͲmakers do not
feelthatthereisaneedformoreinformation,butratherforbetteraccesstoandeasinessofuseof
the existing data. On the other hand, more and/or better information may not be as significant to
decisionͲmakersashasbeenthoughtandeffortsshouldfocusonintegratingavailableinformationin
thedecisionͲmakingprocess(Tribbia&Moser2008).
In fact, Lemos & Rood (2010), argue that “there is an uncertainty fallacy, that is, a belief that the
systematicreductionofuncertaintyinclimateprojectionsisrequiredinorderfortheprojectionsto
beusedbydecisionmakers”andothersstatethateffectiveandsuccessfuladaptationplanningand
strategies can be developed and implemented without being significantly limited by the
uncertaintiespresent,e.g.,inclimatepredictions(Lempertetal.2004;Hulme&Dessai2008;Dessai
etal.2009;Lempert&Groves2010;Walkeretal.2003;Smithetal.2011).
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Furthermore, there are other barriers to decisionͲmaking besides uncertainty (Moser & Ekstrom
2010;Tompkinsetal.2010;Eisenack&Stecker2011;Smithetal.2011;Pidgeon&Fischhoff2011;
Runhaar et al. 2012) and decisionͲmakers should examine “the performance of their adaptation
strategies/policies/activitiesoverawiderangeofplausiblefuturesdrivenbyuncertaintyaboutthe
futurestateofclimateandmanyothereconomic,politicalandculturalfactors”(Dessaietal.2009).
ThispaperaddressesaprimarilytheConferencequestion‘Howcertainarewe?’andaimstopresent
the work of the CIRCLEͲ2 Joint Initiative on Climate Uncertainties, leading to the publication of a
scienceͲpracticeorientedbookonhowclimateuncertaintieshavebeendealtwithandaccountedfor
(orfailedto)inrealͲlifeadaptationdecisions.TheInitiativewassetupin2011undertheumbrellaof
the FP7 CIRCLEͲ2 ERAͲNet (www.circleͲera.eu). It aims at the development of a network of
researchers and practitioners involved in dealing and communicating climate change related
uncertaintiesinsupportofadaptationdecisionͲmakingprocesses.Thisarticlewillreportononeof
thechaptersofthatbookandonthesupportingcaseͲstudyanalyticalwork.

2 Methods
Workcarriedoutinvolvedfoursteps,ofwhichthefirstthreewereimplementedduring2012andthe
final one will be finalised by midͲ2013: (i) a worldͲwide call for practical caseͲstudy examples of
scienceͲsupported adaptation decisionͲmaking process and how these dealt with climateͲrelated
uncertainties; (ii) a review and selection of examples; (iii) a set of individual interviews with
researchersanddecisionͲmakersinvolvedintheselectedcases;and(iv)thereview,criticalanalysis
andpublicationoftheempiricaldataobtainedintheprevioussteps.
ThefirststepconsistedonawidelydisseminatedcallforcaseͲstudiesusingapreͲdefinedtemplate.
In it, interested applicants were introduced to the initiative, objectives and selection process and
asked to describe their case in terms of general information (origin, scale, sectors, type of
organisationsinvolved)andmorespecificallyonwhatkindofclimate informationwasused,which
methodstodealwiththecascadeofuncertaintieswereapplied,whatweretheexpectedoutcomes
fromthedecisionͲmakingprocess,andgenerallywhatwentwell,whatnotandwhatkindoflessons
couldbeextractedtosupportsimilardecisionneeds.
Thesecondstepwastoselectasetofrepresentativecases.Theselectionwasconductedbyagroup
ofexperts,allofthemmembersoftheCIRCLEͲ2JointInitiative.Previousagreementdefinedthatthe
finalselectionhadtoincludecasesthatcouldtentativelyhelptoreplytothequestion‘havebetter
informed adaptation decisions been taken because uncertainties were conscientiously addressed?’
Other criterions for selection included the need that each case was related to a real adaptation
decision process, the degree of involvement of stakeholders and decisionͲmakers in the research
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process,anddiversityinscope(geographical,sectorialandscale).EͲmailcontactswithauthorsofthe
submitted caseͲstudies were conducted during this step in order to clarify doubts and specific
questionsabouttheworkdescribedintheirresponses.
Step three involved individual phone interviews with the authors (mostly researchers) and the
decisionͲmakers(policyorpractitionersinmostcases)ofalltheselectedcases.Theinterviewswere
conducted by the initiative experts with the assistance of a professional science storywriter. These
interviewshadtwoobjectives:(i)toclarifyspecificdoubtsleftopenbythetemplateandsubsequent
contactsand(ii)tofurtherinvestigatetheresearchers’anddecisionͲmakers’perspectivesonhowthe
adaptationdecisionswere(ornot)affectedbytheinclusion,inthedecisionsupport,ofmethodsto
dealwith(and/orcommunicate)uncertainties.
Finally,stepfourisstillunderwayandconsistsintheapplicationofaqualitativeCommonFrameof
Reference (i.e. common definitions, understandings, disagreements and recommendations) to the
analysisofselectedcasesandtheextractionofkeylessonstosupportcomplexadaptationdecisionͲ
making processes. For each of the cases, this reference framework looks into: (a) the adaptation
decisionͲmakingobjectives1(Kwakkeletal.2011);(b)theresearchapproachtothedecisionͲmaking
support(i.e.developmentanduseofmodelornonͲmodelbasedevidence)(Dessaietal.2009);(c)
the direction of the approach regarding Climate Change Impacts, Vulnerability and Adaptation
(CCIVA)assessments(i.e.predictivetopͲdownorrobustness/resiliencebottomͲup)(Dessai&vanDer
Sluijs 2007); (d) the uncertainty level addressed (i.e. statistical; scenario; recognised ignorance)
(Walkeretal.2003);andfinally(e)thedecisionͲmakingoutcome(i.e.thedecisionmadeinrelation
to the original objectives of the decisionͲmaker). This paper reports only on points (a) through (d)
leavingouttheanalysisofthedecisionsmadeineachcaseͲstudy.

3 Resultsanddiscussion
Responses to the survey in step one yielded a total of 27 validated replies from 15 different
countries. Despite some bias towards Water Management, Infrastructure and Disaster Risk
Reduction(DRR)projects,therewasadiversesectoraldistributionofcasescoveringawiderangeof
decisionͲmaking processes. Only 6 cases (22%) reported a singleͲsector focus, while 21 reported a
multiͲsector approach and of those 2 reported efforts on all of the sectors (in some cases other
sectors not described in the template were reported). Submitted cases presented a clear
geographical bias towards Europe (almost 90% of cases), developed countries (more than 95% of
cases)andsubͲnationalscales(over95%ofcases).

1

ThisCommonFrameofReferencedistinguishesbetween3typesofobjectivesforanadaptationdecision:(a)NormativeorRegulatory,
associated with governance actions that aim to establish a standard or norm; (b) Strategic or ProcessͲoriented, associated with the
identificationoflongͲtermoroverallaimsandthenecessarysettingupofactionsandmeanstoachievethem;and(c)OperativeorActionͲ
oriented,relatedtothepracticalactionsandstepsrequiredtodosomething,typicallytoachieveanaim.
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Alloftheorganisationsresponsiblefortheadaptationdecisionswerepublic,statedownedoramix
ofpublicͲprivateinstitutions.Nocompletelyprivatecaserepliedtothesurvey.Table1presentsthe
total number of cases submitted, as well as their geographical, sectoral, scale and type of
organisationdistribution.Highlightedcasesintable1representthoseselectedforfurtheranalysisin
steptwo.
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Fromthe27submittedcaseͲstudies,12wereselectedforanalysis.Table2depictshowtheauthorsof
thosecasesdescribed:(i)themethodsusedtodealwithuncertainty(afterDessai&vanderSluijs2007);
(ii) attempts made to change the decisionͲmaker’s initial perspectives on uncertainty, and if so what
methodologies were used; and (iii) if decisions (and which) were taken based on the information
providedbyscience.
Nineoutofthe12selectedcasesreportedtheuseofExpertElicitation(EE)andStakeholderInvolvement
(SI) as methods applied to deal and communicate uncertainties. In fact, these 9 cases applied both
methodsinconjunctionandtherewasnosinglecasereportingtheuseofjustoneofthese2methods.
Only 3 cases did not report the use of such methodologies. Yet, in these cases the use of meetings,
workshops and interviews as a mean to change decisionͲmakers perspectives about uncertainty was
reported.
Eight of the selected caseͲstudies reported the use of Sensitivity Analysis (SENS) and 6 the use of
ScenarioAnalysis(SA)asmethodologicalapproachestouncertainty.ProbabilisticmultiͲmodelensemble
(PMME)methodswereonlyreportedby4ofthecasesandallremainingmethodsweredescribedeither
by1or2caseͲstudies.
Allreportedexamplesappliedatleast2methodsandexceptfor2casesthatreportedonlytheuseofEE
andSI,allothersused3ormoremethodstoinformadaptationdecisions.Theinterviewsconductedin
step2withbothresearchersanddecisionͲmakersclarifiedthatthisisoftenrelatedtothefactthateach
projectisusuallydealingwithmultipleadaptationͲdecisions,sometimesatdifferentscalesandareas.
RegardingactualdecisionsineachofthecaseͲstudies,only2reportedthatnodecisionsweremade(yet)
while1reportedthatthedecision(s)hadbeendelayed.Althoughitisnotthefocusofthispaper,table2
brieflypresentssomeofthetypesofadaptationdecisionsthatweremadeandthatcouldbetracedback
toͲoranalysedinlightofͲthe uncertaintymanagementor communicationmethodologiesthatwere
appliedtothedecisionͲmakingsupportprocess.
Another interesting feature of this empirical information is the fact that all cases reported that the
scienceadviceconscientiouslyusedsometypemethodologytochangethedecisionͲmakersperspectives
aboutwhatuncertaintymeans,andhowitmay(ormaynot)affecttheirdecisions.Nevertheless,caution
mustbeplacedintheanalysissincethesurveyprocess(e.g.thetemplateforreportingexamples)may
havebiasedthetypeofrespondentstowardsresearchersthatalreadyconscientiouslyapplythissortof
approachesintheirresearchdesigns.
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stakeholders);WC/SSͲWildcards/Surprisescenarios.
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Togetherwiththeindividualinterviews,theapplicationofaCommonFrameofReferencetotheselected
case studies provides an initial approach to the understanding of how uncertainty was dealt with and
communicated in each of the cases. This means reflecting upon how the adaptation decisionͲmaking
needs(orquestions)weremethodicallyaddressedbyresearchand,inturn,whatweretheoutcomesin
terms of actual decisions made (or not). Table 3 presents some of the preliminary results of the
systematicapplicationoftheCommonFrameofReferencetotheanalysisofeachoftheselectedcase
studies.Itpresentsthenatureofeachcase’sdecisionͲmakingobjectivesandtheapproachesfollowedby
researchers to support those decisions (i.e. modelling; direction of the causal chain of evidence; and
levelsofuncertaintyaddressed).Thisanalysisiscurrentlybeingundertakeninstep4ofthepreviously
describedmethodology.

Table3ͲAnalysisoftheselectedcaseͲstudiesusingtheCommonFrameofReference,including:(a)the
natureofthedecisionͲmakingobjectives;and(b)thetypeofapproachesusedbyresearch.
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RegardingtheobjectivesoftheanalysedpracticaldecisionͲmakingprocessesthereisabiasinfavourof
strategic or processͲchanging oriented examples (8 out of 12) against normative (4 out of 12) and
operative decisions(3 outof12).Despite theexistenceofseveralcasesaddressingmultiple decisions,
only3cases(fromAustria,PortugalandtheUK)appeartodealwithdecisionsofdifferentfundamental
nature. While the first deals with operative and strategic decisions, the later with regulatory and
operativedecisionprocesses.Therelativelysmallnumberofanalysedcasesraisesthequestionwhether
itispossibletocaptureasignificantrangeoftypesofdecisionͲmakingobjectivesorifthereare‘other’
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types that may have been left out. Since there was no preͲjudgement of cases, that is, there was no
limitationtothesubmissionofcasesaccordingtotheirtypeofdecisionobjectivesthereisstillroomfor
further investigation using all the submitted cases, including those that were not selected for analysis
throughthiscommonframework.
IntermsoftheresearchapproachtothedecisionͲmakingsupportresultsaresomewhatbalancedwith
theanalysisshowingthat4casesusedonlymodelledevidence,4usedonlynonͲmodelinformationand
5 used both approaches. In the latter ones, the fact that often multiͲsector and multiͲscale decisionͲ
processes are acknowledged indicates that projects are also using multiple and diverse approaches to
informdecisions.
WhenitcomestothedirectionoftheCCIVAassessmentchainfollowedbytheselectedcases,thereare
5 examples that used a marked topͲdown and optimization focused approach, while 4 applied a fully
robustnessͲbased bottomͲup approach. Only 3 cases appear to have made used of both approaches,
althoughitisnoteasytograspifsimultaneouslyorindifferentphasesoftheproject.
Regarding the uncertainty level addressed in the support to decisionͲmakers, no single case
demonstrably dealt with all 3 levels (from statistical to recognised ignorance, following Walker et al.
2003).Only1case(French)dealtexclusivelywiththishigherlevelofuncertainty,while3casesonlywith
statistical uncertainty. Eight cases out of the 12 dealt with or communicated uncertainties along the
scenariolevelalthough3 ofthem diditin combinationwithotherlevels (1 withstatisticaland 2with
recognisedignorance).

4 Conclusions
It has been argued that further research is required to develop methods that evaluate planned and
unplannedadaptationsandtolocateadaptationsinthelandscapeofdecisionͲmakingandrisk(Tompkins
etal.2010).Recentliterature,mostlyrelatedtohighͲendclimatechangescenarios(i.e.above4ºC),has
called the attention to some key gaps and requirements of this analysis. It has been suggested that
ratherthanbeingunabletomakedecisionsunderuncertainty,whathasbeenmissingisthedeployment
of innovative decisionͲmaking frameworks to deal with uncertainties prompted by climate adaptation
assessments(Hallegatte2009;Smithetal.2011).TheapplicationofaCommonFrameofReferencein
theanalysisofdifferenttypesofadaptationdecisionobjectivesandoftheresearchapproachesusedto
inform them provides a further step in the understanding of how to design and apply such novel
decisionͲmaking frameworks (e.g. the role of different information needs vs. different decisions
approaches).
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Althoughtheempiricalanalysisdescribedinthisarticleisnotsufficienttodrawgeneralisedframeworks
for all types of adaptation decisions (siteͲ and cultureͲspecificity still prevails), this preliminary work
makesamovetowardskeyadaptationresearchanddecisionͲmakingneeds.Bysystematicallycollecting,
selecting and analysing concrete examples where science was called upon to support real adaptation
decisionͲmakingprocesses,anddidsousinguncertaintymanagementandcommunicationapproaches,
we move a step closer in the understanding of two relevant questions. Firstly, how is science dealing
with(andcommunicating)uncertaintyinlightofwhattheadaptationdecisionobjectivesandneedsare.
And secondly, what have been the outcomes of such approaches in terms of concrete decisions that
weremade(ornot)andhowdidtheuseofsuchmethodologiesimprovethesupporttothosedecision
processes(‘arebetterinformedadaptationdecisionsbeingmade?’).Thesystematizationpresentedhere
requiresfurtherdevelopmentandenrichmentbutthegradualemergingofcaseͲstudieswhereconcrete
adaptationdecisionsaremadeprovidesarequiredsteppingͲstonetowardsclearguidingframeworksto
bothdecisionͲmakersandresearchers.
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Impact of climate change on ozone related
mortality in Europe
Hans Orru, Camilla Andersson, Kristie L. Ebi, Joakim Langner, Christofer Åström, Bertil Forsberg
Abstract—Ozone is a highly oxidative pollutant formed from precursors in the presence of
sunlight, associated with respiratory morbidity. All else being equal, concentrations of groundlevel ozone are expected to increase due to climate change; however, the projections of
changes might differ depending on used data.
Ozone-related health impacts under a changing climate were projected using emission
scenarios, models and epidemiological data. European ozone concentrations were modelled
with MATCH-RCA3 (50x50 km) with two anthropogenic precurson databases EMEP and
RCP4.5. Projections from two climate models, ECHAM4 and HadCM3, were applied, under
greenhouse gas emission scenarios A2 and A1B respectively. We applied a European-wide
exposure-response function to gridded population data and country-specific baseline
mortality.
Comparing the current situation (1990–2009) with the baseline period (1961–1990), the
largest increase in ozone-associated mortality due to climate change (4–5%) have occurred in
Belgium, Ireland, Netherlands and UK. Comparing the baseline period and the future periods
(2021–2050 and 2041–2060), much larger increase in ozone-related mortality is projected for
Belgium, France, Spain and Portugal with the impact being stronger using the climate
projection from ECHAM4 (A2). However, in Nordic and Baltic countries the same magnitude of
decrease is projected.
The HadCM3 global model projected somewhat higher ozone concentrations for the baseline
compared to using ECHAM4 in many countries. ECHAM4 gave generally larger health impacts
for 2021–2050.
The current study suggested that projected effects of climate change on ozone concentrations
could differentially influence mortality across Europe and the results depend the most on the
chosen global climate model and the greenhouse gas emission scenario.
Index Terms—climate change, health, ozone, global climate model, greenhouse gas emission.
————————————————————

1

Introduction

Ozone is one of the most important air pollutants formed in photochemical reactions, with concentrations affected by weather and chemical precursors as nitrogen oxides (NOX), volatile organic compounds
(VOCs), carbon monoxide (CO) and methane (CH4). Climate change (CC) can affect ozone concentrations
through a number of processes, including chemical production, dilution and deposition of ozone that are
regulated by temperature, cloud cover, humidity, wind and precipitation (Andersson and Engardt 2010,
Andersson et al. 2007, US EPA 2009). Even there is high confidence in projected changing temperatures
(IPCC 2007) that would increase ozone levels, changes in other meteorological parameters, such as pre-
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cipitation and cloud cover are more uncertain. The uncertainty is also large in how natural vegetation
will respond to climate change: CC may lead to higher biogenic VOC emissions (Steiner et al. 2005) and
warmer temperatures may lead to increasing soil microbial activity that may cause an increase in NOX
emissions (Pfeiffer and Kaplan 2010). CC and increasing temperature could also affect the risk of wildfires
and increase the emissions of CO (Westerling et al. 2006). Moreover, methane emissions promote tropospheric ozone formation and global climate change (West et al. 2006). The sensitivity of ground-level
ozone to climate change is particularly high in urban areas, reflecting the concentration of precursors for
ozone formation. The frequency of stagnation episodes is projected to increase over northern midlatitude continents and the ventilation is projected to decrease in Europe, eastern North America and
East Asia (Jacob and Winner 2009).
Epidemiological studies have shown a broad range of effects of ground-level ozone on health, leading to
excess daily mortality and morbidity. Significant negative health effects have been demonstrated for different causes, mainly for respiratory (e.g. Bell et al. 2005, Gryparis et al. 2004, Ito et al. 2005, Levy et al.
2005) and (to a lesser extent) cardiovascular diseases (e.g. Anderson et al. 2004, Chuang et al. 2007, Zanobetti and Schwartz 2011).
The current study assesses the impacts of climate change on ozone-related mortality in Europe over
number of time periods than often used. Further, it illustrates the impact of applied precursor emission
database, greenhouse gas emission scenarios and global climate models on projected health impacts and
discusses the uncertainties.

2

Material and methods

European ozone concentrations were modelled at a grid size of 50x50 km using the chemistry-transport
model MATCH (Andersson et al. 2007, Robertson et al. 1999). Species at the lateral and top boundaries
of MATCH were kept at levels representative for year 2000. MATCH simulates biogenic emissions of isoprene based on hourly temperature and solar radiation and anthropogenic precursor emissions (NOX,
SOX, CO VOC, NH3) were retrieved from two data bases: EMEP (http://www.ceip.at) and RCP4.5
(www.iiasa.ac.at/web-apps/tnt/RcpDb/). MATCH uses meteorology produced by the regional climate
model RCA3 (Kjellström et al. 2005, Samuelsson et al. 2011). Projections from two global climate models,
ECHAM4 and HadCM3 under greenhouse gas emission scenarios A2 and A1B, respectively. With
ECHAM4 (A2) two periods were compared: the baseline period as 1961–1990 and future as 2021–2050.
With HadCM3 (A1B) two additional periods with different precurss emission (EMEP and RCP4.5) were
2
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included: the current situation as 1990–2009 and further future as 2041–2060.
Often the cut-off value of 70 μgm-3 (SOMO35) is used in risk assessments, as a statistically significant increase in mortality risk estimates has been observed at daily ozone concentrations above 50–70 μgm-3
(Amann et al. 2008, Bell et al. 2006a). As a sensitivity analysis we also used cut-off values of SOMO50 and
SOMO25. To see the seasonal impacts, the SOMO35 values and its expected health impacts were calculated separately for summer and winter.
The data the crude non-standardized all-cause mortality (2000–2005) was obtained from WHO European
Health for All Database (http://data.euro.who.int/hfadbThe gridded population data for Europe in 2000
were taken from the HYDE theme within the Netherlands Environmental Assessment Agency (Goldewijk
et al. 2010).
For the calculation of mortality cases ( 'Y ) in absolute and relative numbers the following equation was
used:

'Y

(YO u pop) u (e E uX  1) ,

where Y0 is the baseline mortality rate; pop the number of exposed persons; β the exposure-response
function (relative risk) and X the estimated excess exposure.
The WHO meta-analysis all-cause mortality relative risk (RR) 1.003 per 10 μgm-3 increase in the maximum daily 8-hour average ozone concentration (95% CI 1.001–1.004) was used as the exposureresponse coefficient (ERC) (Anderson et al. 2004).

3

Results

Changing ozone concentrations will affect mortality; however differently in different regions (Table 1).
When the current situation (1990–2009) is compared with the baseline period (1961–1990) using the
ozone estimates based on MATCH-EMEP-RCA3-HadCM3, the largest climate change driven relative increase in ozone related mortality is modelled to have occurred in Ireland, UK , the Netherlands and Belgium (Table 1); an increase up to 5% is estimated. A decrease is estimated for the northernmost countries, with largest decrease, by 5%, in Finland. In absolute numbers, the model suggests 647 more deaths
per year in Europe being the largest in Italy with 100 cases.
If we compare the baseline period (1961–1990) with the future (2021–2050), the difference is even more
dramatic for several countries (Table 1). The increase in ozone related cases is projected to be largest in
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Belgium, France, Spain and Portugal (10–14%). However, in most Nordic and Baltic countries, there is a
projected decrease in ozone-related mortality of the same magnitude. The change is stronger if we compare the further future (2041–2060) with the baseline period (1961–1990) as simulated using HadCM3
(A1B). The projected impacts are larger using the ECHAM4 (A2) projection, up to 34% increase in Belgium, due to a stronger reduction in summer precipitation in this region and corresponding reductions in
cloudiness and soil moisture leading to higher ozone concentrations.
Comparing the current period (1990–2009) with the baseline (1961–1990) and the further future (2041–
2060) with baseline (1961–1990) using the HadCM3 (A1B) projection suggests that the majority of the
impacts in the highest risk areas will happen in the future and only a smaller part has already occurred.
However, we have to keep in mind that there is variability on decadal scale in the models, hence change
over time periods differing by one or a few decades simulated by climate models are not necessarily
comparable to reality.
There are regional differences in the climate change projections (1961–1990 vs 2021–2050), depending
on which global climate model (ECHAM4 or HadCM3) and CO2 emission scenario (A2 or A1B) were used
as input to RCA3. For most countries, MATCH-RCA3-ECHAM4 (under the A2 scenario) produced larger
increases; however, for some countries (e.g. Greece, Bulgaria), the increase is of the same magnitude in
the MATCH-RCA3-HadCM3 scenario (under the A1B scenario). Due to differences in the model realisations of the current climate, there are also differences in SOMO35 values in the base-line period (1961–
1990). For some countries, e.g. Belgium, Netherlands and UK, the MATCH-RCA3-HadCM3 scenario results
in more than 25% higher concentrations; whereas for Southern European countries e.g. Spain and Portugal, the SOMO35 values were more than 10% lower compared to MATCH-RCA3-ECHAM4.
Table 1. Projected annual counts of premature mortality due to ozone >SOMO35 in the EU27 countries,
Norway and Switzerland. Estimates build on modelled ground-level ozone concentrations based on two
different anthropogenic precursor emission databases (EMEP and RCP4.5) and chemistry-transport calculations using regional climate downscaling (with RCA3) of two different global climate models
(ECHAM4 and HadCM3) with two CO2 emission scenarios (A2 and A1B) in different time periods
MATCH-EMEP-RCA3ECHAM4 (A2)

MATCH-EMEP-RCA3-HadCM3 MATCH-RCP4.5-RCA3-HadCM3
(A1B)
(A1B)
1961– 1990– 2021– 2041–
1990–
2021–
2041–
1961–1990 2021–2050
1990 2009 2050 2060
2009
2050
2060
Austria
485
522
533
539
559
558
521
529
524
Belgium

381

512

529

551

602

626

592

630

645
4
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Bulgaria

720

744

672

693

716

722

785

805

809

Cyprus

54

54

51

51

52

52

46

46

47

Czech

600

650

664

678

704

704

687

703

700

Denmark

238

255

290

291

295

292

288

285

279

Estonia

55

51

61

60

58

54

58

56

52

Finland

123

113

145

138

132

126

123

116

111

France

2659

3320

3123

3178

3488

3594

3473

3721

3783

Germany

2167

2562

2675

2723

2903

2945

2304

2422

2441

Greece

1007

1052

956

984

1020

1045

872

888

902

Hungary

791

853

802

830

874

866

902

934

918

Ireland

62

72

79

83

78

75

81

75

71

Italy

5737

6491

6003

6103

6553

6630

5865

6197

6229

Latvia

100

94

108

108

106

98

108

104

96

Lithuania

123

113

129

130

127

119

136

132

123

Luxembourg

19

24

24

24

26

27

23

24

25

Malta

35

37

38

38

39

40

35

38

38

Netherlands

496

640

696

729

776

791

842

875

885

Norway

121

115

150

148

137

132

186

170

165

Poland

1771

1825

1939

1990

2028

1957

2018

2028

1947

Portugal

819

972

726

744

823

848

703

769

787

Romania

1481

1500

1397

1435

1486

1473

1654

1701

1680

Slovakia

302

315

312

317

328

325

340

347

342

Slovenia

127

138

132

134

139

139

130

131

133

Spain

3236

3730

2887

2975

3324

3425

2494

2762

2828

Sweden

303

295

360

355

347

337

334

316

303

Switzerland

412

456

485

488

502

507

459

463

464

UK

1489

1954

2045

2143

2191

2215

2194

2216

2219

Total

25915

29458 28012 28658 30414 30723

28251

29484

29545

4

Discussion

Factor affecting absolute results most is the SOMO value. In health impact assessments (e.g. Anderson et
al. 2008, De Marco 2009, Watkiss et al. 2005) often used cut-off value (35 ppb(v)) is below the WHO air
quality guideline for ozone of maximum daily 8-hour average 100 μgm-3 (WHO 2006) and the EU air quality directive 2008/50/EC of maximum daily 8-hour average 120 μgm-3, not to be exceeded on more than
25 days per calendar year (EC 2008). As epidemiological studies have shown associations also at lower
concentrations (e.g. Amann et al. 2008, Bell et al. 2006), the total number of cases attributed to ozone is
5
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likely underestimated in all scenarios. Using SOMO25 values as a cut-off would approximately double the
number of attributed cases, but decrease the projected relative increase (Table 2). However, using the
higher cut-off of SOMO50 would significantly decrease the number of cases, but increase the relative
changes (Table 2), since the largest increase appeared among high ozone days (maximum daily 8-hour
average more than 100 μgm-3). Most of the projected increase in SOMO35 is during summer, April–
September (Table 2).
Table 2. Total annual counts of premature mortality in Europe and projected change (%) in future due to
ozone exposure change using different seasons and cut-off values

SOMO35 annual

MATCH-EMEP-RCA3-ECHAM4 (A2)
MATCH-EMEP-RCA3-HadCM3 (A1B)
1961–1990 2021–2050 1961–1990 1990–2009 2021–2050 2041–2060
(number of vs
1961– (number of vs
1961– vs
1961– vs
1961–
cases)
1990 (%)
cases)
1990 (%)
1990 (%)
1990 (%)
25,915
13.7
28,012
2.3
8.6
9.7

SOMO35 winter

4,550

9.1

4,553

-3.2

0.6

-0.9

SOMO35 summer

21,342

14.6

23,434

3.4

10.1

11.7

SOMO25

47,389

8.2

49,558

0.9

4.6

5.1

SOMO50

7,108

35.3

8,289

7.4

23.8

27.8

We focused on the impacts of climate change-related alterations in ground-level ozone concentrations,
holding other factors constant. Our results show that climate change could impact health in the future
through higher ozone concentrations in several countries. Nevertheless, in some countries (e.g. Northern
Europe) reduction of ozone induced mortality is expected in the future due to climate change. Many processes contribute to the decrease in tropospheric ozone including increasing chemical destruction due to
more water vapour, decreasing natural isoprene emissions, increased dry deposition and changing pollution transport patterns (Andersson and Engardt 2010).
Several methodological issues may also have affected the results. For the time periods studied, the
choice of greenhouse gas emission scenario is not crucially important because the differences in emissions between the scenarios are small before 2050. A more important factor is the global climate model
used. The downscaling of the two different global climate models gave somewhat different results in different regions of Europe. In most countries, using the HadCM3 global model resulted in higher groundlevel ozone baseline values (1961–1990) compared to ECHAM4. This indicates that in assessing local effects, the choice of global model is important. Also, the climatic variables (such as temperature, humidi-
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ty, etc.) could affect mortality rates and thus the impacts of ozone. The choice of anthropogenic precursor emissions also affected the total numbers in different periods, but it did not affect largely the trends
in different areas.
These projections can be used in combination with projections of changes in emissions under different
proposed regulations to understand the magnitude and extent of impacts under a higher temperature
future. It could help the ministries of health and public health organizations to begin planning how to
improve current programmes to ensure that vulnerable populations are protected from projected increases in ground-level ozone concentrations in a changing climate.

5

Conclusions

The projected effects of climate change on ground-level ozone concentrations could differentially influence mortality across Europe. There would be an increase in ozone-related mortality in Southern and
Central Europe and a slight decrease in Northern Europe. Compared to the baseline period (1961–1990),
few climate-related ozone impacts appeared in the last two decades (1990–2009), with more projected
in the future (2021–2050 and 2041–2060). The HadCM3 global model projected somewhat higher ozone
concentrations for the baseline compared to using ECHAM4 in many countries. ECHAM4 gave generally
larger health impacts for 2021–2050. The selection of anthropogenic precursor database affected the
absolute values (higher in Eastern and Northern, lower in Southern and Western Europe); however, it did
not change the trends.
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Autumn school ‘“Dealing with uncertainties in
research for climate adaptation”
B. Overbeek, J. Bessembinder,
(KNMI, the Netherlands)

Abstract— Climate adaptation research inevitably involves uncertainty issues - whether
you build a model, use climate scenarios, or evaluate policy processes. Uncertainties propagate from one field of research (e.g. socio-economic scenarios) to the other (e.g. climate scenarios). It is therefore essential to look over the borders of ones own discipline and find out
which uncertainties exist in ones input data and how results are used by others.
The Dutch research program Knowledge for Climate (KfC) noticed a need for exchange of information about dealing with uncertainties among the different disciplines in the program.
Therefore the three day Autumn School Dealing with Uncertainties was organized in October
2012, which brought together 38 researchers in climate adaptation (PhDs/postdocs) ranging
from governance, decision management, climate impacts and climate physics.
Aims of the Autumn School are 1) Active learning about uncertainties and dealing with uncertainties in research and decision making, 2) Obtaining insight in different approaches for
communication about and visualization of uncertainties, 3) Constructing of common frame of
reference (CFR) for dealing with uncertainties and communication about uncertainties to help
researchers in climate adaptation to improve interaction between disciplines.
The mornings consisted of lectures about aspects of uncertainty and climate change. In the
afternoon students worked with the information given in the morning, in case sessions and a
serious game. The days were closed by a discussion. The lectures and discussions contributed
to the “Common Frame of Reference”, containing common definitions, do’s and don’ts in
dealing with uncertainties and communicating etc. Relevant literature is collected in a Digital
Reader.
Index Terms— integrate climate and impact information, stakeholder consultations, dealing
with uncertainties
————————————————————

1

Background and aim

Climate adaptation research inevitably involves uncertainty issues - whether you build a model, use climate scenarios, or evaluate policy processes. Dealing with these uncertainties demands a lot of knowledge about types of uncertainties, methods for assessment, for determining the relevance and the
propagation of uncertainties. Communication skills are needed to find out the actual information needs
of the user and to tell the message fit to the user. Uncertainties propagate from one field of research
(e.g. socio-economic scenarios) to the other (e.g. climate scenarios). It is therefore essential to look over
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the borders of ones own discipline and find out which uncertainties exist in input data and how results
are used by others.
The Dutch research program Knowledge for Climate (KfC) noticed a need for exchange of information
about dealing with uncertainties among the different disciplines in the program. Therefore the three day
Autumn School Dealing with Uncertainties was organized in October 2012 which brought together 38
researchers in climate adaptation (PhDs/postdocs) ranging from governance, decision management, climate impacts and climate physics.
The central theme of the Autumn School was dealing with and communicating about uncertainties, in
climate- and socioeconomic scenarios, in impact models and in the decision making process. More specifically the aims were 1) active learning about uncertainties and dealing with uncertainties in research
and decision making, 2) obtaining insight in different approaches for communication about and visualization of uncertainties, 3) constructing of common frame of reference (CFR) for dealing with uncertainties
and communication about uncertainties to help researchers in climate adaptation to improve interaction
between disciplines.

2

Organisation and set-up

The Autumn School was organised by KNMI in partnership with the other consortia of the KfC Research
Programme. KNMI is consortium leader of KfC Theme 6 “High Quality Climate Projections”, but the aim
of the Autumn School was to search for common ground between the different research themes (and
outside of the KfC Programme) on the subject of uncertainties.
The mornings of the three day Autumn school consisted of lectures about aspects of uncertainty and
climate change 1) terminology and types of uncertainty, 2) methods for dealing with uncertainties and 3)
communiation about uncertainties. In the afternoon participants worked with the information given in
the morning in case sessions and a serious game. The days were closed by a discussion. The lectures and
discussions contributed to the “Common Frame of Reference”, which will be treated in more detail below.
All documentation, lectures, summaries of discussions, the Common Frame of Reference, etc. are made
available through a website: http://www.knmi.nl/climatescenarios/autumnschool2012/.
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3

Common Frame of Reference

The lectures and discussions contributed to the development of a Common Frame of Reference (CFR)
for dealing with uncertainties. The CFR is meant to help researchers in climate adaptation to work together and communicate together on climate change (better interaction between disciplines). It is also
meant to help researchers to explain to others (e.g. decision makers) why and when we agree and when
and why we disagree, and on what exactly. The common frame contains the following:
1. common definitions;
2. common understanding and aspects on which we disagree;
3. documents that are considered important by all participants;
4. do's and don'ts in dealing with uncertainties and communicating about uncertainties;
5. recommendations.

3.1

Common definitions and typology

Participants used various descriptions of the term uncertainty, however all agreed that it can be defined
as any departure from complete deterministic knowledge of the relevant system (based on Walker et al.,
2003). Uncertainty is not simply a lack of knowledge, because an increase in knowledge might lead to an
increase of knowledge about things we don’t know, and thus increase uncertainty.
Useful typologies of uncertainties (Dessai & van der Sluijs, 2007) are based on distinctions between:
1. levels (indicate how difficult it is to describe uncertainty);
2. sources
a. (natural) variability;
b. lack of (system) understanding, inherent complexity
c. varying perceptions, preferences (ambiguity)
3. locations (for model-based analysis).
For policy makers the levels also could be of most value as these indicate how difficult it is to describe
uncertainty. The source and location might be less relevant for them. In scientific literature typologies for
varying perceptions (also called ambiguity) is not given a lot of attention yet (Brugnach et al., 2011).

3

323

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

3.2

Common understanding

3.2.1 Why take uncertainties into account
The main reasons why the participants considered it important to take uncertainties into account are:
1. scientists’ goal is to improve humanity’s understanding of the World. That can only be accomplished when they communicate those factors that could make their findings limited or uncertain;
2. communicating uncertainty enhances credibility, in particular when that uncertainty diminishes
the apparent importance of our work;
3. in many cases, decision-makers can achieve superior outcomes when they take uncertainties into account;
4. communicating the limitations and uncertainties inherent in sceintific findings helps other scientists to formulate important research questions.

3.2.2 Usefulness of a common typology
A common typology of uncertainties was rendered useful for the following reasons:
1. it could improve communication between people, both those engaged in research as in decision-making, if we all use the same typology, because we can be more specific;
2. useful to know where uncertainty comes from;
3. the typology could give directions on how to deal with it: Useful to know whether it is an uncertainty that can be expressed in a probabilistic way;
4. you can refer to it in a paper (you can easily point out which uncertainties you have and which
you have not addressed).
Most participants agreed that a common typology will improve communication among disciplines, although we should probably use a few common typologies, as the usefulness of the typology differs per
discipline and type of user. A common typology especially is useful for professional users. For the general public stories of uncertainties that illustrate the different types of uncertainties and which have a
human element, might be more effective in that case.

3.2.3 Communication
From the discussions it was concluded that policy makers and scientists both have a task in communication about science: 1) scientists in trying to understand policy makers (e.g. their information needs and
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how they use information) and explaining in a clear way their research and 2) policy makers in making
clear what is relevant to them and trying to understand scientists.
Communication between scientists and decision makers requires a lot of effort (from both the scientists
and decision makers) due to the differences in language, knowledge, framing, scales on which they operate usually (practical versus conceptual, short versus long term, local versus international) and lack of
familiarity with each other’s working environment.
Although everyone wants scientific results to be used by decision makers, there was no agreement
among the participants on how far scientists should go in communication. It ranges from limited efforts
(too much simplification touches upon integrity of researcher), up to much effort (societal responsibility). Emphasizing or de-emphasizing uncertainties can also be used strategically (by both scientists and
policy makers). Results of scientific work should be communicated to decision makers and also the uncertainties included. However, not everyone has the skills (and willingness) to invest much time in communication. In general, it was felt that there is a need for specifically trained “boundary workers” to organize the interface.

3.2.4 Documents considered important and do’s and don’ts
As part of the discussions at the end of each day, several do’s and don’ts were formulated and a list of
useful information was compiled. These can all be found on the web site. A few examples of the do’s
and don’ts are:
1. adjust the communication to the target audience. Sometimes it may be better to talk about risks
or margins than about uncertainties;
2. persist to make sure the question of the target audience is clear. Be aware of the question behind the question;
3. don’t take over the chair of the policymaker: scientists should deliver the scientific information,
policy makers should make the decision;
4. don’t only focus on uncertainties (model/perceptions), but also highlight what is certain. Only
focussing on uncertainties could paralyze decision makers.

4

Recommendations

Based on the Autumn school and discussions afterwards when writing the CFR, the following recommendations regarding dealing with uncertainties were presented:
5
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1. there is a need for a useful typology for social sciences including decision-making: it would be
good to have a typology of ambiguity;
2. more guidance is needed in finding the right method to deal with uncertainties: there is a large
number of combinations of types of uncertainties, methods to deal with them analytically, and
(policy) strategies to follow in light of them. It would be useful to have some ranking, or a list
with advantages and disadvantages of each method and a sort of matching of uncertainty situations, policy attitudes, and policy strategies in order to determine which method to use when. A
description of pitfalls, strengths en limitations of a selection of analysis methods (error propagation, Monte Carlo analysis, sensitivity analysis, etc.) is given by van der Sluijs et al. (2004);
3. more information needed on methods how to deal with uncertainties related to human actions
(ambiguity, framing, perception, risk aversion) (de Boer et al., 2010);
4. the participants of the Autumn school also expressed the need for a platform to discuss methods
and exchange experiences in dealing and communication with uncertainties is needed. It is not
clear yet which form of such a community is most effective.

5
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Abstract— Farmers’ yields are affected by multiple environmental and socio-economic
factors. Crop simulation models that are thoroughly calibrated and evaluated for local
conditions and fed with data from climate change projections are principally well-suited to
estimate the impacts of climate change on potential yields, assuming optimal management.
Important question is, however, what will happen to the yields on farmers fields in the future
and to the gap between actual and potential yields. This will require linking crop model-based
impact projections with socio-economic analysis.
In Finland, farmer’s crop yields have been steadily increasing after World War II, mainly due to
improvements in agro-management driven by technological development and genetic
improvements with higher-yielding new cultivars. During past few decades, however, the yield
gap has increased as farmers put less emphasis on high crop yields but apply cost-reducing
management. This is mainly due to discouraging input and output prices and subsidy systems.
Comprehensive yield series (1971 to present) from Finnish experimental and farmers’ fields
provide the basis to analyse yield trends, yield-influencing factors and develop modelling tools
for improved prediction of future actual yields under climate change.
Crop simulation model WOFOST was used to simulate historical (1971-2008) and future
(2011-2040, 2041-2070) potential yields of spring barley, in two regions representing different
agro-ecological zones in Finland. The development of historical yield gaps was analysed and
linked to the information on socio-economic developments. This is to contribute to the
discussion on uncertainties related to climate change impact projections taking into account
both environmental and socio-economic drivers.
In conclusion, more integrated efforts are needed to develop modelling tools taking into
account both, environmental and socio-economic effects on farmer’s behavior and future
yields. Most measures to narrow current yield gaps also have a high potential to maintain or
increase crop yield levels under future climatic conditions.
Index Terms— crop production, simulation modelling, yield gap, spring barley
————————————————————

1

Introduction

Farmers’ yields are affected by multiple environmental and socio-economic factors and by progress in
1
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plant breeding. In Finland, farmer’s crop yields have been steadily increasing after World War II, mainly
due to improvements in agro-management driven by technological development, genetic improvements
with higher-yielding new cultivars and higher use of material inputs by farmers. During past few decades,
however, the yield gap has increased as farmers put relatively less emphasis on high crop yields but apply cost reducing sub-optimum management. This is due to discouraging input and output prices, subsidy systems together with environmental restrictions and stagnated land ownership. For example, the
increasing land tenure insecurity has been linked to the decreased soil pH and phosphorus status of Finnish agricultural soils on leased land (Myyrä et al., 2005).
Crop simulation models that are thoroughly calibrated and evaluated for local conditions and fed with
data from climate change projections are principally well-suited to estimate the climate change impacts
on potential yields assuming optimal management (Evans and Fischer, 1999, Rötter et al., 2011b). Important question is, however, what will happen to the yields on farmers fields in the future and to the gap
between actual and potential yields. This will require linking crop model-based impact projections with
socio-economic analysis. For example, Reidsma et al. (2009) noted that the actual climate change impacts are largely dependent on farm characteristics, e.g. farm size and input use intensity.
The aim of this paper is to discuss how effectively development of impacts of climate change on crop
yields over time can be projected using simulation models. We approached this question by using simulation model to estimate the potential yields and analysis of comprehensive observed yield series to
study the actual farmer’s yields and the yield gap between them. The development of historical yield
gaps was analysed and linked to the information on socio-economic developments. This is to contribute
to the discussion on uncertainties related to climate change impact projections taking into account both
environmental and socio-economic drivers, i.e. the effects of adaptation and different management levels.

2
2.1

Material and methods
Model simulations

Crop simulation model WOFOST (Boogaard et al., 1998) was used to simulate historical (1971-2008) and
future (2011- 2040 and 2041-2070) water-limited yields (assuming otherwise optimal management) of
spring barley (Hordeum vulgare L.), in two study sites, Jokioinen and Ruukki, representing different culti2
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vation areas (Häme and Oulu) and agro-ecological zones in Finland (Fig. 1). WOFOST has been previously
calibrated for spring barley cultivation in Finland (Rötter et al., 2011a). For the historical simulations we
used a set of cultivars representing modern and historical early, medium and late maturing cultivars. For
future projections, cultivars used were late maturing Annabell and medium maturing Kustaa for Jokioinen and Ruukki, respectively. Simulations were done assuming clay soil at both sites.

Figure 1. Location of two study sites with names of the experimental stations and environmental stratification (EnS) according to Metzger et al. (2005).

Future weather data were generated for the combinations of two General Circulation Models (GCM), i.e.
IPSL-CM4 and CSIRO-MK 3.5 with two alternative SRES emission pathways, A2 (high) and B1 (low)
(Nakicenovic et al., 2000). The climate change projections for time slices 2011-2040 and 2041–2070
were done for combinations IPSL-CM4 A2 and CSIRO-MK 3.5 B1, and simulated changes were calculated
relative to baseline 1971-2000. These were then down-scaled to the study sites using the delta change
method (Räisänen and Räty, 2012) as applied in Rötter et al. (2013). These two climate scenarios selected from CMIP3 Multi Model dataset (Meehl et al., 2007) project quite contrasting future climates for
Finnish conditions (Rötter et al., 2013).
3
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The increase in atmospheric CO2 was taken into account by adjusting the crop parameters following Rötter et al. (2011a) to represent shifts in crop characteristics for higher levels of atmospheric CO2 concentrations. We assumed the increase rates between 2 and 4 ppmv per year based on estimates by Anderson and Bows (2008) and took the approximates for the midpoint levels for the periods. As compared to
the midpoint (1985) of reference period concentration (350 ppmv), the concentration assumed for 20112040 was 435 ppmv and for 2041-2070 525 ppmv.
Autonomous adaptation was assumed with sowings following the increasing spring temperatures.

2.2

Empirical data

The cultivar-specific information applied in simulations were created based on analysis of barley data
from Finnish official variety trials (Kangas et al., 2010) for the period 1970-2010. The simulated yields
were compared with the barley yields of farmers reported for the regions were the study sites were located. This data were taken from the EVIRA data base (EVIRA, 2012) and it covered years 1988-2008.

3

Results

Simulated water-limited yields for the period 1970-2008 had high inter-annual variability and the cultivars showed different yield levels (grey lines in Fig. 2). Average simulated yield weighted with the cultivar
use of farmers of the surrounding areas were 5480 kg (dry matter) ha-1 for Jokioinen and 4880 kg (dry
matter) ha-1 for Ruukki for the period 1988-2008. The mean yields of at farmer’s fields during the same
period were for Häme region 3220 and for Oulu region 2780 kg ha-1 indicating large yield gap between
the potential and actual yields. During the same period the mean yields reported for these experimental
sites were 4650 kg ha-1 for Jokioinen and 4350 kg ha-1 for Ruukki (data not shown). The gap between the
farmers’ yields and potential yields has been slightly increasing during the observed period.
Overall, there is a slightly decreasing trend in simulated barley yields over the coming decades (Fig.2).
The two selected climate scenarios show decreases to different extent even though the CO2 fertilization
effect partly compensated the marked yield decline resulting from changed climate variables.

4
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Figure 2. Simulated water-limited annual yields of spring barley for the Jokioinen and Ruukki study sites
for historical weather 1970 – 2008 and projections for periods 2011-2040 and 2041-2070 (solid lines)
with trends calculated for each period (dashed line) and mean regional yields of the farmers at surrounding rural centre areas (pink solid line) with trend (pink dashed line). Grey lines show the simulated yields
for different cultivar types and dashed black like the trend for the cultivar type used in future projections. Bold solid black line shows simulated average yields weighted according to cultivar use by farmers
and dashed bold black line the trend of the weighted means.

4

Discussion

Finland is one of the few European countries that experiences relatively high yield gaps that are widening over time as shown for barley in this study, but elsewhere also for other cereals (Boogaard et al.,
2013, Peltonen-Sainio et al., 2009). Main reasons for this are the decreased use of inputs, mainly fertilizers and liming, by farmers, as a reaction to decreased real prices of cereals during the last decades. Also
5
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agricultural policies, decoupling agricultural support from production decisions, as well as explicit limits
and restrictions for nutrient use (N,P) in agri-environmental programmes have discouraged farmers from
aiming to high yields and utilising sufficient fertiliser, pesticide and other inputs for yield improvements.
The farm level incentives as well as production possibilities are likely to change in future. Impacts of
more frequent and severe extreme weather events may play an increasing role (Field et al., 2012, Olesen
et al., 2011). Under future climates, whether yield gaps widen or narrow will be closely related to the
way socio-economic, agricultural and environmental policies develop and how they allow expected
technological progress to be implemented in actual management practices by farmers (Claessens et al.,
2012). This clearly calls for developing new integrative assessment approaches and tools that concentrate on farm level, where the final decisions on agricultural production and resource management are
taken. For Finland such integrated modelling framework has been outlined (Lehtonen et al., 2010). A key
issue in such integrative studies is how to consistently link farm level productivity improving measures,
such as improved pesticide use and fertilisation practices, to yield improvements. It is important from
farmers’ point of view to evaluate under which prices it pays off to aim for high yields by using variable
inputs, and even invest in soil improvements which only pay off in the longer run. In short, such integrative work should be able to compare increased marginal costs to the marginal benefits of yield improvements, which may even facilitate further gains in overall re-organisation of farm production. Risks of
both action and inaction yield improvements in changing conditions are also important to be evaluated.
Van Ittersum et al. (2012) recently proposed a protocol for yield gap assessment and argued that crop
simulation modelling is the most reliable way to estimate the potential yields. We followed that protocol
and projected the future water-limited barley yields with WOFOST in a fairly conservative manner. Those
projections, albeit being based on a couple of scenarios and climate model projections only, show future
trends in barley yields as driven by climate effects, i.e. weather and CO2 concentrations. For simplicity we
only used average CO2 levels for future periods, but in more detailed analysis annual CO2 levels could be
applied. Our results for the historical period show the importance of the genetic improvement of cultivars for the yield trends. Simulation models can, in principle, also take into account foreseeable changes
in crop properties, i.e. the genetic development (e.g. Rötter et al., 2011a) and their effects on potential
yields. The properties of the future cultivars remain, however, a source of uncertainty for the simulation
results. Modellers should strive for active collaboration with breeders for future projections.
The capacity of the crop models to simulate the yields under sub-optimal management to estimate the
6
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actual yields is less certain. That is because of many yield-limiting factors, such as pests and diseases, are
excluded from the models. For that reason, establishment of current yield gap factors and assumptions
about their future development is needed to estimate farmer’s yields under climate change as needed
by trade models (e.g. Nelson et al., 2010).
In conclusion, more integrated efforts are needed to develop modelling tools taking into account both,
environmental and socio-economic effects on farmer’s behaviour and future yields. Most measures to
narrow current yield gaps also have a high potential to maintain or increase crop yield levels under future climatic conditions. There is a large potential for sustainable intensification of crop production by
closing yield gaps e.g. with enhanced water and nutrient management (Mueller et al., 2012). Whether
such intensification can be realized will largely depend on socio-economic factors.
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Abstract—The response of land surface evapotranspiration (ET) to climatic changes has

been primarily indexed by near-surface air temperature changes in hydrologic models
to evaluate climate change impacts on water. However, climate models directly
compute the surface energy balance and do not use the empirical temperature-based
relations for estimation of potential ET. Temperature may not be seen as force of
potential ET rather it is a result of surface energy balance that is affected by many
atmospheric variables. In this study, we use different sets of climatic variables from
the climate model to drive a hydrologic model. The climatic variables are obtained
from the bias-corrected climatic variables generated for the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change (IPCC AR5) by the Inter-Sectoral
Impact Model Intercomparison Project (ISI-MIP). We investigate the difference of the
model estimated changes in surface fluxes when different sets of climatic variables
from the climate models are used. When considering the effects of changes in
temperature among other climatic variables (surface radiation, air pressure, and
specific humidity) in the Variable Infiltration Capacity (VIC) hydrologic model, we show
that the estimated changes in ET and runoff could be quite different from those
estimated from a short set of climatic variables (precipitation, temperature, and wind
speed only). The change in surface shortwave radiation (SW) with VIC adjustment
could be more negative than that without adjustment. Consequently, VIC adjustment
may lead to underestimation of ET increase and thus underestimate future drought
and water scarcity in a warming world. The different hydrologic adjustment methods
could differ from each other even in the sign of bias. Therefore, we highlight the
potential influence of hydrologic adjustment in assessing climate change impacts on
water.

Index Terms—climate change impacts, evapotranspiration, hydrologic adjustment, surface
radiation.
————————————————————

1

Introduction

Understanding the impacts of climate change on water cycle is essential for climate change adaptation.
The general circulation models (GCMs) can project the responses of the climate system to climate
change, and consequent changes in the water cycle. The hydrologic responses to climate change implied
by the climate models for the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change were assessed in many studies (Milly et al. 2005; Nohara et al. 2006; Tang and Lettenmaier 2012).
In these studies, the runoff produced by the GCMs was used. The assessment using the GCM produced
runoff would suffer from the coarse resolution and the imperfect representation of surface hydrologic
processes in the climate models.

1
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Many hydrologic modeling studies have used hydrologic model driven by downscaled climatic variables
to produce runoff projections under a future climate (Crosbie et al. 2011; Teng et al. 2012). In these studies, the modeled future and historical runoff were compared to estimate the hydrologic responses to
climate change. In many cases, the hydrologic models use precipitation and air temperature as the primary climatic inputs (Maurer et al. 2002; Tang et al. 2006). And the computation of potential ET, which is
a conceptual variable used for ET calculation in the hydrologic models, is mainly indexed to air temperature. However, the validation of the empirical temperature-based relations for potential ET has been less
investigated. Milly and Dunne (2011) showed that the relative changes in runoff with hydrologic adjustment could be much less positive than the estimates from the climate models and they attributed the
decrease in hydrologic model-simulated runoff to the amplification of the climate model-implied increase in potential ET.
In this study, we use different sets of climatic variables from 5 GCMs to drive a hydrologic model which
includes an energy balance approach to express the surface radiation fluxes based on air temperature.
We investigate the difference of the model estimated changes in surface fluxes when different sets of
climatic variables from the climate models are used.

2

Method

The Variable Infiltration Capacity (VIC) hydrologic model is used (Liang et al. 1994). The VIC model can be
forced with precipitation, air temperature, wind speed, vapor pressure, incoming longwave and shortwave radiations, and air pressure, meanwhile, it includes an optional module to relate the meteorological variables (other than precipitation, temperatures and wind) and radiations to precipitation, daily
temperature, and temperature range (Kimball et al. 1997; Thornton and Running 1999). As only precipitation and temperature are routinely measured at meteorological stations, the empirical relations are
commonly used in the hydrologic models (Maurer et al. 2002). This approach is a reasonable compromise between available measurements and required meteorological forcings for the hydrologic models.
The bias-corrected climate data from 5 GCMs (HadGEM2-ES, GFDL-ESM2M, IPSL-CM5A-LR, MIROC-ESMCHEM and NorESM1-M) of Representative Concentration Pathways (RCP) 8.5 outputs produced by the
Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP) are used (Hempel et al. 2013). The data
are made available at 0.5°×0.5° spatial resolution and daily time step. The bias-corrected climate data are
used to drive the VIC model. The mean annual VIC estimates in the historical period (1971-2000) and the

2
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RCP 8.5 future climate scenario (2070-2099) are used for analyses. We used two sets of climatic variables
to drive the VIC model. One short set contains precipitation, air temperature and wind speed. The long
set includes all the available ISI-MIP forcings (precipitation, air temperature, wind speed, surface radiations, air pressure, and specific humidity). When the short set is used, the optional module in the VIC
model is used to derive the meteorological variables (other than precipitation, temperature, and wind)
and radiation variables. The VIC estimates with the short set (VIC derived) data are compared with those
with the long set (ISI-MIP data).

3

Results

Fig. 1 shows the difference between the VIC derived surface shortwave radiation (SW) and the ISI-MIP
data in the period of 1971-2099. There are substantial differences in the middle and high latitudes between the VIC derived SW and the ISI-MIP data. Specifically, at the northern high latitudes, the VIC derived shortwave radiation is about 30% higher than the ISI-MIP data. However, at the southern middle
latitudes, the VIC derived shortwave radiation is about 10% lower than the ISI-MIP data. The other peaks
of the difference occur around the equator where the VIC derived shortwave radiation is about 20%
higher than the ISI-MIP data. The difference is generally small at the southern low latitudes. These show
the large systemic bias between the VIC derived SW and the ISI-MIP data.
Fig. 2 compares the changes in SW between the future period (2070-2099) and the historical period
(1971-2000) implied by the VIC derived and ISI-MIP data. The VIC derived data show large decrease in
SW over major land areas whereas the ISI-MIP data show that the SW change would be small. The VIC
derived SW change is (about 10 W m-2) smaller than that of ISI-MIP in the low and northern middle latitudes. Since ET is closely related to SW, the difference of changes in SW might affect the hydrologic model-estimated changes in ET and runoff.
Figs. 3 and 4 show the changes in ET and runoff between the future and historical periods estimated
from the VIC derived and ISI-MIP data. Both VIC runs show that ET would increase in the future over
most land area except for the current dry areas. However, the VIC run with the ISI-MIP data shows larger
relative increase than the run with the VIC derived data (Fig. 3). It indicates that the VIC derived data
may lead to underestimation of ET increase in a warming world. The underestimation is large (~10%) at
the northern middle to high latitudes. The underestimation of ET change may also affect the runoff
change. The VIC run with the VIC derived data shows more positive runoff change than the run with the
ISI-MIP data (Fig. 4). It indicates the use of short set climatic variable could induce less negative runoff
3
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change and therefore underestimate future drought and water scarcity. Our finding is opposite to that of
Milly and Dunne (2011) which showed the runoff changes with hydrologic adjustment were less positive
than those from climate model. It suggests that the hydrologic adjustments could differ from each other
even in the sign of systematic bias.

Fig. 1. The muti-model ensemble mean SW derived by VIC (a), and from ISI-MIP (b), relative difference between
the VIC derived SW and the bias-corrected SW in the period of 1971-2099 (c) and the latitudinal profile of the
difference (d).

Fig. 2. The muti-model ensemble mean changes in SW between the future period (2070-2099) and the historical
period (1971-2000) implied by the VIC derived (a) and ISI-MIP data (b), difference between the changes implied
by the VIC derived and ISI-MIP data (panel a minus panel b) (c) and the latitudinal profile of the changes and
difference (d).
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Fig. 3. The muti-model ensemble mean relative changes in surface ET between the future period (2070-2099) and
the historical period (1971-2000) estimated from the VIC derived (a) and ISI-MIP data (b), difference between the
changes (panel a minus panel b) (c) and the latitudinal profile of the changes and difference (d).

Fig. 4. The difference between the muti-model ensemble mean relative changes in runoff between the future
period (2070-2099) and the historical period (1971-2000) estimated from the VIC derived and ISI-MIP data (a)
and the latitudinal profile of the difference (b).

4

Conclusion and Discussion

Our results show that the change in SW inferred from the VIC model may largely differ from that implied
by climate models in a changing climate. The SW change with VIC adjustment could be more negative
than the change without adjustment. Consequently, VIC adjustment may lead to underestimation of ET
increase and thus underestimate future drought and water scarcity in a warming world. The different
hydrologic adjustment methods could differ from each other even in the sign of bias. Our results suggest
that the empirical temperature-based relation might derive different climatic information from the climate model projection. The use of the hydrologic adjustment must choose the set of climatic variables
that can carry the main climatic change information in the climate model projections.
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Howusefulareregionalclimateprojections
forhydrologicalimpactassessment?
AxelBronstert1,2
AbstractͲRegionalclimateprojectionsarefrequentlybeingusedtodrivemesoͲscalehydrologicalmodelsinorderto
assesshydrologicalimpactsoftheanticipatedfutureclimateconditions.However,lessemphasisisgiventothequestion
whatmeteorologicalvariables,whatdegreeofcertaintyandwhatspatialandtemporalresolutionareneededtoenable
hydrologicalimpactassessmentswithascientificallysoundbasisforwatermanagementorhydroriskassessment.A
hydrologicalorientedapproachisintroducedtoevaluatetheusabilityofclimatechangeprojectionsforhydroimpacts,and
examplesarepresented,demonstratingcapabilitiesandlimitsofcurrentCCimpactassessmentsinhydrologicalsciences.
IndexTerms–regionalclimatechangeprojections,hydrologicalimpacts,extremeevents.

1

Introduction

There is a rather large variety of methods available to derive regional climate projections (RCP).
However, the resulting projections are only rarely scrutinized for their potential applicability in
impact assessment of different scientific fields. Regarding hydrological impacts, the frequent
careless use of RCP has significantly undermined the confidence in such studies (Blöschl &
Montanari, 2010). Therefore, a scheme has been developed for evaluating regional climate
projectionsreferringtheirsuitabilityforhydrologicalimpactstudies.Theprocedurefocusesonthe
sensitivityofdifferentmeteorologicaldriversonthegoverninghydrologicalprocessesandaccounts
for different hydrological catchment status. In this paper, the method is briefly summarized and
some application examples are given. The discussion elaborates the reliability of current climate
changeimpactassessmentsforhydrologicalsciences.

2

Howtoevaluatethesuitabilityofclimatechangeprojectionsfor
hydrologicalimpactstudies

2.1

Specificrequirementsforhydrologicalimpactstudies

2.1.1

Essentialmeteorologicalvariables

Hydrologicalimpactanalysiscanhavedifferentfocalpoints,suchastherateofcertainhydrological
fluxes(e.g.evapotranspiration,groundwaterrecharge,snowmelt,surfacerunoff),thedescriptionof
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water resources state (e.g. water stored in the soil, groundwater level, snow pack, lake level,
average catchment water yield), or their combination. Depending on the actual focus, different
meteorological conditions have to be provided and are of varying relevance. For example, for an
assessmentconcerningimpactsonrunoffgenerationprocesses(e.g.infiltrationexcessorsaturationͲ
excessinducedoverlandflow)theprovisionofprecipitationinformationisessential.Ifrunoffdueto
snowmelt is discussed, temperature and (with a little less degree of importance) radiation
informationalsoneedstobeprovided.Withoutquestion,precipitationandairtemperaturearethe
most important variables for such analyses. However, other meteorological variables can be of
additional relevance, such as net radiation, air humidity, and wind velocity for plant transpiration
andsoilevaporation.

2.1.2 Scaleissues
Dependingontheprocessunderconsideration,differenttypicalspaceandtimescalesarerelevant
for an appropriate description of that process. Questions relating to climate change impacts on
water resources management need to be analyzed at the “management scale”, which is usually a
midͲsizeorlargerivercatchmentoraspatialunitforwaterallocationanddistribution.Suchspatial
domainsusuallyembraceareasofseveral1,000km²toseveral10,000km²,inexceptionalcaseseven
intheorderof100,000km².Besideswatermanagement,thisscalealsoaddressesmostvulnerability
issues of the sectors dependent on water resources, such as agriculture, energy production or
municipalwatersupply.
The time scale of decades to century is the most relevant for water management and adaptation,
that’s why climate projections should provide information for a similar time span. However, for
some“quick”hydrologicalprocessesitisofequalimportancetoprovidethedataintheappropriate
temporalresolution.If,forexample,theprocessofinfiltrationexcessisaddressed,theappropriate
timestepissmallerthandays–i.e.hoursorevenless–becausethisprocessisprimarilycontrolled
bytherainfallintensity,whichvariesinsuchrelativelyshorttimeincrements.
2.1.3 Variability
Besides the relevance of different hydrological processes and scale issues, the appropriate
representationofthevariabilityofmeteorologicalvariablesintimeandspaceisthethirdessential.
This means that an adequate consideration of the variability in time and space is required. Some
hydrological processes may show a rather high variability in space and time (such as infiltration
excess overland flow), while others (such as groundwater table dynamics) might be more
homogeneous,andthishastobereflectedbytheclimatechangeprojections.
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2.2

Asystematicevaluationscheme

A scheme for evaluation of climate projections for hydrological impact analysis, as shownin Fig 1,
hasbeendesignedalongtherequirementsoutlinedabove.Itcontainstwomainevaluationsteps:

1. “Climatic Adequateness”: This step examines the predictive power of the given climate
projectionbycheckingitsabilityto
-

represent current climate conditions (“credibility”). This involves the review of the scenario
regarding its ability to reproduce mean values, spatial and temporal variability, and extreme
conditionsoftheobservedclimatevariablesunderstudy,

-

constituteaphysicallysoundrealisationofapossiblefutureclimate(“plausibility”).Thisinvolves
thereviewofthescenarioconcerningitsabilityto
i.

representthemainregionalclimatefeatures,e.g.orographicfeatures,luffͲleeorlandͲ
seaeffects,(“regionalclimaterepresentativity”)

ii.

useavailablelargeͲscaleinformationaboutfutureclimateconditions,normallyprovided
byGCMs(“prognosticcapacity”),

iii.

avoidintroducingtoomuchuncertainty,e.g.relatedtoGCMͲresults(“reliability”).

2. “HydrologicalUsefulness”:Thissecondstepexaminestheusefulnessoftheinformationgained
inthefirststepforhydrologicalimpactanalysis:
-

First, the climatic information given by the scenarios is reviewed concerning their
appropriatenessforquantifyingdifferentrelevanthydrologicalprocesses.

-

Second,the obtainedinformationqualityaboutthe hydrological processesisreviewed
conc.theirrelevanceandappropriatenesstoassessthehydrologicalstatusofaregion.
This step distinguishes between mean water balance, longͲterm dynamics, event scale
(timescaleofarainfallͲrunoffevent,i.e.hourstoseveraldays)andextremeconditions.


Theevaluationresultsoftheclimatepredictability(stepI)andthehydrologicalusefulness(stepII)
arefinallycombinedtoyieldanintegratedhydrologicalevaluation,assummarizedinFig.1.Thefull
procedureanditsmathematicalbackgroundaredescribedinBronstertetal.,(2007).
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Fig.1:Summaryoftheevaluationschemeofclimateprojectionsforhydrologicalimpactanalysis
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3

AnapplicationforSouthGermany

The full application procedure has been applied to three different methods for regional climate
changeprojections,takingSouthGermanyasanexampleregion.Theprojectionsobtainedbythree
downscaling methods, and direct GCM results (GCMͲgrids without any further processing) are
compared. All downscaling methods have been applied for South Germany, which comprises the
FederalStatesofBavariaandBadenͲWürttemberg,coveringatotalareaof106,000km²,seeFig.2.


Fig. 2: Application region: the German federal states of BadenͲWürttemberg (left) and Bavaria
(right).Shownarealsothelocationsofdifferentlandscapesandthemainrivers.
All methods used the results from the GCM ECHAM4 (see Roeckner et al., 1999) with the global
emissionscenarioB2(IPCC,2001)ascommoninformationsourceforthefutureclimateconditions.
Thetimeperiodforverificationofthemethodswithobservedclimatehasbeenfixedas1971–2000,
the chosen common scenario period is 2021–2050. A description of these three downscaling
methods (named “REMO”, “WettReg”. “STAR”) is available in the literature, e.g. Jacob & Podzun
(1997),Enkeetal.(2005a,2005b),Werner&Gerstengarbe(1997).
4.1

Resultsoftheevaluationprocedure

Thedifferentregionalclimateprojectionshavebeenevaluated asoutlinedabove.Toevaluatethe
capabilityofrepresentingcurrentandfutureclimatethefollowingfeatureswereanalysed:
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-

SpatialvariabilityofseasonalandannualvaluesofTandP(variogramanalysis);

-

Annualandseasonaltemperature(bothspatiallyaveragedanddistributedvalues);

-

Annualandseasonalprecipitationvalues(bothspatiallyaveragedanddistributedvalues);

-

Temporalvariationsintemperaturedynamicsatselectedstations;

-

Temporalvariationsinprecipitationdynamicsatselectedstations.

Tab. 1 summarises the evaluation results referring credibility of current climate and those of
plausibilityoffutureconditions.Iiisexpressedinqualitativeterms(rated)byassigningavalue[0,3],
where0isthe“lowest”and3isthe“best”grade,e.g.0standsfornotusable,1forlowusability,2
formoderatelyusableand3forgoodusable.ThenumbersshowninTab.1arederivedbycombining
theevaluationresultsforallsinglecriteria,seeBronstertetal.,(2007)fordetails.




STAR

WettReg

REMO

GCM

P
T

1.7

2.0

1.0

1.0

2.3

2.0

1.0

1.0

Vt(P)

1.3

1.7

2.0

1.0

Vt(T)

2.3

2.0

2.0

1.7

space

Vs(P)

n/a

1.3

1.0

0.3

Vs(T)

n/a

2.0

1.0

1.0

time

Vxt(P)

1.0

1.0

1.0

0.0

Vxt(T)

2.0

1.3

1.0

1.0

Vxs(P)

n/a

1.0

1.0

0.0

Vxs(T)

n/a

1.0

1.0

1.0

averageconditions
variability

extreme
variability

time

space

Xi 

Tab.1:Evaluationoftheregionalclimatepredictability(0isthe“worst”and3isthe“best”grade).
In the second main step, the hydrological usefulness of the projections has been scrutinized for
differenthydrologicalprocessesandconditions,seeTab.2forasummaryofthisstep.

hydrologicalprocesses
meanseasonalcatchmentrunoff
evapotranspiration
soilmoisturedynamicsandgroundwaterrecharge
snowmelt
hydrologicalconditions(regionalstatus)
moderatefloodingconditions
extremefloodingconditions
lowflowconditions

STAR

WettReg

1.6
1.6
1.3
1.3

1.5
1.6
1.5
1.3

1.0
0.5
1.1

1.3
1.0
1.3

REMO

1.2
1.4
1.2
1.2

1.2
1.2
1.4

GCM
1.0
1.0
0.9
0.9
0.6
0.3
0.6

Tab.2:Summaryofthefinalhydrologicalevaluations(0isthe“worst”and3isthe“best”grade,e.g.,
assignedwiththefollowingmeaning:0=“fail”,1=“modest”,2=satisfactory,3=“good”).
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The results show that the hydrological evaluation of climate change projections yields rather
different levels of adequateness, depending on the hydrological processes under study. A rather
general conclusion is that impacts induced by processes governed by temperature conditions (e.g.
evaporation, snow melt) can be assessed more reliably than the ones governed by precipitation
features(e.g.runoffgeneration,floods).Itbecameveryclearthatregionalclimatechangescenarios
derivedfromappropriatedownscalingmethodsimprovestheirsuitabilitycomparedwithdirectuse
ofGCMresults.ThismeansthatdirectuseofGCMresultsforregionalhydrologicalimpactanalysis
cannot be recommended. However, even all the regional climate change scenario methods
investigatedareofratherlimitedvalueforextremehydrologicalconditions.

4

Discussion

A stringent procedure has been developed to investigate the usability of CC projections for
hydrological impact assessments. The author is confident that this principle procedure could be
adaptedforapplicationstootherdisciplines,suchasecology,orurbanstudies.
For the specific case study presented here, one could see that the analysed downscaling scenario
techniquesareoflittlevalueifhydrologicalextremeconditionsareunderquestion.Thisis–onthe
onehand–aratheruncomfortableifnotundesirableconclusion,becausemanyimportantissuesof
watermanagementarelinkedtohydrologicalextremesandtheassessmentofwatermanagement
optionsina changed climateisofveryhighimportance. On theotherhand, thisconclusionisnot
reallysurprisingsincethe largestuncertaintiesinhydrologyand hydrological modellingarealways
relatedtoextreme(veryrare)conditions,beitinthecontextofclimatechangeorothers.
Theshownevaluationresultsindifferentlevelsofadequacy,dependingonthehydrologicalprocess
understudy.Ingeneral,projectionsofhydrologicalconditionsgovernedbytemperatureconditions
(e.g. evaporation, snowmelt) are ‘more useful’ than the projections governed by precipitation
characteristics (e.g. runoff generation, floods). All regional climate change scenario methods
investigated are of rather limited value for extreme hydrological conditions. It becomes apparent
thatregionalclimateprojectionsshouldonlybeusedforhydrologicalimpactanalysisifthespatialͲ
temporaldynamicsofthegoverninghydrologicalprocessescanberepresented.

5

Outlook

Studyinghydrologicalimpactsonclimatechangerequirecarefulconsiderationofthecapabilitiesand
limits of the modelling chain required in such studies. On the one hand, the tools to derive the
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regionalclimateprojectionshavealimitedvalidityonly,butthevaliditymakesthemusableforsome
typical impacts related to warming (and less to precipitation differences). Such studies have been
presented,e.g.byHattermannetal(2007)fortheevaporationoverGermanyandbyTecklenburget
al.(2012)forsnowandicemeltconditionsinhighmountainareasoftheEasternAlps.Hydrological
extremes,inparticularfloodsare–bytheirnature–subjectofhighvariabilityintimeandspaceand
ofhighmeasurementandmodellinguncertainty,asdemonstratedbyHuangetal(2013).Thatiswhy
using the standardͲtype available regional CC projections as driving meteorological fields for the
impact assessment referring hydrological extremes can be not much more than a sensitivity study
andisofratherlimitedvalueformanagementdecisions.

6
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ŚŝŶĂ
ϳ
/ŶƐƚŝƚƵƚĞŽĨWŚǇƐŝĐĂů'ĞŽŐƌĂƉŚǇ͕'ŽĞƚŚĞhŶŝǀĞƌƐŝƚǇ&ƌĂŶŬĨƵƌƚ͕&ƌĂŶŬĨƵƌƚĂŵDĂŝŶ͕'ĞƌŵĂŶǇ
ϴ
DĂǆWůĂŶĐŬ/ŶƐƚŝƚƵƚĞĨŽƌDĞƚĞŽƌŽůŽŐǇ͕,ĂŵďƵƌŐ͕'ĞƌŵĂŶǇ
ϵ
DĂǆWůĂŶĐŬ/ŶƐƚŝƚƵƚĞĨŽƌŝŽŐĞŽĐŚĞŵŝƐƚƌǇ͕:ĞŶĂ͕'ĞƌŵĂŶǇ
ϭϬ
WŽƚƐĚĂŵ/ŶƐƚŝƚƵƚĞĨŽƌůŝŵĂƚĞ/ŵƉĂĐƚZĞƐĞĂƌĐŚ͕WŽƚƐĚĂŵ͕'ĞƌŵĂŶǇ
ϭϭ
^ĐŚŽŽůŽĨ'ĞŽŐƌĂƉŚǇ͕hŶŝǀĞƌƐŝƚǇŽĨEŽƚƚŝŶŐŚĂŵ͕EŽƚƚŝŶŐŚĂŵ͕hŶŝƚĞĚ<ŝŶŐĚŽŵ
ϭϮ
tĂŐĞŶŝŶŐĞŶhŶŝǀĞƌƐŝƚǇĂŶĚZĞƐĞĂƌĐŚĞŶƚƌĞ͕tĂŐĞŶŝŶŐĞŶ͕EĞƚŚĞƌůĂŶĚƐ
ϭϯ
tĂůŬĞƌ/ŶƐƚŝƚƵƚĞ͕hŶŝǀĞƌƐŝƚǇŽĨZĞĂĚŝŶŐ͕hŶŝƚĞĚ<ŝŶŐĚŽŵ

ďƐƚƌĂĐƚͶ ZƵŶŽĨĨƉƌŽũĞĐƚŝŽŶƐĨƌŽŵ/^/ͲD/W;/ŶƚĞƌͲƐĞĐƚŽƌĂů/ŵƉĂĐƚDŽĚĞů/ŶƚĞƌĐŽŵƉĂƌŝƐŽŶWƌŽũĞĐƚͿƐŝŵƵͲ
ůĂƚŝŽŶƐĨŽƌĐĞĚďǇ,ĂĚ'DϮͲ^ďŝĂƐĐŽƌƌĞĐƚĞĚĐůŝŵĂƚĞĚĂƚĂĨŽƌƚŚĞZĞƉƌĞƐĞŶƚĂƚŝǀĞŽŶĐĞŶƚƌĂƚŝŽŶWĂƚŚͲ
ǁĂǇƐϮ͘ϲĂŶĚϴ͘ϱŚĂǀĞďĞĞŶĂŶĂůǇƐĞĚ͘ŝĨĨĞƌĞŶĐĞƐďĞƚǁĞĞŶƌƵŶŽĨĨƉƌŽũĞĐƚŝŽŶƐĨƌŽŵŵŽĚĞůƐŝŶƚŚĞŚǇͲ
ĚƌŽůŽŐŝĐĂůĂŶĚĞĐŽƐǇƐƚĞŵƐƐĞĐƚŽƌƐǁĞƌĞĂƐƐĞƐƐĞĚĨŽƌZWϮ͘ϲ͕ĂƐŚĂƐďĞĞŶĚŽŶĞƉƌĞǀŝŽƵƐůǇĨŽƌZWϴ͘ϱ͕ƚŽ
ŝŶǀĞƐƚŝŐĂƚĞǁŚĞƚŚĞƌƚŚĞƐĞĚĞƉĞŶĚŽŶĨƵƚƵƌĞƐĐĞŶĂƌŝŽ͘dŚĞĞĐŽƐǇƐƚĞŵŵŽĚĞůƐƚĞŶĚĞĚƚŽƉƌĞĚŝĐƚůĂƌŐĞƌ
ŝŶĐƌĞĂƐĞƐĂŶĚƐŵĂůůĞƌĚĞĐƌĞĂƐĞƐŝŶƌƵŶŽĨĨƚŚĂŶƚŚĞŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐĨŽƌZWϮ͘ϲ͕ĂƐǁĂƐĂůƐŽĨŽƵŶĚĨŽƌ
ZWϴ͘ϱ͕ ŚŽǁĞǀĞƌƚŚŝƐǁĂƐůĞƐƐ ĐůĞĂƌĨŽƌƚŚĞĂŐŐƌĞƐƐŝǀĞŵŝƚŝŐĂƚŝŽŶƐĐĞŶĂƌŝŽ͘/ƚǁĂƐ ĂůƐŽĨŽƵŶĚƚŚĂƚƚŚĞ
ĚŝĨĨĞƌĞŶĐĞƐŝŶƐƉĂƚŝĂůƉĂƚƚĞƌŶƐďĞƚǁĞĞŶƌƵŶŽĨĨƉƌŽũĞĐƚŝŽŶƐǁŝƚŚKϮǀĂƌǇŝŶŐĂŶĚŬĞƉƚĐŽŶƐƚĂŶƚĂƚϮϬϬϬ
ĐŽŶĐĞŶƚƌĂƚŝŽŶƐǁĞƌĞƐŝŵŝůĂƌĨŽƌƚŚĞƚǁŽĨƵƚƵƌĞƐĐĞŶĂƌŝŽƐZWϮ͘ϲĂŶĚZWϴ͘ϱ͘ŶŽƚŚĞƌĚŝĨĨĞƌĞŶĐĞĨŽƵŶĚ
ďĞƚǁĞĞŶƚŚĞƚǁŽ ƐĐĞŶĂƌŝŽƐ ǁĂƐƚŚĂƚĨŽƌƚŚĞƐĂŵĞĂŵŽƵŶƚŽĨ ŝŶĐƌĞĂƐĞŝŶƉƌĞĐŝƉŝƚĂƚŝŽŶ͕ ƚŚĞƌĞǁĂƐůĞƐƐ
ŝŶĐƌĞĂƐĞŝŶƌƵŶŽĨĨĨƌŽŵZWϮ͘ϲƚŚĂŶŚĂĚďĞĞŶĨŽƵŶĚĨŽƌZWϴ͘ϱƉƌĞǀŝŽƵƐůǇ͕ƐƵŐŐĞƐƚŝŶŐƚŚĂƚĚŝĨĨĞƌĞŶĐĞƐ
ďĞƚǁĞĞŶƚŚĞƐĐĞŶĂƌŝŽƐĂĨĨĞĐƚĞĚƚŚĞŝŶĨůƵĞŶĐĞŽĨĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ͘KǀĞƌĂůů͕ƚŚĞƌĞŝƐŶŽƚĂďůĞǀĂƌŝĂƚŝŽŶ
ďĞƚǁĞĞŶŝŵƉĂĐƚƐŵŽĚĞůƐĞǀĞŶǁŚĞŶĨŽƌĐĞĚǁŝƚŚĐŽŵŵŽŶĐůŝŵĂƚĞĚĂƚĂ͕ĨŽƌďŽƚŚůŽǁͲĂŶĚŚŝŐŚͲĞŶĚƐĐĞͲ
ŶĂƌŝŽƐ͘

/ŶĚĞǆdĞƌŵƐͶ/^/ͲD/W͕ŵƵůƚŝƉůĞŝŵƉĂĐƚŵŽĚĞůƐ͕ƌƵŶŽĨĨ
ͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶ

ϭ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
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ϭ

/ŶƚƌŽĚƵĐƚŝŽŶ


ƚƚŚĞŐůŽďĂůƐĐĂůĞ͕ƉƌŽũĞĐƚŝŽŶƐŽĨĨƵƚƵƌĞĨƌĞƐŚǁĂƚĞƌĂǀĂŝůĂďŝůŝƚǇŵĂǇďĞƉƌŽǀŝĚĞĚďǇĚŝĨĨĞƌĞŶƚŵŽĚĞůůŝŶŐ
ĂƉƉƌŽĂĐŚĞƐ͕ƉŽƚĞŶƚŝĂůůǇƉƌŽĚƵĐŝŶŐĚŝĨĨĞƌĞŶƚƌĞƐƵůƚƐ͕ĞǀĞŶǁŝƚŚĐŽŵŵŽŶĨŽƌĐŝŶŐĚĂƚĂ͘&ŽƌĞǆĂŵƉůĞ͕ŐůŽďĂů
ŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐ;',DƐͿ͕ĂŶĚůĂŶĚƐƵƌĨĂĐĞŵŽĚĞůƐ;>^DƐͿƐŚŽǁĞĚĐŽŶƐŝĚĞƌĂďůĞĚŝĨĨĞƌĞŶĐĞƐŝŶƐŝŵƵͲ
ůĂƚŝŶŐƚŚĞƉƌĞƐĞŶƚͲĚĂǇǁĂƚĞƌďĂůĂŶĐĞ;,ĂĚĚĞůĂŶĚĞƚĂů͕͘ϮϬϭϭͿ͕ƐƵŐŐĞƐƚŝŶŐƚŚĂƚŝŵƉĂĐƚŵŽĚĞůĚŝĨĨĞƌĞŶĐĞƐ
ĂƌĞĂŵĂũŽƌƐŽƵƌĐĞŽĨƵŶĐĞƌƚĂŝŶƚǇ͕ĂŶĚƚŚĂƚďŽƚŚŵƵůƚŝƉůĞĐůŝŵĂƚĞŵŽĚĞůƐĂŶĚŵƵůƚŝƉůĞŝŵƉĂĐƚŵŽĚĞůƐ
ŶĞĞĚƚŽďĞĐŽŶƐŝĚĞƌĞĚĨŽƌŝŵƉĂĐƚƐĂƐƐĞƐƐŵĞŶƚƐ͘

dŚĞ/ŶƚĞƌͲƐĞĐƚŽƌĂů/ŵƉĂĐƚDŽĚĞů/ŶƚĞƌĐŽŵƉĂƌŝƐŽŶWƌŽũĞĐƚ;/^/ͲD/WͿŝƐĂĐŽŵŵƵŶŝƚǇͲĚƌŝǀĞŶŵŽĚĞůůŝŶŐĞĨͲ
ĨŽƌƚƚŽƉƌŽǀŝĚĞĐƌŽƐƐͲƐĞĐƚŽƌĂůŐůŽďĂůŝŵƉĂĐƚĂƐƐĞƐƐŵĞŶƚƐ;tĂƌƐǌĂǁƐŬŝĞƚĂů͕͘ϮϬϭϯͿďĂƐĞĚŽŶĐŽŵŵŽŶ
ĐůŝŵĂƚĞĂŶĚƐŽĐŝŽͲĞĐŽŶŽŵŝĐƐĐĞŶĂƌŝŽƐƵƐŝŶŐŵƵůƚŝƉůĞŝŵƉĂĐƚŵŽĚĞůƐ͘ZƵŶŽĨĨƉƌŽũĞĐƚŝŽŶƐǁĞƌĞƉƌŽǀŝĚĞĚ
ďǇďŽƚŚŚǇĚƌŽůŽŐŝĐĂůĂŶĚĞĐŽƐǇƐƚĞŵƐĞĐƚŽƌŵŽĚĞůƐ͘

sĞŐĞƚĂƚŝŽŶĚǇŶĂŵŝĐƐŵĂǇĂůƚĞƌƚŚĞĨƵƚƵƌĞƌƵŶŽĨĨƌĞƐƉŽŶƐĞďǇĂůƚĞƌŝŶŐƚŚĞĞŶĞƌŐǇĂŶĚǁĂƚĞƌĨůƵǆĞƐ͘&Žƌ
ĞǆĂŵƉůĞ͕ŵŽĚĞůƐǁŝƚŚǀĞŐĞƚĂƚŝŽŶĐŚĂŶŐĞŵĂǇĞŶŚĂŶĐĞƚŚĞĂĚǀĂŶĐĞŵĞŶƚŽĨƚŚĞƐƉƌŝŶŐƐŶŽǁŵĞůƚƉĞĂŬ
ƐĞĞŶŝŶƐŽŵĞďĂƐŝŶƐ;Ğ͘Ő͘&ĂůůŽŽŶĞƚĂů͕͘ϮϬϬϲͿŵŽƌĞƚŚĂŶŵŽĚĞůƐǁŝƚŚŽƵƚ͕ďǇƐƵƌĨĂĐĞǁĂƌŵŝŶŐĨƌŽŵƉƌŽͲ
ũĞĐƚĞĚŚŝŐŚůĂƚŝƚƵĚĞĨŽƌĞƐƚĞǆƉĂŶƐŝŽŶ;&ĂůůŽŽŶĞƚĂů͕͘ϮϬϭϮͿ͘KŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ƉƌŽũĞĐƚĞĚŵĂǌŽŶĨŽƌĞƐƚ
ĐŽǀĞƌůŽƐƐƌĞĚƵĐĞƐĞǀĂƉŽƌĂƚŝŽŶ͕ǁŝƚŚůĞƐƐŵĂƌŬĞĚƐĞĂƐŽŶĂůĚŝĨĨĞƌĞŶĐĞƐ;&ĂůůŽŽŶĞƚĂů͕͘ϮϬϭϮͿ͕ƐŽƚŚĞŝŵͲ
ƉĂĐƚŽŶƌƵŶŽĨĨŵĂǇĂůƐŽďĞŵŽƌĞĞǀĞŶƐĞĂƐŽŶĂůůǇ͘,ŽǁĞǀĞƌ͕ƚŚĞƐĞĐŚĂŶŐĞƐǁŝůůŶŽƚĨĞĞĚďĂĐŬƚŽƚŚĞĐůŝͲ
ŵĂƚĞŝŶƚŚĞƐƚĂŶĚͲĂůŽŶĞŵŽĚĞůƐ͘

/ŶƚĞƌͲŵŽĚĞůĚŝĨĨĞƌĞŶĐĞƐŝŶƌƵŶŽĨĨŵĂǇĂƌŝƐĞĨƌŽŵƚŚĞŝŶĐůƵƐŝŽŶŽĨƐƉĞĐŝĨŝĐƉƌŽĐĞƐƐĞƐƐƵĐŚĂƐĞůĞǀĂƚĞĚKϮ
ŝŵƉĂĐƚƐŽŶƚƌĂŶƐƉŝƌĂƚŝŽŶ;'ĞĚŶĞǇĞƚĂů͕͘ϮϬϬϲ͖ĞƚƚƐĞƚĂů͕͘ϮϬϬϳͿ͘&ŽƌŝŶƐƚĂŶĐĞ͕,ĂĚĞůůĂŶĚĞƚĂů͘;ϮϬϭϭͿ͕
ĨŽƵŶĚůĂƌŐĞĚŝĨĨĞƌĞŶĐĞƐŝŶƌĞƐƉŽŶƐĞďĞƚǁĞĞŶƚŚĞ',DƐƐƚƵĚŝĞĚŝŶĐůƵĚŝŶŐKϮŝŵƉĂĐƚƐŽŶǀĞŐĞƚĂƚŝŽŶĂŶĚ
ƚŚŽƐĞŶŽƚŝŶĐůƵĚŝŶŐƚŚĞŵ;,ĂŐĞŵĂŶŶĞƚĂů͕͘ϮϬϭϮͿ͘

WƌĞǀŝŽƵƐůǇ͕ǁĞĨŽƵŶĚŶŽƚĂďůĞĚŝĨĨĞƌĞŶĐĞƐďĞƚǁĞĞŶŚǇĚƌŽůŽŐŝĐĂůĂŶĚĞĐŽƐǇƐƚĞŵƐŵŽĚĞůƐ͛ƉƌŽũĞĐƚŝŽŶƐŽĨ
ƌĞŐŝŽŶĂůůǇĂǀĞƌĂŐĞĚƌƵŶŽĨĨǁŝƚŚƚŚĞZWϴ͘ϱƐĐĞŶĂƌŝŽ͘,ǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐƚĞŶĚĞĚƚŽŐŝǀĞůĂƌŐĞƌĚĞͲ
ĐƌĞĂƐĞƐĂŶĚƐŵĂůůĞƌŝŶĐƌĞĂƐĞƐŝŶƌƵŶŽĨĨƚŚĂŶĞĐŽƐǇƐƚĞŵƐŵŽĚĞůƐďĞƚǁĞĞŶϭϵϴϭͲϮϬϭϬĂŶĚϮϬϳϬͲϮϬϵϵ
;ĂǀŝĞĞƚĂů͕͘ϮϬϭϯͿ͘dŚĞƌĞǁĂƐǀĂƌŝĂƚŝŽŶƌĞŐŝŽŶĂůůǇĂŶĚƚĞŵƉŽƌĂůůǇ͕ǁŝƚŚŵŽƐƚƌĞŐŝŽŶƐƐŚŽǁŝŶŐŵŽĚĞů
ĂŐƌĞĞŵĞŶƚŽŶƚŚĞĚŝƌĞĐƚŝŽŶŽĨĐŚĂŶŐĞ͘tĞƐƚĞƌŶĨƌŝĐĂ͕ŚŽǁĞǀĞƌ͕ŚĂĚůŽǁĐŽŶƐĞŶƐƵƐǁŝƚŚŐĞŶĞƌĂůůǇŽƉͲ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
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ƉŽƐŝƚĞĚŝƌĞĐƚŝŽŶƐŽĨĐŚĂŶŐĞƉƌŽũĞĐƚĞĚďǇŚǇĚƌŽůŽŐŝĐĂůĂŶĚĞĐŽƐǇƐƚĞŵƐŵŽĚĞůƐ͘>ŽŽŬŝŶŐŝŶƚŽƉƌŽĐĞƐƐĞƐ
ƚŚĂƚŵĂǇĐŽŶƚƌŝďƵƚĞƚŽƚŚĞƐĞĚŝĨĨĞƌĞŶĐĞƐ͕ƐĞŶƐŝƚŝǀŝƚǇĞǆƉĞƌŝŵĞŶƚƐǁĞƌĞŝŶǀĞƐƚŝŐĂƚĞĚ͘dŚĞŝŵƉĂĐƚŽĨǀĂƌǇͲ
ŝŶŐKϮŽŶƌƵŶŽĨĨƉƌŽũĞĐƚŝŽŶƐǁĂƐŝŶĐŽŶƐŝƐƚĞŶƚĂĐƌŽƐƐƚŚĞĞĐŽƐǇƐƚĞŵƐƐĞĐƚŽƌŵŽĚĞůƐ͕ƉƌŽďĂďůǇĚƵĞƚŽ
ĚŝĨĨĞƌŝŶŐƐƚƌĞŶŐƚŚƐŽĨƉƌŽĐĞƐƐĞƐǁŚĞƌĞďǇKϮĞŶŚĂŶĐĞƐĂŶĚƌĞĚƵĐĞƐĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶďĞƚǁĞĞŶƚŚĞ
ŵŽĚĞůƐ͘ĂƐĞĚŽŶůǇŽŶƐĞŶƐŝƚŝǀŝƚǇƌƵŶƐĨŽƌƚŚĞĞĐŽƐǇƐƚĞŵŵŽĚĞů:h>^͕ƚŚĞĞĨĨĞĐƚƐŽĨǀĞŐĞƚĂƚŝŽŶĚŝƐƚƌŝͲ
ďƵƚŝŽŶŽŶƌƵŶŽĨĨĐŚĂŶŐĞǀĂƌŝĞĚƌĞŐŝŽŶĂůůǇ͕ĂŶĚǁĞƌĞŵƵĐŚƐŵĂůůĞƌƚŚĂŶƉƌŽũĞĐƚĞĚĐŚĂŶŐĞƐŽǀĞƌƚŝŵĞ͘
,ŽǁĞǀĞƌ͕ĚŝĨĨĞƌĞŶĐĞƐďĞƚǁĞĞŶƌƵŶƐǁŝƚŚǀĂƌǇŝŶŐĂŶĚĐŽŶƐƚĂŶƚKϮǁĞƌĞŽĨƐŝŵŝůĂƌŵĂŐŶŝƚƵĚĞƚŽƚŚĞ
ĐŚĂŶŐĞŽǀĞƌƚŝŵĞŝŶƐŽŵĞƌĞŐŝŽŶƐ͘

ůŝŵŝƚĂƚŝŽŶŽĨƚŚĞƉƌĞǀŝŽƵƐƐƚƵĚǇǁĂƐƚŚĂƚŝƚǁĂƐďĂƐĞĚŽŶĂŚŝŐŚͲĞŶĚĨƵƚƵƌĞĞŵŝƐƐŝŽŶƐƐĐĞŶĂƌŝŽ;ZW
ϴ͘ϱͿĂŶĚŵŽĚĞůĚŝĨĨĞƌĞŶĐĞƐŵĂǇǀĂƌǇďĞƚǁĞĞŶƐĐĞŶĂƌŝŽƐ͘dŚĞƌĞĨŽƌĞ͕ƚŚŝƐƉĂƉĞƌĂŝŵƐƚŽĂƐƐĞƐƐĚŝĨĨĞƌͲ
ĞŶĐĞƐďĞƚǁĞĞŶŝŵƉĂĐƚŵŽĚĞůƐďĂƐĞĚŽŶƚŚĞĨƵƚƵƌĞƐĐĞŶĂƌŝŽZWϮ͘ϲ͕ƐƉĂƚŝĂůůǇĂŶĚƚŚƌŽƵŐŚƌĞŐŝŽŶĂůĂŶĚ
ŐůŽďĂůĂǀĞƌĂŐĞƐ͕ĂŶĚƚŽĐŽŶƐŝĚĞƌŚŽǁƚŚŝƐĐŽŵƉĂƌĞƐǁŝƚŚZWϴ͘ϱ͘

Ϯ

DĞƚŚŽĚŽůŽŐǇ


tĞŚĂǀĞĂŶĂůǇƐĞĚĂǀĂŝůĂďůĞŵŽŶƚŚůǇƌƵŶŽĨĨĚĂƚĂĨƌŽŵĂƌĂŶŐĞŽĨŝŵƉĂĐƚƐŵŽĚĞůƌƵŶƐĨƌŽŵ/^/ͲD/W;tĂƌͲ
ƐǌĂǁƐŬŝĞƚĂů͕͘ϮϬϭϯͿ͕ĐŽǀĞƌŝŶŐƚŚĞĞĐŽƐǇƐƚĞŵƐĂŶĚŚǇĚƌŽůŽŐǇƐĞĐƚŽƌƐ;dĂďůĞϭͿ͕ĨŽƌĐĞĚďǇďŝĂƐͲĐŽƌƌĞĐƚĞĚ
,ĂĚ'DϮͲ^ĐůŝŵĂƚĞĚĂƚĂ;,ĞŵƉĞůĞƚĂů͕͘ϮϬϭϯͿ͘tĞĐŽŶƐŝĚĞƌĞĚƚǁŽĨƵƚƵƌĞƐĐĞŶĂƌŝŽƐ͕ZWϮ͘ϲĂŶĚ
ZWϴ͘ϱ͕ĨŽƌĂůůĂǀĂŝůĂďůĞŵŽĚĞůƐ͘dŚĞĚĂƚĂǁĂƐŐĞŶĞƌĂůůǇŽŶĂϬ͘ϱǑǆϬ͘ϱǑŐƌŝĚ͕ďƵƚĂϭ͘ϮϱǑǆϭ͘ϴϳϱǑŐƌŝĚ
ĨŽƌ:h>^ĂŶĚ:Ğŝ͘
dĂďůĞϭͲ/ŵƉĂĐƚŵŽĚĞůƐƵƐĞĚĂŶĚƚŚĞŝƌƌĞĨĞƌĞŶĐĞƐ
DŽĚĞůEĂŵĞ
ZĞĨĞƌĞŶĐĞƐ
,ǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐ



,

dĂŶŐĞƚĂů͘;ϮϬϬϲ͕ϮϬϬϳͿ

s/

>ŝĂŶŐĞƚĂů͘;ϭϵϵϰͿ

tD

sƂƌƂƐŵĂƌƚǇĞƚĂů͘;ϭϵϵϴͿ

DĂĐWD͘Ϭϵ

ƌŶĞůů;ϭϵϵϵͿ͖'ŽƐůŝŶŐĞƚĂů͘;ϮϬϭϬͿ

DW/Ͳ,D

,ĂŐĞŵĂŶŶĂŶĚ'ĂƚĞƐ;ϮϬϬϯͿ͖^ƚĂĐŬĂŶĚ,ĂŐĞŵĂŶŶ;ϮϬϭϮͿ

tĂƚĞƌ'W

ůĐĂŵŽĞƚĂů͘;ϮϬϬϯͿ͖ƂůůĞƚĂů͘;ϮϬϬϯ͕ϮϬϭϮͿ͖&ůƂƌŬĞĞƚĂů͘;ϮϬϭϯͿ

,Ϭϴ

,ĂŶĂƐĂŬŝĞƚĂů͘;ϮϬϬϴĂ͕ďͿ

ĐŽƐǇƐƚĞŵŵŽĚĞůƐ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

>W:ŵ>

ŽŶĚĞĂƵĞƚĂů͘;ϮϬϬϳͿ͖ZŽƐƚĞƚĂů͘;ϮϬϬϴͿ

:h>^

ůĂƌŬĞƚĂů͘;ϮϬϭϭͿ͖ĞƐƚĞƚĂů͘;ϮϬϭϭͿ

s/^/d

/ƚŽĂŶĚ/ŶĂƚŽŵŝ;ϮϬϭϭͿ

:Ğŝ

WĂǀůŝĐŬĞƚĂů͘;ϮϬϭϮͿ


tĞĂƐƐĞƐƐĞĚƚŚĞƉƌŽũĞĐƚĞĚĐŚĂŶŐĞƐŝŶƌƵŶŽĨĨĨŽƌZWϮ͘ϲ;ƌĂƚŚĞƌƚŚĂŶZWϴ͘ϱĂƐŝŶĂǀŝĞĞƚĂů͕͘ϮϬϭϯͿ͕ďǇ
ĐŽŵƉĂƌŝŶŐϯϬͲǇĞĂƌŚŝƐƚŽƌŝĐĂů;ϭϵϴϭͲϮϬϭϬͿĂŶĚĨƵƚƵƌĞ;ϮϬϳϬͲϮϬϵϵͿƌĞŐŝŽŶĂůĂǀĞƌĂŐĞƐŽǀĞƌůĂŶĚ'ŝŽƌŐŝƌĞͲ
ŐŝŽŶƐ;'ŝŽƌŐŝĂŶĚŝ͕ϮϬϬϱ͖ZƵŽƐƚĞĞŶŽũĂ͕ϮϬϬϯͿĂŶĚĂǀĞƌĂŐĞĂŶŶƵĂůĐǇĐůĞƐŽǀĞƌϭϬǇĞĂƌƉĞƌŝŽĚƐ͕ϭϵϴϭͲ
ϭϵϵϬĂŶĚϮϬϴϭͲϮϬϵϬ͘

dŚĞŵĂŝŶƐŝŵƵůĂƚŝŽŶƐĂŶĂůǇƐĞĚŝŶƚŚŝƐƐƚƵĚǇǁĞƌĞ/^/ͲD/W͞ŵŝŶŝŵĂůƐĞƚƚŝŶŐƐ͟ƐŝŵƵůĂƚŝŽŶƐ;tĂƌƐǌĂǁƐŬŝĞƚ
Ăů͕͘ϮϬϭϯͿ͘ƐƵďƐĞƚŽĨĞĐŽƐǇƐƚĞŵƐŵŽĚĞůƐĐĂƌƌŝĞĚŽƵƚƐĞŶƐŝƚŝǀŝƚǇĞǆƉĞƌŝŵĞŶƚƐŝŶĐůƵĚŝŶŐǀĂƌǇŝŶŐKϮ;ĂƐ
ƐƉĞĐŝĨŝĞĚĨŽƌƚŚĞZWƐĐĞŶĂƌŝŽͿŽƌĐŽŶƐƚĂŶƚKϮ;ŬĞƉƚĂƚƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨƚŚĞǇĞĂƌϮϬϬϬͿĂŶĚĚǇŶĂŵŝĐ
ŽƌƐƚĂƚŝĐǀĞŐĞƚĂƚŝŽŶĚŝƐƚƌŝďƵƚŝŽŶƐ͕ǁŚŝĐŚǁĞƌĞƵƐĞĚƚŽŝŶǀĞƐƚŝŐĂƚĞƚŚĞŝŵƉŽƌƚĂŶĐĞŽĨŝŶĚŝǀŝĚƵĂůƉƌŽĐĞƐƐĞƐ͘

^ĐĂƚƚĞƌƉůŽƚƐŽĨƌĞŐŝŽŶĂůůǇĂǀĞƌĂŐĞĚƉƌĞĐŝƉŝƚĂƚŝŽŶĐŚĂŶŐĞĂŐĂŝŶƐƚƌĞŐŝŽŶĂůůǇĂǀĞƌĂŐĞĚƌƵŶŽĨĨĐŚĂŶŐĞĨŽƌ
ZWϮ͘ϲ ǁĞƌĞ ĐƌĞĂƚĞĚ ǁŝƚŚ ƚŚĞ ŵŝŶŝŵĂů ƐĞƚƚŝŶŐ ŵŽĚĞů ƌƵŶƐ͕ ƚŽ ĐŽŵƉĂƌĞ ĞĐŽƐǇƐƚĞŵ ĂŶĚ ŚǇĚƌŽůŽŐŝĐĂů
ŵŽĚĞůƌĞƐƉŽŶƐĞƐƚŽƉƌĞĐŝƉŝƚĂƚŝŽŶĐŚĂŶŐĞŝŶĚŝĨĨĞƌĞŶƚ'ŝŽƌŐŝƌĞŐŝŽŶƐ͕ĂŶĚǁŝƚŚƚŚĞƐĞŶƐŝƚŝǀŝƚǇƌƵŶƐĨƌŽŵ
ƚŚĞĞĐŽƐǇƐƚĞŵŵŽĚĞů:h>^͕ƚŽŝŶǀĞƐƚŝŐĂƚĞƚŚĞ ĞĨĨĞĐƚƐŽĨǀĂƌǇŝŶŐKϮŽƌĐŽŶƐƚĂŶƚKϮĂŶĚĚǇŶĂŵŝĐŽƌ
ƐƚĂƚŝĐǀĞŐĞƚĂƚŝŽŶĚŝƐƚƌŝďƵƚŝŽŶ͘ WůŽƚƐŽĨŚŝƐƚŽƌŝĐĂůĂŶĚ ĨƵƚƵƌĞ ĂŶŶƵĂůĐǇĐůĞƐŽĨ ƌƵŶŽĨĨ ĂŶĚƚŚĞĐŚĂŶŐĞŝŶ
ĂŶŶƵĂůĐǇĐůĞƐĨŽƌĨŽƵƌ'ŝŽƌŐŝƌĞŐŝŽŶƐ;ŵĂǌŽŶŝĂ͕tĞƐƚĞƌŶĨƌŝĐĂ͕^ŽƵƚŚĞƌŶƐŝĂĂŶĚůĂƐŬĂĂŶĚtĞƐƚĞƌŶ
ĂŶĂĚĂͿǁĞƌĞĂůƐŽĐƌĞĂƚĞĚĨŽƌƚŚĞŵŝŶŝŵĂůƐĞƚƚŝŶŐƐƌƵŶƐ͘dŚĞƐĞĂƌĞĞƋƵŝǀĂůĞŶƚƚŽƉůŽƚƐŝŶĂǀŝĞĞƚĂů͘
;ϮϬϭϯͿĨŽƌZWϴ͘ϱ͕ƐŽĨŝŶĚŝŶŐƐĨŽƌƚŚĞƚǁŽƐĐĞŶĂƌŝŽƐŵĂǇďĞĐŽŵƉĂƌĞĚĚŝƌĞĐƚůǇ͘DĂƉƐŽĨƚŚĞƌĞůĂƚŝǀĞĚŝĨͲ
ĨĞƌĞŶĐĞŝŶĨƵƚƵƌĞĂǀĞƌĂŐĞƌƵŶŽĨĨďĞƚǁĞĞŶǀĂƌǇŝŶŐĂŶĚĐŽŶƐƚĂŶƚKϮƌƵŶƐǁĞƌĞŵĂĚĞĨŽƌďŽƚŚƐĐĞŶĂƌŝŽƐ
ƵƐŝŶŐ ĞĂĐŚ ĞĐŽƐǇƐƚĞŵ ŵŽĚĞů͛Ɛ ƐŝŵƵůĂƚŝŽŶƐ ƚŽ ůŽŽŬ Ăƚ ǁŚĞƚŚĞƌ ƚŚĞƌĞ ǁĞƌĞ ĚŝĨĨĞƌĞŶƚ ĞĨĨĞĐƚƐ ŝŶ ƚŚĞ ƚǁŽ
ƚǇƉĞƐŽĨĞǆƉĞƌŝŵĞŶƚ͘dŝŵĞƐĞƌŝĞƐŽĨϵͲǇĞĂƌƌƵŶŶŝŶŐŵĞĂŶŐůŽďĂůĂǀĞƌĂŐĞƌƵŶŽĨĨǁĞƌĞƉůŽƚƚĞĚĨŽƌƚŚĞĞĐŽͲ
ƐǇƐƚĞŵŵŽĚĞůƐƌƵŶƐǁŝƚŚǀĂƌǇŝŶŐKϮĂŶĚĐŽŶƐƚĂŶƚKϮƵŶĚĞƌďŽƚŚZWϮ͘ϲĂŶĚZWϴ͘ϱƚŽĐŽŵƉĂƌĞƚŚĞ
ĞĨĨĞĐƚŽĨKϮǀĂƌǇŝŶŐŽƌďĞŝŶŐŬĞƉƚĐŽŶƐƚĂŶƚĨŽƌĚŝĨĨĞƌĞŶƚƐĐĞŶĂƌŝŽƐĂŶĚŝŶĚŝǀŝĚƵĂůŵŽĚĞůƐ͘

ϯ

ZĞƐƵůƚƐĂŶĚŝƐĐƵƐƐŝŽŶ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

&ŝŐƵƌĞϭƐŚŽǁƐƚŚĂƚƚŚĞĞĐŽƐǇƐƚĞŵŵŽĚĞůƐŐĞŶĞƌĂůůǇƐĞĞŵƚŽŚĂǀĞŐƌĞĂƚĞƌŝŶĐƌĞĂƐĞƐĂŶĚƐŵĂůůĞƌĚĞͲ
ĐƌĞĂƐĞƐŝŶƌƵŶŽĨĨďĞƚǁĞĞŶϭϵϴϭͲϭϵϵϬĂŶĚϮϬϴϭͲϮϬϵϬƚŚĂŶƚŚĞŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐĨŽƌZWϮ͘ϲ͕ĂƐǁĂƐ
ĂůƐŽĨŽƵŶĚĨŽƌZWϴ͘ϱ;ĂǀŝĞĞƚĂů͕͘ϮϬϭϯͿ͘,ŽǁĞǀĞƌ͕ĨŽƌƐŽŵĞƌĞŐŝŽŶƐƚŚŝƐŝƐŶŽƚƚŚĞĐĂƐĞ͕ĂƐŝƐƐĞĞŶŝŶ
&ŝŐƵƌĞϭŚĨŽƌůĂƐŬĂĂŶĚtĞƐƚĞƌŶĂŶĂĚĂ͖ƚŚŝƐŵĂǇďĞƌĞůĂƚĞĚƚŽĚŝĨĨĞƌĞŶĐĞƐŝŶƚŝŵŝŶŐĂŶĚƉƌŽũĞĐƚĞĚĂĚͲ
ǀĂŶĐĞŵĞŶƚŽĨƚŚĞƐƉƌŝŶŐƐŶŽǁŵĞůƚƉĞĂŬ͘dŚĞƉĂƚƚĞƌŶƐĨŽƵŶĚĂƌĞƐŝŵŝůĂƌƚŽƚŚŽƐĞĨŽƵŶĚĨŽƌZWϴ͘ϱŝŶ
ĂǀŝĞĞƚĂů͘;ϮϬϭϯͿ͕ŚŽǁĞǀĞƌƚŚĞŵĂŐŶŝƚƵĚĞƐŽĨĐŚĂŶŐĞŽǀĞƌƚŚĞǇĞĂƌǀĂƌǇďĞƚǁĞĞŶƚŚĞƐĐĞŶĂƌŝŽƐ͘


&ŝŐƵƌĞϭʹ;ĂͲĚͿ,ŝƐƚŽƌŝĐĂů͕ϭϵϴϭͲϭϵϵϬ;ƐŽůŝĚůŝŶĞƐͿĂŶĚĨƵƚƵƌĞ͕ϮϬϴϭͲϮϬϵϬ;ĚĂƐŚĞĚůŝŶĞƐͿĂǀĞƌĂŐĞĂŶŶƵĂůĐǇĐůĞƐŽĨ
ƌƵŶŽĨĨĨƌŽŵĞĐŽƐǇƐƚĞŵ;ŐƌĞĞŶͿĂŶĚŚǇĚƌŽůŽŐŝĐĂů;ďůƵĞͿŵŽĚĞůƐ͘;ĞͲŚͿ&ƵƚƵƌĞŵŝŶƵƐŚŝƐƚŽƌŝĐĂůƌƵŶŽĨĨĂǀĞƌĂŐĞĂŶͲ
ŶƵĂůĐǇĐůĞ͘^ŚĂĚŝŶŐƐŚŽǁƐƚŚĞƌĂŶŐĞĐŽǀĞƌĞĚďǇƚŚĞŵŽĚĞůƚǇƉĞƐ͕ǁŝƚŚŐƌĞĞŶƐŚŽǁŝŶŐƚŚĞƌĂŶŐĞŽĨĞĐŽƐǇƐƚĞŵ
ŵŽĚĞůƐ͛ƉƌŽũĞĐƚŝŽŶƐĂŶĚďůƵĞƐŚŽǁŝŶŐƚŚĞƌĂŶŐĞŽĨŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐ͛ƉƌŽũĞĐƚŝŽŶƐǁŚĞŶĨŽƌĐĞĚǁŝƚŚ
,ĂĚ'DϮͲ^ZWϮ͘ϲĐůŝŵĂƚĞ͘


&ŽƌZWϮ͘ϲ͕ƚŚĞƌĞƐĞĞŵƐƚŽďĞůĞƐƐĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶƚŚĞŚǇĚƌŽůŽŐŝĐĂůĂŶĚĞĐŽƐǇƐƚĞŵƐŵŽĚĞůƐŝŶƌƵŶͲ
ŽĨĨĐŚĂŶŐĞƉƌŽũĞĐƚŝŽŶƐƚŚĂŶƚŚĞƌĞǁĂƐƐĞĞŶĨŽƌZWϴ͘ϱ;ĂǀŝĞĞƚĂů͕͘ϮϬϭϯͿ͕ǁŝƚŚďŽƚŚŵŽĚĞůƚǇƉĞƐƉƌĞͲ
ĚŝĐƚŝŶŐĂƐŝŵŝůĂƌƌĂŶŐĞŽĨĐŚĂŶŐĞ͘dŚŝƐŵĂǇďĞĚƵĞƚŽƐŵĂůůĞƌĐŚĂŶŐĞƐŝŶKϮĐŽŶĐĞŶƚƌĂƚŝŽŶĐĂƵƐŝŶŐůĞƐƐ
ĞĨĨĞĐƚŽŶǀĞŐĞƚĂƚŝŽŶĂŶĚƚŚĞƌĞĨŽƌĞĂĨĨĞĐƚŝŶŐƚŚĞƌƵŶŽĨĨƌĞƐƉŽŶƐĞůĞƐƐŝŶƚŚĞĞĐŽƐǇƐƚĞŵƐŵŽĚĞůƐ͕ŐŝǀŝŶŐ
ŵŽƌĞƐŝŵŝůĂƌƉƌŽũĞĐƚŝŽŶƐƚŽƚŚĞŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐ͘>ŽŽŬŝŶŐĂƚƚŚĞĚŝƐƚƌŝďƵƚŝŽŶŽĨƉŽŝŶƚƐĂƌŽƵŶĚƚŚĞϭ͗ϭ
ůŝŶĞƐŝŶ&ŝŐ͘Ϯ͕ƚŚĞǇĂƉƉĞĂƌŵŽƐƚůǇďĞůŽǁƚŚĞůŝŶĞĨŽƌZWϮ͘ϲ͘,ŽǁĞǀĞƌ͕ŝŶĂƉƌĞǀŝŽƵƐƐƚƵĚǇ;ĂǀŝĞĞƚĂů͕͘
ϮϬϭϯͿ͕ŝƚǁĂƐĨŽƵŶĚƚŚĂƚĨŽƌZWϴ͘ϱ͕ƉŽŝŶƚƐǁĞƌĞŵŽƌĞĞǀĞŶůǇƐƉƌĞĂĚĂďŽƵƚƚŚĞůŝŶĞ͘dŚŝƐƐƵŐŐĞƐƚƐƚŚĂƚ
ĨŽƌƚŚĞƐĂŵĞĂŵŽƵŶƚŽĨŝŶĐƌĞĂƐĞŝŶƉƌĞĐŝƉŝƚĂƚŝŽŶ͕ƚǇƉŝĐĂůůǇůĞƐƐŝŶĐƌĞĂƐĞŝŶƌƵŶŽĨĨŝƐƉƌŽũĞĐƚĞĚĨŽƌZWϮ͘ϲ
ƚŚĂŶĨŽƌZWϴ͘ϱ͘

ϱ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ


&ŝŐƵƌĞϮͲ^ĐĂƚƚĞƌƉůŽƚŽĨƉƌŽũĞĐƚĞĚƉƌĞĐŝƉŝƚĂƚŝŽŶĐŚĂŶŐĞǀĞƌƐƵƐƉƌŽũĞĐƚĞĚƌƵŶŽĨĨĐŚĂŶŐĞƵŶĚĞƌƚŚĞ,ĂĚ'DϮͲ^
ZWϮ͘ϲƐĐĞŶĂƌŝŽďĞƚǁĞĞŶϭϵϴϭͲϮϬϭϬĂŶĚϮϬϳϬͲϮϬϵϵĂǀĞƌĂŐĞƐĨŽƌůĂŶĚ'ŝŽƌŐŝƌĞŐŝŽŶƐ͘ůĂĐŬƉŽŝŶƚƐʹŚǇĚƌŽůŽŐŝĐĂů
ŵŽĚĞůƐ͕ďůƵĞƉŽŝŶƚƐʹĞĐŽƐǇƐƚĞŵƐŵŽĚĞůƐ͘


/Ŷ&ŝŐ͘ϯ͕:h>^ƐŚŽǁƐƐŽŵĞĐŽŶƚƌĂƐƚďĞƚǁĞĞŶǀĂƌǇŝŶŐĂŶĚĐŽŶƐƚĂŶƚKϮĨŽƌZWϮ͘ϲ͕ďƵƚƚŚĞƐĞǁĞƌĞ
ƐŵĂůůĞƌŵĂŐŶŝƚƵĚĞĚŝĨĨĞƌĞŶĐĞƐƚŚĂŶǁĞƌĞƐĞĞŶŝŶĂǀŝĞĞƚĂů͘;ϮϬϭϯͿĨŽƌZWϴ͘ϱ͘dŚĞĞĨĨĞĐƚŽĨĂĚǇŶĂŵŝĐ
ǀĞŐĞƚĂƚŝŽŶĚŝƐƚƌŝďƵƚŝŽŶĚŝĨĨĞƌƐƌĞŐŝŽŶĂůůǇĂƐǁŽƵůĚďĞĞǆƉĞĐƚĞĚĚƵĞƚŽŚĞƚĞƌŽŐĞŶĞŝƚǇŝŶƚŚĞǀĞŐĞƚĂƚŝŽŶ
ĐŚĂŶŐĞƐƉƌŽũĞĐƚĞĚ͕ǁŝƚŚƐŽŵĞƌĞŐŝŽŶƐƉƌŽũĞĐƚĞĚƚŽŚĂǀĞŝŶĐƌĞĂƐĞĚƌƵŶŽĨĨŝĨŝƚŝƐĂůůŽǁĞĚƚŽǀĂƌǇƌĂƚŚĞƌ
ƚŚĂŶƌĞŵĂŝŶƐƚĂƚŝĐĂŶĚƐŽŵĞĚĞĐƌĞĂƐĞĚ͘ŶŶƵĂůĞǀĂƉŽƌĂƚŝŽŶŝƐŐĞŶĞƌĂůůǇŚŝŐŚĞƌŝŶĨŽƌĞƐƚĞĚĐĂƚĐŚŵĞŶƚƐ
ĐŽŵƉĂƌĞĚƚŽŶŽŶͲĨŽƌĞƐƚĞĚĐĂƚĐŚŵĞŶƚƐ;ŚĂŶŐĞƚĂů͕͘ϮϬϬϭͿ͖ƐŝŵŝůĂƌůǇĞǀĂƉŽƌĂƚŝŽŶŵĂǇŐĞŶĞƌĂůůǇďĞ
ŐƌĞĂƚĞƌƵŶĚĞƌƐŚƌƵďǀĞŐĞƚĂƚŝŽŶĐŽŵƉĂƌĞĚƚŽŐƌĂƐƐĞƐ;ĚĞƉĞŶĚŝŶŐŽŶƚŚĞĐŽŵƉŽƐŝƚŝŽŶͿ͘dŚĞƌĞĨŽƌĞ͕Ăůů
ŽƚŚĞƌĨĂĐƚŽƌƐďĞŝŶŐĞƋƵĂů͕ĂĐŚĂŶŐĞŝŶǀĞŐĞƚĂƚŝŽŶƚǇƉĞĨƌŽŵƚƌĞĞƚŽƐŚƌƵď͕ŽƌŐƌĂƐƐǁŽƵůĚŐĞŶĞƌĂůůǇďĞ
ĞǆƉĞĐƚĞĚƚŽŝŶĐƌĞĂƐĞƌƵŶŽĨĨ͕ĂŶĚǀŝĐĞǀĞƌƐĂ͘

ϲ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ


&ŝŐƵƌĞϯͲ^ĐĂƚƚĞƌƉůŽƚŽĨƉƌŽũĞĐƚĞĚƉƌĞĐŝƉŝƚĂƚŝŽŶĐŚĂŶŐĞĂŐĂŝŶƐƚƉƌŽũĞĐƚĞĚƌƵŶŽĨĨĐŚĂŶŐĞĨŽƌůĂŶĚ'ŝŽƌŐŝƌĞŐŝŽŶƐ
ĨƌŽŵ:h>^ƐĞŶƐŝƚŝǀŝƚǇƌƵŶƐĨŽƌ,ĂĚ'DϮͲ^ZWϮ͘ϲ


dŚĞĞĨĨĞĐƚƚŚĂƚǀĂƌǇŝŶŐKϮ͕ƌĂƚŚĞƌƚŚĂŶŬĞĞƉŝŶŐKϮĐŽŶƐƚĂŶƚ͕ŚĂƐŽŶƉƌŽũĞĐƚŝŽŶƐŽĨƌƵŶŽĨĨĨŽƌZWϮ͘ϲŝƐ
ŝŶĐŽŶƐŝƐƚĞŶƚŝŶĚŝƌĞĐƚŝŽŶďĞƚǁĞĞŶŵŽĚĞůƐ;&ŝŐƐ͘ϰĂŶĚϱͿ͕ǁŚŝĐŚǁĂƐĂůƐŽĨŽƵŶĚĨŽƌZWϴ͘ϱ;ĂǀŝĞĞƚĂů͕͘
ϮϬϭϯͿ͘dŚŝƐŝŶĐŽŶƐŝƐƚĞŶĐǇŝƐƉƌŽďĂďůǇĚƵĞƚŽĚŝĨĨĞƌŝŶŐƚƌĞĂƚŵĞŶƚŽĨKϮŝŶƚŚĞŝŵƉĂĐƚŵŽĚĞůƐ͘/ŶĐƌĞĂƐĞĚ
KϮŝƐĐŽŶƐŝĚĞƌĞĚƚŽĐĂƵƐĞďŽƚŚŝŶĐƌĞĂƐĞƐĂŶĚĚĞĐƌĞĂƐĞƐŝŶĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶǁŚŝĐŚǁŝůůƚŚĞŶĂĨĨĞĐƚ
ƌƵŶŽĨĨ͘KϮĨĞƌƚŝůŝƐĂƚŝŽŶŽĨƉŚŽƚŽƐǇŶƚŚĞƐŝƐŵĂǇŝŶĐƌĞĂƐĞƉůĂŶƚƉƌŽĚƵĐƚŝǀŝƚǇĂŶĚůĞĂĨĂƌĞĂŝŶĚĞǆ͕ŝŶĐƌĞĂƐͲ
ŝŶŐƉŽƐƐŝďůĞĐĂŶŽƉǇĞǀĂƉŽƌĂƚŝŽŶ;ĞƚƚƐĞƚĂů͕͘ϮϬϬϳ͖ůŽĂŶĚtĂŶŐ͕ϮϬϬϴͿ͕ǁŚŝĐŚǁŽƵůĚĚĞĐƌĞĂƐĞƌƵŶŽĨĨ͘
KϮŵĂǇƌĞĚƵĐĞƐƚŽŵĂƚĂůĐŽŶĚƵĐƚĂŶĐĞĂƚƚŚĞůĞĂĨͲůĞǀĞů͕ŝŶŚŝďŝƚŝŶŐĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶĂŶĚŝŶĐƌĞĂƐŝŶŐ
ƌƵŶŽĨĨ;'ĞĚŶĞǇĞƚĂů͕͘ϮϬϬϲ͖ĞƚƚƐĞƚĂů͕͘ϮϬϬϳ͖ĂŽĞƚĂů͕͘ϮϬϭϬͿ͘dŚĞƌĞůĂƚŝǀĞƐŝǌĞŽĨƚŚĞƐĞƚǁŽŽƉƉŽƐŝŶŐ
ĞĨĨĞĐƚƐŵĂǇǀĂƌǇ;ůŬĂŵĂĞƚĂů͕͘ϮϬϭϬͿ͕ƉĂƌƚŝĐƵůĂƌůǇƌĞŐŝŽŶĂůůǇĂŶĚƐĞĂƐŽŶĂůůǇ͘&ŽƌĞĂĐŚĞĐŽƐǇƐƚĞŵŵŽĚĞů͕
&ŝŐ͘ϰƐŚŽǁƐƚŚĂƚƚŚĞƌĞůĂƚŝǀĞĚŝĨĨĞƌĞŶĐĞŝŶƌƵŶŽĨĨďĞƚǁĞĞŶƌƵŶƐǁŝƚŚKϮǀĂƌǇŝŶŐŽƌĐŽŶƐƚĂŶƚĨŽƌĞĂĐŚ
ĞĐŽƐǇƐƚĞŵŵŽĚĞůƌĞŵĂŝŶƐďƌŽĂĚůǇƐŝŵŝůĂƌƐƉĂƚŝĂůůǇĨŽƌƚŚĞƚǁŽƐĐĞŶĂƌŝŽƐ͕ĂƐƐƵŐŐĞƐƚĞĚďǇdĂŶŐĂŶĚ>ĞƚͲ
ƚĞŶŵĂŝĞƌ;ϮϬϭϮͿ͕ǁŚŝůĞďŽƚŚ&ŝŐ͘ϰĂŶĚ&ŝŐ͘ϱƐŚŽǁůĂƌŐĞƌŵĂŐŶŝƚƵĚĞĚŝĨĨĞƌĞŶĐĞƐďĞƚǁĞĞŶǀĂƌǇŝŶŐĂŶĚ
ĐŽŶƐƚĂŶƚKϮŵŽĚĞůƌƵŶƐ͛ŐůŽďĂůĂǀĞƌĂŐĞƌƵŶŽĨĨƉƌŽũĞĐƚŝŽŶƐĨŽƌZWϴ͘ϱƚŚĂŶĨŽƌZWϮ͘ϲ͘

ϳ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ


&ŝŐƵƌĞϰĂͲŚͲ^ƉĂƚŝĂůƉĂƚƚĞƌŶƐŽĨƌĞůĂƚŝǀĞĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶƌƵŶŽĨĨĨƌŽŵǀĂƌǇŝŶŐĂŶĚĐŽŶƐƚĂŶƚKϮƌƵŶƐĨŽƌZW
Ϯ͘ϲ;ĂͲĚͿĂŶĚZWϴ͘ϱ;ĞͲŚͿĨƵƚƵƌĞƐĐĞŶĂƌŝŽƐ;;ǀĂƌǇŝŶŐKϮŵĞĂŶƌƵŶŽĨĨŵŝŶƵƐĐŽŶƐƚĂŶƚKϮŵĞĂŶƌƵŶŽĨĨͿͬǀĂƌǇŝŶŐ
KϮŵĞĂŶƌƵŶŽĨĨͿ



&ŝŐƵƌĞϱͲdŝŵĞƐĞƌŝĞƐŽĨϵͲǇĞĂƌƌƵŶŶŝŶŐŵĞĂŶŐůŽďĂůĂǀĞƌĂŐĞƌƵŶŽĨĨŝŶŵŵͬĚĂǇ;ƐŽůŝĚůŝŶĞƐĨŽƌŵŽĚĞůƌƵŶƐǁŝƚŚ
ǀĂƌǇŝŶŐKϮĂŶĚĚĂƐŚĞĚůŝŶĞƐĨŽƌŵŽĚĞůƌƵŶƐǁŝƚŚĐŽŶƐƚĂŶƚKϮͿ


ϰ

ŽŶĐůƵƐŝŽŶƐ


ĐŽƐǇƐƚĞŵƐĂŶĚŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐŐŝǀĞĚŝĨĨĞƌŝŶŐƌƵŶŽĨĨƉƌŽũĞĐƚŝŽŶƐƵƐŝŶŐƚŚĞZWϮ͘ϲƐĐĞŶĂƌŝŽ͕ǁŝƚŚƚŚĞ
ĞĐŽƐǇƐƚĞŵŵŽĚĞůƐƚĞŶĚŝŶŐƚŽƉƌŽũĞĐƚůĂƌŐĞƌŝŶĐƌĞĂƐĞƐĂŶĚƐŵĂůůĞƌĚĞĐƌĞĂƐĞƐƚŚĂŶƚŚĞŚǇĚƌŽůŽŐŝĐĂůŵŽĚͲ
ĞůƐ͘,ŽǁĞǀĞƌ͕ƚŚĞƐĞƌĞŐŝŽŶĂůĂǀĞƌĂŐĞƐ ŽǀĞƌůĂŶĚ'ŝŽƌŐŝ ƌĞŐŝŽŶƐ ƐĞĞŵƚŽƐŚŽǁůĞƐƐĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶ
ƚŚĞŵŽĚĞůĐĂƚĞŐŽƌŝĞƐƚŚĂŶĨŽƌZWϴ͘ϱ͘dŚĞƌĞŝƐŝŶĐŽŶƐŝƐƚĞŶĐǇďĞƚǁĞĞŶƚŚĞĞĐŽƐǇƐƚĞŵŵŽĚĞůƐĂƐƚŽƚŚĞ
ĚŝƌĞĐƚŝŽŶ ŽĨ ĐŚĂŶŐĞ ŽŶ ƌƵŶŽĨĨ ĐŚĂŶŐĞ ƚŚĂƚ KϮ ǀĂƌǇŝŶŐ ǁŝůů ŚĂǀĞ ĐŽŵƉĂƌĞĚ ƚŽ ƌĞŵĂŝŶŝŶŐ ĐŽŶƐƚĂŶƚ͕ ĂůͲ
ϴ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

ƚŚŽƵŐŚƐƉĂƚŝĂůƉĂƚƚĞƌŶƐŽĨƚŚĞƌĞůĂƚŝǀĞŝŶĨůƵĞŶĐĞŽĨK ϮĨŽƌĞĂĐŚƐĐĞŶĂƌŝŽĂƌĞƐŝŵŝůĂƌǁŚĞŶĞĂĐŚĞĐŽƐǇƐͲ
ƚĞŵŵŽĚĞůŝƐůŽŽŬĞĚĂƚƐĞƉĂƌĂƚĞůǇ͘/ŶŐĞŶĞƌĂů͕ĨƌŽŵƚŚĞŝŵƉĂĐƚŵŽĚĞůƐĐŽŶƐŝĚĞƌĞĚ͕ZWϮ͘ϲƉƌŽũĞĐƚƐůĞƐƐ
ŝŶĐƌĞĂƐĞĚƌĞŐŝŽŶĂůůǇĂǀĞƌĂŐĞĚƌƵŶŽĨĨĨŽƌƚŚĞƐĂŵĞƌĞŐŝŽŶĂůůǇĂǀĞƌĂŐĞĚƉƌĞĐŝƉŝƚĂƚŝŽŶĐŚĂŶŐĞƚŚĂŶZWϴ͘ϱ͘
dŚŝƐƐƵŐŐĞƐƚƐƚŚĂƚĨĂĐƚŽƌƐŽƚŚĞƌƚŚĂŶƉƌĞĐŝƉŝƚĂƚŝŽŶĚŝĨĨĞƌĞŶĐĞƐďĞƚǁĞĞŶZWƐĐĞŶĂƌŝŽƐĂƌĞŝŵƉŽƌƚĂŶƚŝŶ
ĂĨĨĞĐƚŝŶŐ ƚŚĞ ƌƵŶŽĨĨ ƉƌŽũĞĐƚŝŽŶƐ͕ ǁŚŝĐŚ ĐŽƵůĚ ŝŶĐůƵĚĞ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶĚ KϮ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ĂĨĨĞĐƚŝŶŐ
ĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶĂŶĚƐŽŝůŵŽŝƐƚƵƌĞ͕ĂŶĚƚŚĞƌĞĨŽƌĞƌƵŶŽĨĨ͘dŚĞƌĞĨŽƌĞ͕ƚŚĞƌĞĂƉƉĞĂƌƚŽďĞĚŝĨĨĞƌĞŶĐĞƐ
ďĞƚǁĞĞŶ ƌƵŶŽĨĨ ƉƌŽũĞĐƚŝŽŶƐ ĨƌŽŵ ĞĐŽƐǇƐƚĞŵ ĂŶĚ ŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůƐ ĨŽƌ ZWϮ͘ϲ͕ ǁŚŝĐŚŝƐŝŶ ĐŽŵŵŽŶ
ǁŝƚŚƉƌĞǀŝŽƵƐƌĞƐƵůƚƐĨŽƌZWϴ͘ϱ͖ŚŽǁĞǀĞƌƚŚĞƐĞƐĞĞŵƚŽďĞŽĨĂƐŵĂůůĞƌŵĂŐŶŝƚƵĚĞĨŽƌZWϮ͘ϲ͘



ϱ



ZĞĨĞƌĞŶĐĞƐ

ůĐĂŵŽ͕:͕͘Ƃůů͕W͕͘,ĞŶƌŝĐŚƐ͕d͕͘<ĂƐƉĂƌ͕&͕͘>ĞŚŶĞƌ͕͕͘ZƂƐĐŚ͕d͘ĂŶĚ^ŝĞďĞƌƚ͕^͕͘ϮϬϬϯ͘ĞǀĞůŽƉŵĞŶƚĂŶĚ
ƚĞƐƚŝŶŐŽĨƚŚĞtĂƚĞƌ'WϮŐůŽďĂůŵŽĚĞůŽĨǁĂƚĞƌƵƐĞĂŶĚĂǀĂŝůĂďŝůŝƚǇ͕,ǇĚƌŽůŽŐ͘^Đŝ͘:͕͘ϰϴ͕ƉƉϯϭϳͲϯϯϳ

ůŬĂŵĂ͕Z͕͘<ĂŐĞǇĂŵĂ͕D͕͘ĂŶĚZĂŵƐƚĞŝŶ͕'͕͘ϮϬϭϬ͘ZĞůĂƚŝǀĞĐŽŶƚƌŝďƵƚŝŽŶƐŽĨĐůŝŵĂƚĞĐŚĂŶŐĞ͕ƐƚŽŵͲ
ĂƚĂůĐůŽƐƵƌĞ͕ĂŶĚůĞĂĨĂƌĞĂŝŶĚĞǆĐŚĂŶŐĞƐƚŽϮϬƚŚĂŶĚϮϭƐƚĐĞŶƚƵƌǇƌƵŶŽĨĨĐŚĂŶŐĞ͗ŵŽĚĞůůŝŶŐ
ĂƉƉƌŽĂĐŚƵƐŝŶŐƚŚĞKƌŐĂŶŝǌŝŶŐĂƌďŽŶĂŶĚ,ǇĚƌŽůŽŐǇŝŶǇŶĂŵŝĐĐŽƐǇƐƚĞŵƐ;KZ,/Ϳ
ůĂŶĚƐƵƌĨĂĐĞŵŽĚĞů͕:͘'ĞŽƉŚǇƐ͘ZĞƐ͕͘ϭϭϱ͕ϭϳϭϭϮ͕ĚŽŝ͗ϭϬ͘ϭϬϮϵͬϮϬϬϵ:ϬϭϯϰϬϴ

ůŽ͕͘͘ĂŶĚtĂŶŐ͕'͕͘ϮϬϬϴ͘WŽƚĞŶƚŝĂůĨƵƚƵƌĞĐŚĂŶŐĞƐŽĨƚŚĞƚĞƌƌĞƐƚƌŝĂůĞĐŽƐǇƐƚĞŵďĂƐĞĚŽŶĐůŝŵĂƚĞ
ƉƌŽũĞĐƚŝŽŶƐďǇĞŝŐŚƚŐĞŶĞƌĂůĐŝƌĐƵůĂƚŝŽŶŵŽĚĞůƐ͕:͘'ĞŽƉŚǇƐ͘ZĞƐ͕͘ϭϭϯ͕ĚŽŝ͗ϭϬ͘ϭϬϮϵͬϮϬϬϳ:'ϬϬϬϱϮϴ

ƌŶĞůů͕E͘t͕͘ϭϵϵϵ͘ƐŝŵƉůĞǁĂƚĞƌďĂůĂŶĐĞŵŽĚĞůĨŽƌƚŚĞƐŝŵƵůĂƚŝŽŶŽĨƐƚƌĞĂŵĨůŽǁŽǀĞƌĂůĂƌŐĞŐĞŽͲ
ŐƌĂƉŚŝĐĚŽŵĂŝŶ͕:͘,ǇĚƌŽů͕͘Ϯϭϳ͕ƉƉ͘ϯϭϰʹϯϯϱ͕ĚŽŝ͗ϭϬ͘ϭϬϭϲͬ^ϬϬϮϮͲϭϲϵϰ;ϵϵͿϬϬϬϮϯͲϮ

ĞƐƚ͕D͘:͕͘WƌǇŽƌ͕D͕͘ůĂƌŬ͕͕͘͘ZŽŽŶĞǇ͕'͘'͕͘ƐƐĞƌǇ͕Z͘>͘,͕͘DĞŶĂƌĚ͕͕͘͘ĚǁĂƌĚƐ͕
:͘D͕͘,ĞŶĚƌǇ͕D͕͘͘WŽƌƐŽŶ͕͕͘'ĞĚŶĞǇ͕E͕͘DĞƌĐĂĚŽ͕>͘D͕͘^ŝƚĐŚ͕^͕͘ůǇƚŚ͕͕͘ŽƵĐŚĞƌ͕
K͕͘Žǆ͕W͘D͕͘'ƌŝŵŵŽŶĚ͕͘^͕͘͘ĂŶĚ,ĂƌĚŝŶŐ͕Z͘:͕͘ϮϬϭϭ͘dŚĞ:ŽŝŶƚh<>ĂŶĚŶǀŝƌŽŶŵĞŶƚ
^ŝŵƵůĂƚŽƌ;:h>^Ϳ͕ŵŽĚĞůĚĞƐĐƌŝƉƚŝŽŶʹWĂƌƚϭ͗ŶĞƌŐǇĂŶĚǁĂƚĞƌĨůƵǆĞƐ͕'ĞŽƐĐŝ͘DŽĚĞů
Ğǀ͕͘ϰ͕ƉƉ͘ϲϳϳʹϲϵϵ͕ĚŽŝ͗ϭϬ͘ϱϭϵϰͬŐŵĚͲϰͲϲϳϳͲϮϬϭϭ

ĞƚƚƐ͕Z͕͘͘ŽƵĐŚĞƌ͕K͕͘ŽůůŝŶƐ͕D͕͘Žǆ͕W͘D͕͘&ĂůůŽŽŶ͕W͕͘͘'ĞĚŶĞǇ͕E͕͘,ĞŵŵŝŶŐ͕͘>͕͘,ƵŶƚŝŶŐĨŽƌĚ͕
͕͘:ŽŶĞƐ͕͕͘͘^ĞǆƚŽŶ͕͘D͘,͕͘ĂŶĚtĞďď͕D͘:͕͘ϮϬϬϳ͘WƌŽũĞĐƚĞĚŝŶĐƌĞĂƐĞŝŶĐŽŶƚŝŶĞŶƚĂůƌƵŶŽĨĨĚƵĞƚŽ
ƉůĂŶƚƌĞƐƉŽŶƐĞƐƚŽŝŶĐƌĞĂƐŝŶŐĐĂƌďŽŶĚŝŽǆŝĚĞ͕EĂƚƵƌĞ͕ϰϰϴ͕ƉƉ͘ϭϬϯϳʹϭϬϰϭ͕ĚŽŝ͗ϭϬ͘ϭϬϯϴͬŶĂƚƵƌĞϬϲϬϰϱ͕
ŚƚƚƉ͗ͬͬĚǆ͘ĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϯϴͬŶĂƚƵƌĞϬϲϬϰϱ

ŽŶĚĞĂƵ͕͕͘^ŵŝƚŚ͕W͕͘͘ĂĞŚůĞ͕^͕͘^ĐŚĂƉŚŽĨĨ͕^͕͘>ƵĐŚƚ͕t͕͘ƌĂŵĞƌ͕t͕͘'ĞƌƚĞŶ͕͕͘>ŽƚǌĞͲ
ĂŵƉĞŶ͕,͕͘DƵůůĞƌ͕͕͘ZĞŝĐŚƐƚĞŝŶ͕D͕͘ĂŶĚ^ŵŝƚŚ͕͕͘ϮϬϬϳ͘DŽĚĞůůŝŶŐƚŚĞƌŽůĞŽĨĂŐƌŝĐƵůƚƵƌĞĨŽƌ
ƚŚĞϮϬƚŚĐĞŶƚƵƌǇŐůŽďĂůƚĞƌƌĞƐƚƌŝĂůĐĂƌďŽŶďĂůĂŶĐĞ͕'ůŽď͘ŚĂŶŐĞŝŽů͕͘ϭϯ͕ƉƉ͘ϲϳϵʹϳϬϲ
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ĂĞƐĂƌ͕:͕͘WĂůŝŶ͕͕͘>ŝĚĚŝĐŽĂƚ͕^͕͘>ŽǁĞ͕:͕͘ƵƌŬĞ͕͕͘WĂƌĚĂĞŶƐ͕͕͘^ĂŶĚĞƌƐŽŶ͕D͘ĂŶĚ<ĂŚĂŶĂ͕Z͕͘ϮϬϭϮ͘
ZĞƐƉŽŶƐĞŽĨƚŚĞ,ĂĚ'DϮĂƌƚŚ^ǇƐƚĞŵDŽĚĞůƚŽĨƵƚƵƌĞŐƌĞĞŶŚŽƵƐĞŐĂƐĞŵŝƐƐŝŽŶƐƉĂƚŚǁĂǇƐƚŽƚŚĞ
ǇĞĂƌϮϯϬϬ͕:͘ůŝŵĂƚĞ͕ŽŶůŝŶĞĨŝƌƐƚ͕ĚŽŝ͗ϭϬ͘ϭϭϳϱͬ:>/ͲͲϭϮͲϬϬϱϳϳ͘ϭ

ĂŽ͕>͕͘ĂůĂ͕'͕͘ĂůĚĞŝƌĂ͕<͕͘EĞŵĂŶŝ͕Z͘ĂŶĚĂŶͲtĞŝƐƐ͕'͕͘ϮϬϭϬ͘/ŵƉŽƌƚĂŶĐĞŽĨĐĂƌďŽŶĚŝŽǆŝĚĞƉŚǇƐŝŽͲ
ůŽŐŝĐĂůĨŽƌĐŝŶŐƚŽĨƵƚƵƌĞĐůŝŵĂƚĞĐŚĂŶŐĞ͕W͘EĂƚů͘ĐĂĚ͘^Đŝ͕͘ϭϬϳ͕ƉƉϵϱϭϯͲϵϱϭϴ͕
ĚŽŝ͗ϭϬ͘ϭϬϳϯͬƉŶĂƐ͘ϬϵϭϯϬϬϬϭϬϳ

ůĂƌŬ͕͕͘͘DĞƌĐĂĚŽ͕>͘D͕͘^ŝƚĐŚ͕^͕͘:ŽŶĞƐ͕͕͘͘'ĞĚŶĞǇ͕E͕͘ĞƐƚ͕D͘:͕͘WƌǇŽƌ͕D͕͘ZŽŽŶĞǇ͕
'͘'͕͘ƐƐĞƌǇ͕Z͘>͘,͕͘ůǇƚŚ͕͕͘ŽƵĐŚĞƌ͕K͕͘,ĂƌĚŝŶŐ͕Z͘:͕͘,ƵŶƚŝŶŐĨŽƌĚ͕͕͘ĂŶĚŽǆ͕W͘
D͕͘ϮϬϭϭ͘dŚĞ:ŽŝŶƚh<>ĂŶĚŶǀŝƌŽŶŵĞŶƚ^ŝŵƵůĂƚŽƌ;:h>^Ϳ͕ŵŽĚĞůĚĞƐĐƌŝƉƚŝŽŶʹWĂƌƚϮ͗ĂƌďŽŶ
ĨůƵǆĞƐĂŶĚǀĞŐĞƚĂƚŝŽŶĚǇŶĂŵŝĐƐ͕'ĞŽƐĐŝ͘DŽĚĞůĞǀ͕͘ϰ͕ƉƉ͘ϳϬϭʹϳϮϮ͕ĚŽŝ͗ϭϬ͘ϱϭϵϰͬŐŵĚͲϰͲϳϬϭͲ
ϮϬϭϭ

ĂǀŝĞ͕:͘͘^͕͘&ĂůůŽŽŶ͕W͕͘͘<ĂŚĂŶĂ͕Z͕͘ĂŶŬĞƌƐ͕Z͕͘ĞƚƚƐ͕Z͕͘WŽƌƚŵĂŶŶ͕&͘d͕͘ůĂƌŬ͕͕͘͘/ƚŽŚ͕͕͘DĂƐĂŬŝ͕
z͕͘EŝƐŚŝŶĂ͕<͕͘&ĞŬĞƚĞ͕͕͘dĞƐƐůĞƌ͕͕͘>ŝƵ͕y͕͘dĂŶŐ͕Y͕͘,ĂŐĞŵĂŶŶ͕^͕͘^ƚĂĐŬĞ͕d͕͘WĂǀůŝĐŬ͕Z͕͘^ĐŚĂƉŚŽĨĨ͕^͕͘
'ŽƐůŝŶŐ͕^͘E͕͘&ƌĂŶƐƐĞŶ͕t͕͘ĂŶĚƌŶĞůů͕E͕͘ϮϬϭϯ͘ŽŵƉĂƌŝŶŐƉƌŽũĞĐƚŝŽŶƐŽĨĨƵƚƵƌĞĐŚĂŶŐĞƐŝŶƌƵŶŽĨĨĂŶĚ
ǁĂƚĞƌƌĞƐŽƵƌĐĞƐĨƌŽŵŚǇĚƌŽůŽŐŝĐĂůĂŶĚĞĐŽƐǇƐƚĞŵŵŽĚĞůƐŝŶ/^/ͲD/W͕ĂƌƚŚ^ǇƐƚĞŵǇŶĂŵŝĐƐŝƐĐƵƐͲ
ƐŝŽŶƐ͕ϰ͕ƉƉ͘Ϯϳϵʹϯϭϱ͕ĚŽŝ͗ϭϬ͘ϱϭϵϰͬĞƐĚĚͲϰͲϮϳϵͲϮϬϭϯ͕ǁǁǁ͘ĞĂƌƚŚͲƐǇƐƚͲĚǇŶĂŵͲĚŝƐĐƵƐƐ͘ŶĞƚͬϰͬϮϳϵͬϮϬϭϯͬ 

Žůů͕W͕͘<ĂƐƉĂƌ͕&͕͘ĂŶĚ>ĞŚŶĞƌ͕͕͘ϮϬϬϯ͘ŐůŽďĂůŚǇĚƌŽůŽŐŝĐĂůŵŽĚĞůĨŽƌĚĞƌŝǀŝŶŐǁĂƚĞƌĂǀĂŝůĂďŝůŝƚǇ
ŝŶĚŝĐĂƚŽƌƐ͗ŵŽĚĞůƚƵŶŝŶŐĂŶĚǀĂůŝĚĂƚŝŽŶ͕:͘,ǇĚƌŽů͕͘ϮϳϬ͕ƉƉ͘ϭϬϱʹϭϯϰ͕ϮϬϬϯ

Žůů͕W͕͘,ŽĨĨŵĂŶŶͲŽďƌĞǀ͕,͕͘WŽƌƚŵĂŶŶ͕&͘d͕͘^ŝĞďĞƌƚ͕^͕͘ŝĐŬĞƌ͕͕͘ZŽĚĞůů͕D͕͘^ƚƌĂƐƐďĞƌŐ͕
'͕͘ĂŶĚ^ĐĂŶůŽŶ͕͘Z͕͘ϮϬϭϮ͘/ŵƉĂĐƚŽĨǁĂƚĞƌǁŝƚŚĚƌĂǁĂůƐĨƌŽŵŐƌŽƵŶĚǁĂƚĞƌĂŶĚƐƵƌĨĂĐĞǁĂƚĞƌŽŶ
ĐŽŶƚŝŶĞŶƚĂůǁĂƚĞƌƐƚŽƌĂŐĞǀĂƌŝĂƚŝŽŶƐ͕ϱϵʹϲϬ͕ƉƉ͘ϭϰϯʹϭϱϲ

&ĂůůŽŽŶ͕W͕͘͘ĂŶŬĞƌƐ͕Z͕͘ĞƚƚƐ͕Z͕͘͘:ŽŶĞƐ͕͕͘͘ŽŽƚŚ͕͕͘͘͘ĂŶĚ>ĂŵďĞƌƚ͕&͘,͕͘ϮϬϭϮĂ͘ZŽůĞŽĨ
ǀĞŐĞƚĂƚŝŽŶĐŚĂŶŐĞŝŶĨƵƚƵƌĞĐůŝŵĂƚĞƵŶĚĞƌƚŚĞϭƐĐĞŶĂƌŝŽĂŶĚĂĐůŝŵĂƚĞƐƚĂďŝůŝƐĂƚŝŽŶƐĐĞŶĂƌŝŽ͕ƵƐŝŶŐ
ƚŚĞ,ĂĚDϯĂƌƚŚƐǇƐƚĞŵŵŽĚĞů͕ŝŽŐĞŽƐĐŝĞŶĐĞƐ͕ϵ͕ƉƉ͘ϰϳϯϵʹϰϳϱϲ͕ĚŽŝ͗ϭϬ͘ϱϭϵϰͬďŐͲϵͲϰϳϯϵͲϮϬϭϮ͕
ŚƚƚƉ͗ͬͬĚǆ͘ĚŽŝ͘ŽƌŐͬϭϬ͘ϱϭϵϰͬďŐͲϵͲϰϳϯϵͲϮϬϭϮ

&ĂůůŽŽŶ͕W͕͘͘ĂŶŬĞƌƐ͕Z͕͘ĞƚƚƐ͕Z͕͘͘:ŽŶĞƐ͕͕͘͘ŽŽƚŚ͕͕͘͘͘ĂŶĚ>ĂŵďĞƌƚ͕&͘,͕͘ϮϬϭϮď͘ZŽůĞŽĨ
ǀĞŐĞƚĂƚŝŽŶĐŚĂŶŐĞŝŶĨƵƚƵƌĞĐůŝŵĂƚĞƵŶĚĞƌƚŚĞϭƐĐĞŶĂƌŝŽĂŶĚĂĐůŝŵĂƚĞƐƚĂďŝůŝƐĂƚŝŽŶƐĐĞŶĂƌŝŽ͕ƵƐŝŶŐ
ƚŚĞ,ĂĚDϯĞĂƌƚŚƐǇƐƚĞŵŵŽĚĞů͕ŝŽŐĞŽƐĐŝĞŶĐĞƐŝƐĐƵƐƐŝŽŶƐ͕ϵ͕ƉƉ͘ϳϲϬϭʹϳϲϱϵ͕ĚŽŝ͗ϭϬ͘ϱϭϵϰͬďŐĚͲϵͲ
ϳϲϬϭͲϮϬϭϮ͕ŚƚƚƉ͗ͬͬĚǆ͘ĚŽŝ͘ŽƌŐͬϭϬ͘ϱϭϵϰͬďŐĚͲϵͲϳϲϬϭͲϮϬϭϮ

&ĂůůŽŽŶ͕W͘͘ĂŶĚĞƚƚƐ͕Z͕͘͘ϮϬϬϲ͘dŚĞŝŵƉĂĐƚŽĨĐůŝŵĂƚĞĐŚĂŶŐĞŽŶŐůŽďĂůƌŝǀĞƌĨůŽǁŝŶ,ĂĚ'DϭƐŝŵƵͲ
ůĂƚŝŽŶƐ͕ƚŵŽƐƉŚ͘^Đŝ͘>Ğƚƚ͕͘ϳ͕ƉƉ͘ϲϮʹϲϴ͕ĚŽŝ͗ϭϬ͘ϭϬϬϮͬĂƐů͘ϭϯϯ͕ŚƚƚƉ͗ͬͬĚǆ͘ĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϬϮͬĂƐů͘ϭϯϯ

&ůŽƌŬĞ͕D͕͘<ǇŶĂƐƚ͕͕͘ĂƌůƵŶĚ͕/͕͘ŝƐŶĞƌ͕^͕͘tŝŵŵĞƌ͕&͕͘ĂŶĚůĐĂŵŽ͕:͕͘ϮϬϭϯ͘ŽŵĞƐƚŝĐĂŶĚŝŶĚƵƐͲ
ƚƌŝĂůǁĂƚĞƌƵƐĞƐŽĨƚŚĞƉĂƐƚϲϬǇĞĂƌƐĂƐĂŵŝƌƌŽƌŽĨƐŽĐŝŽͲĞĐŽŶŽŵŝĐĚĞǀĞůŽƉŵĞŶƚ͗ŐůŽďĂů
ƐŝŵƵůĂƚŝŽŶƐƚƵĚǇ͕'ůŽďĂůŶǀŝƌŽŶ͘ŚĂŶŐĞ͕Ϯϯ͕ƉƉ͘ϭϰϰʹϭϱϲ

'ĞĚŶĞǇ͕E͕͘Žǆ͕W͘D͕͘ĞƚƚƐ͕Z͕͘͘ŽƵĐŚĞƌ͕K͕͘,ƵŶƚŝŶŐĨŽƌĚ͕͕͘ĂŶĚ^ƚŽƚƚ͕W͕͘͘ϮϬϬϲ͘ĞƚĞĐƚŝŽŶŽĨĂ
ĚŝƌĞĐƚĐĂƌďŽŶĚŝŽǆŝĚĞĞĨĨĞĐƚŝŶĐŽŶƚŝŶĞŶƚĂůƌŝǀĞƌƌƵŶŽĨĨƌĞĐŽƌĚƐ͕EĂƚƵƌĞ͕ϰϯϵ͕ƉƉ͘ϴϯϱʹϴϯϴ͕
ĚŽŝ͗ϭϬ͘ϭϬϯϴͬŶĂƚƵƌĞϬϰϱϬϰ͕ŚƚƚƉ͗ͬͬĚǆ͘ĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϯϴͬŶĂƚƵƌĞϬϰϱϬϰ
ϭϬ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ


'ŝŽƌŐŝ͕&͘ĂŶĚŝ͕y͕͘ϮϬϬϱ͘hƉĚĂƚĞĚƌĞŐŝŽŶĂůƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚƚĞŵƉĞƌĂƚƵƌĞĐŚĂŶŐĞƐĨŽƌƚŚĞϮϭƐƚĐĞŶƚƵƌǇ
ĨƌŽŵĞŶƐĞŵďůĞƐŽĨƌĞĐĞŶƚK'DƐŝŵƵůĂƚŝŽŶƐ͕'ĞŽƉŚǇƐ͘ZĞƐ͘>Ğƚƚ͕͘ϯϮ͕ŶͬĂ͕ĚŽŝ͗ϭϬ͘ϭϬϮϵͬϮϬϬϱ'>ϬϮϰϮϴϴ͕
ŚƚƚƉ͗ͬͬĚǆ͘ĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϮϵͬϮϬϬϱ'>ϬϮϰϮϴϴ

'ŽƐůŝŶŐ͕^͘E͕͘ƌĞƚŚĞƌƚŽŶ͕͕͘,ĂŝŶĞƐ͕<͕͘ĂŶĚƌŶĞůů͕E͘t͕͘ϮϬϭϬ͘'ůŽďĂůŚǇĚƌŽůŽŐǇŵŽĚĞůůŝŶŐĂŶĚ
ƵŶĐĞƌƚĂŝŶƚǇ͗ƌƵŶŶŝŶŐŵƵůƚŝƉůĞĞŶƐĞŵďůĞƐǁŝƚŚĂĐĂŵƉƵƐŐƌŝĚ͕WŚŝůŽƐ͘d͘ZŽǇ͘^ŽĐ͕͘ϯϲϴ͕
ƉƉ͘ϰϬϬϱʹϰϬϮϭ͕ĚŽŝ͗ϭϬ͘ϭϬϵϴͬƌƐƚĂ͘ϮϬϭϬ͘Ϭϭϲϰ

,ĂĚĚĞůĂŶĚ͕/͕͘ůĂƌŬ͕͕͘͘&ƌĂŶƐƐĞŶ͕t͕͘>ƵĚǁŝŐ͕&͕͘sŽƘ͕&͕͘ƌŶĞůů͕E͘t͕͘ĞƌƚƌĂŶĚ͕E͕͘ĞƐƚ͕D͕͘&ŽůǁĞůů͕
^͕͘'ĞƌƚĞŶ͕͕͘'ŽŵĞƐ͕^͕͘'ŽƐůŝŶŐ͕^͘E͕͘,ĂŐĞŵĂŶŶ͕^͕͘,ĂŶĂƐĂŬŝ͕E͕͘,ĂƌĚŝŶŐ͕Z͕͘,ĞŝŶŬĞ͕:͕͘<ĂďĂƚ͕W͕͘
<ŽŝƌĂůĂ͕^͕͘KŬŝ͕d͕͘WŽůĐŚĞƌ͕:͕͘^ƚĂĐŬĞ͕d͕͘sŝƚĞƌďŽ͕W͕͘tĞĞĚŽŶ͕'͘W͕͘ĂŶĚzĞŚ͕W͕͘ϮϬϭϭ͘DƵůƚŝŵŽĚĞůƐƚŝͲ
ŵĂƚĞŽĨƚŚĞ'ůŽďĂůdĞƌƌĞƐƚƌŝĂůtĂƚĞƌĂůĂŶĐĞ͗^ĞƚƵƉĂŶĚ&ŝƌƐƚZĞƐƵůƚƐ͕:͘,ǇĚƌŽŵĞƚĞŽƌ͕ϭϮ͕ƉƉ͘ϴϲϵʹϴϴϰ͕
ĚŽŝ͗ϭϬ͘ϭϭϳϱͬϮϬϭϭ:,DϭϯϮϰ͘ϭ͕ŚƚƚƉ͗ͬͬĚǆ͘ĚŽŝ͘ŽƌŐͬϭϬ͘ϭϭϳϱͬϮϬϭϭ:,DϭϯϮϰ͘ϭ

,ĂŐĞŵĂŶŶ͕^͕͘ŚĞŶ͕͕͘ůĂƌŬ͕͕͘͘&ŽůǁĞůů͕^͕͘'ŽƐůŝŶŐ͕^͘E͕͘,ĂĚĚĞůĂŶĚ͕/͕͘,ĂŶĂƐĂŬŝ͕E͕͘,ĞŝŶŬĞ͕:͕͘
>ƵĚǁŝŐ͕&͕͘sŽƐƐ͕&͕͘ĂŶĚtŝůƚƐŚŝƌĞ͕͘:͕͘ϮϬϭϮ͘ůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚŽŶĂǀĂŝůĂďůĞǁĂƚĞƌƌĞƐŽƵƌĐĞƐŽďͲ
ƚĂŝŶĞĚƵƐŝŶŐŵƵůƚŝƉůĞŐůŽďĂůĐůŝŵĂƚĞĂŶĚŚǇĚƌŽůŽŐǇŵŽĚĞůƐ͕ĂƌƚŚ^ǇƐƚĞŵǇŶĂŵŝĐƐŝƐĐƵƐƐŝŽŶ͕ϯ͕
ƉƉ͘ϭϯϮϭʹϭϯϰϱ͕ĚŽŝ͗ϭϬ͘ϱϭϵϰͬĞƐĚĚͲϯͲϭϯϮϭͲϮϬϭϮ͕ŚƚƚƉ͗ͬͬĚǆ͘ĚŽŝ͘ŽƌŐͬϭϬ͘ϱϭϵϰͬĞƐĚĚͲϯͲϭϯϮϭͲϮϬϭϮ

,ĂŐĞŵĂŶŶ͕^͘ĂŶĚ'ĂƚĞƐ͕>͕͘͘ϮϬϬϯ͘/ŵƉƌŽǀŝŶŐĂƐƵďŐƌŝĚƌƵŶŽĨĨƉĂƌĂŵĞƚĞƌŝǌĂƚŝŽŶƐĐŚĞŵĞĨŽƌĐůŝŵĂƚĞ
ŵŽĚĞůƐďǇƚŚĞƵƐĞŽĨŚŝŐŚƌĞƐŽůƵƚŝŽŶĚĂƚĂĚĞƌŝǀĞĚĨƌŽŵƐĂƚĞůůŝƚĞŽďƐĞƌǀĂƚŝŽŶƐ͕ůŝŵ͘ǇŶĂŵ͕͘
Ϯϭ͕ƉƉ͘ϯϰϵʹϯϱϵ͕ĚŽŝ͗ϭϬ͘ϭϬϬϳͬƐϬϬϯϴϮͲϬϬϯͲϬϯϰϵͲǆ

,ĂŶĂƐĂŬŝ͕E͕͘<ĂŶĂĞ͕^͕͘KŬŝ͕d͕͘DĂƐƵĚĂ͕<͕͘DŽƚŽǇĂ͕<͕͘^ŚŝƌĂŬĂǁĂ͕E͕͘^ŚĞŶ͕z͕͘ĂŶĚ
dĂŶĂŬĂ͕<͕͘ϮϬϬϴĂ͘ŶŝŶƚĞŐƌĂƚĞĚŵŽĚĞůĨŽƌƚŚĞĂƐƐĞƐƐŵĞŶƚŽĨŐůŽďĂůǁĂƚĞƌƌĞƐŽƵƌĐĞƐʹWĂƌƚϭ͗
DŽĚĞůĚĞƐĐƌŝƉƚŝŽŶĂŶĚŝŶƉƵƚŵĞƚĞŽƌŽůŽŐŝĐĂůĨŽƌĐŝŶŐ͕,ǇĚƌŽů͘ĂƌƚŚ^ǇƐƚ͘^Đŝ͕͘ϭϮ͕ƉƉ͘ϭϬϬϳʹϭϬϮϱ͕
ĚŽŝ͗ϭϬ͘ϱϭϵϰͬŚĞƐƐͲϭϮͲϭϬϬϳͲϮϬϬϴ

,ĂŶĂƐĂŬŝ͕E͕͘<ĂŶĂĞ͕^͕͘KŬŝ͕d͕͘DĂƐƵĚĂ͕<͕͘DŽƚŽǇĂ͕<͕͘^ŚŝƌĂŬĂǁĂ͕E͕͘^ŚĞŶ͕z͕͘ĂŶĚdĂŶĂŬĂ͕
<͕͘ϮϬϬϴďŶŝŶƚĞŐƌĂƚĞĚŵŽĚĞůĨŽƌƚŚĞĂƐƐĞƐƐŵĞŶƚŽĨŐůŽďĂůǁĂƚĞƌƌĞƐŽƵƌĐĞƐʹWĂƌƚϮ͗ƉƉůŝĐĂƚŝŽŶƐ
ĂŶĚĂƐƐĞƐƐŵĞŶƚƐ͕,ǇĚƌŽů͘ĂƌƚŚ^ǇƐƚ͘^Đŝ͕͘ϭϮ͕ƉƉ͘ϭϬϮϳʹϭϬϯϳ͕ĚŽŝ͗ϭϬ͘ϱϭϵϰͬŚĞƐƐͲϭϮͲϭϬϮϳͲϮϬϬϴ

,ĞŵƉĞů͕^͕͘&ƌŝĞůĞƌ͕<͕͘tĂƌƐǌĂǁƐŬŝ͕>͕͘^ĐŚĞǁĞ͕:͕͘ĂŶĚWŝŽŶƚĞŬ͕&͕͘ϮϬϭϯ͘ƚƌĞŶĚͲƉƌĞƐĞƌǀŝŶŐďŝĂƐĐŽƌƌĞĐͲ
ƚŝŽŶͲƚŚĞ/^/ͲD/WĂƉƉƌŽĂĐŚ͕ĂƌƚŚ^ǇƐƚĞŵǇŶĂŵŝĐƐŝƐĐƵƐƐŝŽŶƐ͕ϰ͕ƉƉ͘ϰϵʹϵϮ͕ĚŽŝ͗ϭϬ͘ϱϭϵϰͬĞƐĚĚͲϰͲϰϵͲ
ϮϬϭϯ͕ŚƚƚƉ͗ͬͬĚǆ͘ĚŽŝ͘ŽƌŐͬϭϬ͘ϱϭϵϰͬĞƐĚĚͲϰͲϰϵͲϮϬϭϯ

/ƚŽ͕͘ĂŶĚ/ŶĂƚŽŵŝ͕D͕͘ϮϬϭϭ͘tĂƚĞƌͲhƐĞĨĨŝĐŝĞŶĐǇŽĨƚŚĞdĞƌƌĞƐƚƌŝĂůŝŽƐƉŚĞƌĞ͗DŽĚĞůŶĂůǇƐŝƐ
&ŽĐƵƐŝŶŐŽŶ/ŶƚĞƌĂĐƚŝŽŶƐďĞƚǁĞĞŶƚŚĞ'ůŽďĂůĂƌďŽŶĂŶĚtĂƚĞƌǇĐůĞƐ͕:͘,ǇĚƌŽŵĞƚĞŽƌŽů͕͘
ϭϯ͕ƉƉ͘ϲϴϭʹϲϵϰ

>ŝĂŶŐ͕y͕͘>ĞƚƚĞŶŵĂŝĞƌ͕͘W͕͘tŽŽĚ͕͘&͕͘ĂŶĚƵƌŐĞƐ͕^͘:͕͘ϭϵϵϰ͘ƐŝŵƉůĞŚǇĚƌŽůŽŐŝĐĂůůǇďĂƐĞĚ
ŵŽĚĞůŽĨůĂŶĚƐƵƌĨĂĐĞǁĂƚĞƌĂŶĚĞŶĞƌŐǇĨůƵǆĞƐĨŽƌŐĞŶĞƌĂůĐŝƌĐƵůĂƚŝŽŶŵŽĚĞůƐ͕:͘'ĞŽƉŚǇƐ
ZĞƐ͕͘ϵϵ͕ƉƉ͘ϭϰϰϭϰϱʹϭϰϰϮϴ͕ĚŽŝ͗ϭϬ͘ϭϬϮϵͬϵϰ:ϬϬϰϴϯ

WĂǀůŝĐŬ͕Z͕͘ƌĞǁƌǇ͕͘d͕͘ŽŚŶ͕<͕͘ZĞƵ͕͕͘ĂŶĚ<ůĞŝĚŽŶ͕͕͘ϮϬϭϮ͘dŚĞ:ĞŶĂŝǀĞƌƐŝƚǇͲǇŶĂŵŝĐ
'ůŽďĂůsĞŐĞƚĂƚŝŽŶDŽĚĞů;:ĞŝͲ'sDͿ͗ĂĚŝǀĞƌƐĞĂƉƉƌŽĂĐŚƚŽƌĞƉƌĞƐĞŶƚŝŶŐƚĞƌƌĞƐƚƌŝĂůďŝŽͲ
ϭϭ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ

ŐĞŽŐƌĂƉŚǇĂŶĚďŝŽŐĞŽĐŚĞŵŝƐƚƌǇďĂƐĞĚŽŶƉůĂŶƚĨƵŶĐƚŝŽŶĂůƚƌĂĚĞͲŽĨĨƐ͕ŝŽŐĞŽƐĐŝĞŶĐĞƐŝƐͲ
ĐƵƐƐ͕͘ϵ͕ƉƉ͘ϰϲϮϳʹϰϳϮϲ͕ĚŽŝ͗ϭϬ͘ϱϭϵϰͬďŐĚͲϵͲϰϲϮϳͲϮϬϭϮ

ZŽƐƚ͕^͕͘'ĞƌƚĞŶ͕͕͘ŽŶĚĞĂƵ͕͕͘>ƵĐŚƚ͕t͕͘ZŽŚǁĞƌ͕:͕͘ĂŶĚ^ĐŚĂƉŚŽĨĨ͕^͕͘ϮϬϬϴ͘ŐƌŝĐƵůƚƵƌĂůŐƌĞĞŶ
ĂŶĚďůƵĞǁĂƚĞƌĐŽŶƐƵŵƉƚŝŽŶĂŶĚŝƚƐŝŶĨůƵĞŶĐĞŽŶƚŚĞŐůŽďĂůǁĂƚĞƌƐǇƐƚĞŵ͕tĂƚĞƌZĞƐŽƵƌ͘
ZĞƐ͕͘ϰϰ͕tϬϵϰϬϱ͕ĚŽŝ͗ϭϬ͘ϭϬϮϵͬϮϬϬϳtZϬϬϲϯϯϭ

ZƵŽƐƚĞĞŶŽũĂ͕<͕͘ϮϬϬϯ͘&ƵƚƵƌĞĐůŝŵĂƚĞŝŶǁŽƌůĚƌĞŐŝŽŶƐ͗ĂŶŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶŽĨŵŽĚĞůͲďĂƐĞĚƉƌŽũĞĐƚŝŽŶƐ
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Abstract
The study ascertained constraints to Climate Change adaptation and food security in Nigeria, Sierra
Leone and Liberia. Data for the study were collected randomly from a total of 1,424 respondents using
both qualitative and quantitative techniques and analyzed using percentage, and mean score. The results
showed that respondents in Nigeria sourced useful information on Climate Change and food security
issues through radio, while respondents from Sierra Leone got useful information on Climate Change and
food security from government researchers and Ministries of Agriculture staff. With regards to available
public extension activities on Climate Change and food security, few (26.2%) respondents in Nigeria
noted that there were available public extension activities on Climate Change and food security. In Sierra
Leone and Liberia only 2.2% and 14.3% of respondents affirmed that there were public extension
activities on Climate Change and food security issues. Major factors that constrain farmers’ ability to
adapt to the changing climate in the three countries include poor/low extension services, poor access to
information relevant to adaptation, absence of government policy among others. The study concludes
that since similar problems are encountered by respondents across the three countries in the effort to
adapt to the changes brought by variations in the climate, there is need for the governments to work
collaboratively with key stakeholders so as to ensure the future of their citizens.
Key words: Adaptation, Climate Change, Constraints, West Africa
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1.0

Introduction

Climatic variability and change are major threats to food security in many regions of the developing
world (Archer, 2003), which are largely dependent on rain-fed and labour intensive agricultural
production because of the limited amount and uneven distribution of rainfall. Climate Change variability
impact on food security, health and disaster management forms a complex labyrinth of network that has
strong correlation with socio-economic growth and development. For instance, it has long been
acknowledged that the health status of the population of any place or country influences development
as poor individual health can lower work capacity and productivity; this impact can severely restrict the
growth of economies (Philips and Verhasselt, 1994). In aggregate, this increases expenditure and lowers
work capacity of poorer communities, which further complicates local economic growth (Morlai,
Mansaray and Vandy, 2010).

In many African countries, food security at both the national and household level is a dismal. Africa has
the highest prevalence of undernourishment. In 2004, whereas 14% of the global population was
undernourished, 27.4% of the population in Africa as a whole was undernourished (Babatunde,
Omotesho and Shotolan, 2007). In some countries, the rate of undernourishment is above 40% while it
exceeds 50% in those countries experiencing or emerging from armed conflict (Todd, 2004). In West
African sub-region, Liberia and Sierra Leone are among those with the highest rate of undernourishment
in the continent with 1.4 and 2.3 million undernourished people respectively in 2002 (Babatunde et.
al.,2007). In Nigeria, the most populous country in Africa, the majority of households are food insecure,
especially the rural farming households.

These perceived situations are brought to by constraints experienced due to the changing climate. The
constraint being experienced not only limits income generation capacity of farmers but also predispose
them to food insecurity as their production rarely meets their consumption needs. Considering the
constraints farmers experience in adapting to the effects of Climate Change variability in the West
African sub region, this research was set out to provide answers to the following questions: what are the
available sources of information on Climate Change variability issues? Are there available extension
activities on Climate Change variability and food security issues in these countries? What is the food
security situation in the West African sub region? More importantly, what are the constraints
experienced by farmers in adapting to the effects of Climate Change variability in the region?
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The study specifically sought to achieve the following objectives:
i.

ascertain quality sources of information on Climate Change variability adaptation;

ii.

identify available extension activities on Climate Change variability and food security issues;

iii.

ascertain perceived food security situation in the region; and

iv.

ascertain constraints to Climate Change variability adaptation in the region.

2.0

Methodology

Data for the study were collected from a total of 1,424 respondents using both qualitative and
quantitative techniques in three West African countries. Respondents for this study were selected
through multistage sampling technique. In the first stage, thirteen states were selected from the seven
agro-ecological zones in Nigeria; in Sierra Leone, six districts were selected from the four agro-climatic
regions, while seven counties were selected from the four agro-climatic regions, in Liberia.

In the second stage, using the delineation by the different states’ Agricultural Development Programmes
(ADPs), in Nigeria, two agricultural zones were randomly selected from each state giving a total of 26
agricultural zones in Nigeria. From each of the selected zones, 25 farming households were randomly
selected for interview. This gave a total of 650 framing households from Nigeria. In Sierra Leone, a
sample size of 70 farming households were randomly selected from each of the six districts giving a total
of 420 households; while in Liberia 60 farming households were randomly selected from each of the
counties surveyed, giving a total of 420 farming households.
In all, a total of 1,490 farming households were interviewed through a combination of strategies that
took cognizance of social components of indigenous knowledge and practices. However, 1,424 (624
from Nigeria); (400 from Sierra Leone) and (400 from Liberia) completely filled copies of interview
schedule were used for analysis.
To ascertain useful sources of information on Climate Change and food security issues, respondents
were asked to indicate useful sources through which they receive information on a 5 point Likert – type
scale. To identify available extension activities on Climate Change and food security, respondents’ were
provided with a list of options on extension activities and were asked to tick available extension
activities. To elicit information on food security issues as they affect the respondents, they were asked
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to show the frequency at which they had difficulties in meeting food needs of their households and the
number of times they fed in a day by ticking the correct options as provided.
To ascertain problems encountered by the farmers in adapting to the effects of Climate Change,
respondents indicated the extent to which variables like lack of information, low awareness level, low
institutional capacity etc., acted as constraints to Climate Change adaptation. A three point Likert –type
scaled 3 to 1 was used to ascertain the level of seriousness of the different constraints listed. Data
gathered were summarized using percentage, mean score and standard deviation.

3.0

Results and Discussion

3.1

Useful sources of information on Climate Change, food security issues and innovations

The mean score on useful sources of information by respondents from Nigeria showed that they
perceived information sourced from other farmers (M =3.08) and radio (M=3.02) as useful. In Sierra
Leone, respondents reported that they sourced useful information from Ministries of Agriculture (M
=4.02), government researchers (M =3.38), radio (3.44) and television (M =3.06). However, respondents
from Liberia did not indicate any of these sources as useful sources of information on Climate Change
and food security issues. The standard deviations of the mean scores in most cases were all greater than
or equal to 1.0, showing that the respondents’ individual scores in respect to useful sources of
information on Climate Change vary much from the mean, hence indicating high level of variation in
their responses.

It is evident that many farmers’ regarded the mass media as useful sources of information on Climate
Change. This could be due to the presence of interactions aided by phone-in programmes during live
broadcast as observed in Nigeria. Therefore, it can be inferred that efforts should be geared towards
using the mass media in promoting information on Climate Change and food security issues across the
West African sub region.
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Table 1: Useful sources of information on Climate Change and food security issues
Sources of information

Nigeria
Mean
Radio
3.02*
Television
2.74
Other Farmers
3.08*
Meetings / seminars / trade fairs
2.98
Extension Officers
2.44
Government Researchers
2.43
Input suppliers e.g. seed, fertilizer 2.71
companies
University
2.74
Internet
2.44
Ministries of Agriculture
2.63
Ministries of Environment
2.45
ΎDĞĂŶшϯ͘Ϭ

3.2

SD
0.95
1.10
1.17
1.34
1.45
1.39
1.34

Sierra Leone
Mean
SD
3.44*
1.31
3.06*
1.12
2.84
0.92
2.76
1.30
2.64
0.81
3.38*
1.77
1.00
0.00

Liberia
Mean
2.66
1.49
2.10
1.83
1.68
1.50
1.40

SD
1.28
1.05
1.13
1.14
0.92
0.81
0.58

1.52
1.43
1.42
1.47

1.00
1.00
4.20*
1.00

1.59
1.36
1.70
1.78

0.83
0.81
0.92
0.93

0.00
0.00
1.88
0.00

Available extension activities on Climate Change and food security issues

Fig. 1 shows that 22.6% of the respondents in Nigeria reported the availability of extension activities on
Climate Change variability through the use of demonstration/training. About 25% of the respondents
asserted that there were advisory services on how to manage the farm in order to reduce the effect of
Climate Change variability in Nigeria; while 26.2% of them reported that there were awareness creation
events on the effects/consequences of Climate Change variability by extension agencies.
In Sierra Leone and Liberia, only 2.2% and 14.3% of the respondents respectively noted that there were
extension activities with regard to visiting sites that were undergoing changes due to variations in
climate. About 3% and 7% of the respondents from Sierra Leone and Liberia reported that there were
awareness creation events on the effects of Climate Change variability through extension activities. The
results, generally, revealed low activities of extension agencies with regard to issues of Climate Change
variability and food security in the three countries. However, there seem to be more extension activities
on these issues in Nigeria than in Sierra Leone and Liberia. This makes it imperative that extension
service delivery rework ways of information dissemination by using modern means to get across to their
clientele.
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Fig. 1: Respondents’ reported extension activities on Climate Change and food security issues in
the three countries

3.3

Respondents’ perception of household food security issues

3.3.1 Problems of satisfying household food needs
Fig. 2 shows that, about 20% of households in Nigeria perceived seldom problems in satisfying family
food needs; in Sierra Leone and Liberia respectively, 20% and 27% of the rural households noted that
they perceived problems seldomly in meeting family food needs. Also, 32.3%, 34.5% and 28% of
respondents in Nigeria, Sierra Leone and Liberia respectively, noted that they sometimes have difficulties
in satisfying family food needs. About 13% of households in Nigeria, 16.2% in Sierra Leone and 18.1% in
Liberia noted that they often had problems satisfying their household food needs. As evident from Fig. 2,
29% of households in Sierra Leone noted that they always had problems in meeting household food
needs, whereas only 7.2% and 1.9% of households in Nigeria and Liberia respectively noted they always
had problems satisfying household food needs. It can be inferred from the above findings, that rural
households across the three countries still have difficulties in meeting their food needs. FAO (2000)
earlier reported that food insecurity is among developmental problems facing developing countries like
Nigeria.
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Often

Always

Liberia

Fig. 2: Percentage distribution of rural households by their perceived abilities to satisfy family food
needs in Nigeria, Sierra Leone and Liberia

3.3.2 Number of times household feed in a day
Fig. 3, shows that majority (75.8%) of the respondents in Nigeria fed at least three times per day, in
Sierra Leone more of the rural households (67.2%) noted that they fed twice per day; while respondents
in Liberia noted that they fed once (40.0%) and twice (50.6%) per day. This shows that on the average,
the rural respondents in the three countries were not feeding adequately on daily basis; indicating that
they were feeding majorly for survival. This finding is also in line with the work of Idachaba (2004) who
noted that many households and individuals in Nigeria merely ate for survival. The situation in Liberia
could be attributed to the just ended war, which had a devastating effect on all sector of their economy,
particularly, agriculture.
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Fig. 3: Distribution of rural households by number of times eaten per day

3.4

Respondents’ perception of current household food situations

From Fig. 4, it is evident that 21.4% respondents from Nigeria, 24.5% Sierra Leone and 25.9% Liberia
perceived the current household food situations as a little worse than what it was previously. About 28%
of respondents from Nigeria noted that the situation has remained the same, while 31.8% of rural
households from Sierra Leone and 18.5% from Liberia noted also that the situation has not changed.
Only 23.5% of rural households from Nigeria perceived their current food situation to have been
improved a little. Respondents from Sierra Leone and Liberia (33.8% and 21.2%) respectively, noted that
there has also been a little improvement on their current food situation over time. This means that on an
average note, there have not been major changes in their current food situations. In order to beef up
food security issues and self sufficiency in terms of food production in these countries, there is need to
invest more in agricultural production so that the teeming populations food needs can be met
appropriately.
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Fig. 4: Distribution of respondents by perceived current household food situation in Nigeria, Sierra
Leone and Liberia

3.5

Problems encountered by farmers in adapting to the effects of Climate Change
variability

Entries in Table 2 show that the three countries under study encountered similar problems in their
efforts to adapt to the negative effects of climate change variability. The constraints experienced in
Nigeria, Sierra Leone and Liberia respectively included: poor access to information relevant to adaptation
(M = 2.60, 2.88 and 2.77), lack of financial resources (M = 2.50, 2.87 and 2.62), poor/low extension
services (M = 2.48, 2.78 and 2.58) and lack of access to weather forecasts (M = 2.04, 2.67 and 2.51). On
the issue of financial constraints, Adger et al (2007) reported that adaptation to Climate Change
variability at local, individual and community levels could be constrained by lack of adequate financial
resources. Another study in Nigeria (Egbule, 2010), noted that irregularities of extension
activities/services was perceived as a constraint to Climate Change adaptation. The problems imposed by
information lack and poor extension services in the three countries point to the fact that there could be
limited extension activities on Climate Change adaptation in the three countries. There is need therefore
9
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to have an enduring system through which information can be disseminated, as information exists
currently at the global levels on measures of adapting to the changing climate.

Other problems encountered in the three countries respectively, were: high cost of improved crop
varieties (M =2.42, 2.77 and 2.08), absence of governments policy on Climate Change (M =2.35, 2.66 and
2.35), non availability of credit facilities (M =2.49, 2.30 and 2.38), limited knowledge on adaptation
measures (M =2.28, 2.64 and 2.52) and poor response to crises related to Climate Change by the
governments agencies and interest groups (M =2.36, 2.52 and 2.26). Findings on absence of
governments policies corroborates the work of Ngigi (2009) who affirmed that lack of government
policies on adaptation has remained a serious limitation to effective Climate Change adaptation in
developing countries and this has limited the availability of infrastructure needed to enhance
adaptation.

Further problems included: non availability of processing facilities (M =2.17, 2.03 and 2.00), inadequate
knowledge on how to cope adequately (M =2.21, 2.50 and 2.22) and high cost of farm labour (M =2.38,
2.17 and 2.04). The standard deviations of the mean scores were all less than 1.0. This shows that all the
respondents’ individual scores in respect of problems encountered in adapting to the effects of Climate
Change variability did not vary much from the mean. These findings reveal some level of disconnect
among the major stakeholders across the three countries under study. The findings also show that the
respondents have very limited knowledge on effective adaptation measures to combat the negative
challenges of Climate Change variability. This means that more efforts should be channeled by the
governments to put in place appropriate policies on Climate Change. Again, research should build up
more adaptation measures so that farmers can be exposed to a variety of options on adaptation as best
suits their environment.
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Table 2: Mean scores on problems encountered by farmers in adapting to the effects of Climate
Change
Problems encountered in adapting to the effects Nigeria
Sierra Leone
Liberia
of Climate Change
Mean
SD
Mean
SD
Mean
Poor access to information source relevant to
adaptation
Type of land tenure system practiced in my area
Ineffectiveness of indigenous strategies
Lack of financial resources
Poor/low extension services
Lack of access to weather forecasts
Limited access to improved crop varieties
Lack of access to improved livestock breeds
High cost of improved crop varieties
Non-availability of storage facilities
Absence of government policy on adaptation
Non-availability of credit facilities
Limited knowledge on adaptation measures
Poor response to crises related to Climate Change
by the governments agencies and interest groups
Risk of adaptation
High cost of fertilizers and other inputs
High cost of irrigation facilities
Non-availability of farm inputs
Non-availability of processing facilities
Inadequate knowledge of how to cope
Non-availability of farm labour
High cost of farm labour
ΎDĞĂŶшϮ͘Ϭ

4.0

2.60*

0.60

2.88*

0.36

2.77*

SD
0.45

2.00*
1.98
2.50*
2.48*
2.04*
2.24*
2.23*
2.42*
2.01*
2.35*
2.49*
2.28*
2.36*

0.67
0.76
0.54
0.66
0.76
0.65
0.79
0.58
0.74
0.62
0.62
0.68
0.66

1.75
2.52*
2.87*
2.78*
2.67*
1.87
2.23*
2.77
1.97
2.66*
2.30*
2.64*
2.52*

0.79
0.74
0.37
0.48
0.57
0.83
0.80
0.47
0.85
0.59
0.78
0.67
0.72

1.42
1.38
2.62*
2.58*
2.51*
2.18*
1.99
2.08*
1.93
2.35*
2.38*
2.52*
2.26*

0.68
0.59
0.54
0.51
0.56
0.74
0.87
0.72
0.85
0.58
0.68
0.56
0.75

1.95
2.41*
2.43*
2.00*
2.17*
2.21*
2.01*
2.38*

0.71
0.58
0.65
0.76
0.71
0.67
0.74
0.60

2.49*
2.75*
2.73*
1.95
2.03*
2.50*
1.56
2.17*

0.77
0.49
0.55
0.85
0.86
0.72
0.66
0.74

2.09*
1.72
1.71
1.80
2.00*
2.22*
1.63
2.04*

0.57
0.79
0.87
0.62
0.82
0.68
0.61
0.53

Recommendations

The study concludes that there is need for relevant ministries (Agriculture, Environment, and
Information) to embark on vigorous information dissemination on causes, effects and adaptation to
Climate Change variability. This will expose to farmers the need to rework their farming practices along
current research efforts in favour of Climate Change adaptation. Also, information on Climate Change
variability and adaptation should be made accessible to farmers using various means. This will ensure
better understanding, as farmers will have different alternatives to learn from. There is need to improve
access to extension services for disseminating relevant information that can aid in avoiding the
constraints experienced by farmers in adapting to the effects of Climate Change variability.
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Pollen forecasting, climate change & public
health
Bernd Eggen, Sotiris Vardoulakis, Debbie Hemming, Yolanda Clewlow
Abstract— Pollen and fungal spores exacerbate allergic (e.g. hay fever) and respiratory (e.g. asthma) con-

ditions, affecting hundreds of millions of people worldwide. Climate change is likely to alter the distribution and timing of these health impacts, possibly increasing the public health burden. A number of national weather services offer pollen forecasts, which are commonly derived from pollen measurements
and dispersion models. In the UK, the Met Office manages the only UK-wide pollen measurement network. Automated pollen measurements are expensive and manual measurements (e.g. with Burkard
traps) time consuming, and pollen counts alone may not give an accurate indication of health risks for
sufferers, as many compounding factors including pollen potency can vary widely. New approaches are
emerging to address these technical and scientific challenges, and to improve the modelling of pollen/spore development and dispersion as well as their integration into numerical weather and climate
models. These improvements would fill important gaps in current understanding and improve the utility
of pollen forecasts for public health practitioners, particularly allergy experts.
Index Terms—allergies, bioaerosols, climate, dispersion, human health, pollen
————————————————————

1

Introduction

Pollen and fungal spores (collectively referred to as ‘aeroallergens’) exacerbate allergic (e.g. hay fever = allergic rhinitis) and respiratory (e.g. asthma) conditions, affecting hundreds of millions of people worldwide (Bousquet et al.,
2008). In the UK, approximately 20% of the population suffer from hay fever - around 95% of hay fever sufferers are
allergic to grass pollen and 25% to tree pollen. There are approximately 150 species of grass in the UK, 12 of which
are important with respect to atmospheric pollen load (Emberlin et al., 1999).
The dynamics of pollen production and dispersal involve complex processes that are challenging to model and forecast. These processes are influenced by multiple environmental factors including meteorology over time-scales of
hours to years, plant biology, atmospheric dispersion conditions and anthropomorphic effects such as land-use.
Furthermore, the impacts of pollen on human health and societies involve further complex interactions relating
human exposure, physiological susceptibility and societal dynamics. Gaps in current knowledge of these complex
systems mean forecasts of the impacts of pollen on human health are, at best, rudimentary with considerable uncertainties.
Climate change is likely to alter the timing of the pollen season (e.g. for hazel, alder and birch )and distribution of
certain plant species, such as ambrosia (Vardoulakis and Heaviside, 2012) which may influence the public health
burden associated with hay fever (i.e. allergic rhinitis) and asthma. Longer and earlier pollen seasons have been
observed, e.g. in the US since 1995 a significant increase has been noted in the length of the ragweed pollen season
by as much as 27 days at latitudes above 44°N (Ziska et al., 2011), in southern Germany the grass pollen season
(May-August) started approx 20 days earlier in 2010 compared with 1988 and ended approx 4 days later, lengthening the time sufferers were affected by nearly 1 month; a similar trend has been observed in the UK over the last
decade (Kennedy and Smith, 2012). The Health Effects of Climate Change in the UK report (Vardoulakis and Heaviside, 2012) also states that:
- Climate change may result in earlier seasonal appearance of respiratory symptoms and longer duration of exposure to aeroallergens.
- The effects of climate change on plant distribution through range shifts and invasions can expose the population
to pollen from more plants with different flowering seasons.
- Variations in the potency of allergen carriers (e.g. the amount of allergen per pollen grain) might make it difficult
1
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to correlate symptoms and effectiveness of treatment with pollen or fungal spore counts. The problem of variations
in potency might be overcome by monitoring atmospheric concentrations of allergens instead of pollen grains or
fungal spore counts.

2

Pollen Measurements and Forecasts

A number of national weather services offer pollen forecasts, which are commonly derived from pollen measurements, basic models of plant pollen phenology, and dispersion models, such as the NAME (Numerical Atmosphericdispersion Modelling Environment) model from the UK Met Office (Jones et al., 2007). Typically the dispersion
models are Lagrangian particle models which calculate dispersion by tracking model particles through the atmosphere. These particles move with the resolved wind described by the meteorology, which varies in space and time.
Recently, basic pollen development and emission modules, which predict the onset and duration of flowering, as
well as emitted pollen concentrations as a function of meteorological variables (temperature, humidity, precipitation, and wind speed), have been integrated with numerical weather and particle dispersion models (e.g. Sofiev et
al., 2013, Helbig et al., 2004). This has enabled pollen forecasts to be provided in association with weather (NWP:
Numerical Weather Prediction), or atmospheric chemistry (CTM: Chemical Transport) models. Such pollen forecasts are not yet available for regional (nor global) climate models.
At the continental and national scale, a number of national weather services and academic institutes produce pollen forecasts which are commonly derived from pollen measurements, plant vegetation models, atmospheric dispersion models, and expert judgement. In Europe, many national pollen monitoring networks contribute their pollen count data to the European Aeroallergen Network (EAN) Pollen database (see https://ean.polleninfo.eu/Ean/ ).
The EAN is part of the World Allergy Organisation’s World Pollen Network (see http://www.worldallergy.org/pollen)
which collates links to data, information and guidance resources focussed on pollen allergies worldwide.
In the UK, the Met Office manages the only pollen monitoring network, and in collaboration with the National Pollen and Aerobiological Unit at the University of Worcester and PollenUK, produces UK-wide pollen forecasts for up
to five days ahead (see: http://www.metoffice.gov.uk/health/public/pollen-forecast). These forecasts are designed
to help support allergy and hay fever sufferers through the most difficult time of the year.
As with the majority of European pollen monitoring sites, the UK network uses the Burkard Seven-Day Recording
Volumetric Spore Trap (Fig. 1) (Hirst, 1952) to collect pollen from the air on an adhesive coated transparent plastic
tape. Each day’s tape stretch is transferred to a slide and placed under a microscope for counting, providing a
measure of grains per cubic metre per 24 hours. Up to twelve different pollen types are counted (normally only 3-4
pollen types, of significance to allergy, are present in the air at any time period due to different flowering seasons
of plant species). Counts are performed daily during the grass season and weekly during the tree and weed seasons.

Fig. 1: A Burkard 7-day recording volumetric spore trap
The majority of current methods for monitoring pollen, such as using the Burkard trap, are very time consuming,
relying on manual counts of pollen and spore grains under a microscope. To try to improve this, various systems for
automated pollen measurements (e.g. with Hund pollen monitoring system BAA500) have recently been developed
and/or are currently under development. However, so far these have proved prohibitively expensive for widespread
2
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use in existing pollen monitoring networks. Some new developments of hand-held pollen counting devices should
reach operational status soon.
UK pollen forecasts are provided as part of the public weather service, they give an estimate of the likelihood that
the count for the ensemble of monitored species, will be within certain concentration levels. The forecasted levels
(low, moderate, high, or very high) are derived using observed pollen counts, meteorological information, expert
judgement from allergy specialists and local and seasonal information relevant to the typical pollen calendar (Fig.
2) for plant species that are considered a possible allergenic risk (see section 3, below). For example, for grass pollen, the number of grains per cubic metre of air corresponding to each level are: low 0-39; moderate 30-49; high
50-149; and very high > 150. As well as providing an information service on pollen allergy risk for the general public, national health experts and suppliers of allergy medicine use the pollen forecast to help understand and plan for
increases in demand for allergy medication and treatment.

Fig 2: The UK pollen calendar (Source: Met Office)
3
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In Europe, a recent project entitled ‘Evaluating and Forecasting of Atmospheric Concentrations of Allergenic Pollen
in Europe’ has made significant advances in forecasting European pollen distribution. Led by the Finnish Meteorological Institute (FMI), it produced an integrated modelling system for simulating and forecasting in time the pollen
emissions and transport on a European scale (Siljamo et al., 2007).
Despite recent advances in pollen forecasting, there is a need for improved pollen models that include more detailed mechanistic understanding of the pollen development processes. Furthermore, to understand and forecast
the distribution of pollen of key species at weather and climate timescales, these improved models need to be integrated (e.g. as with the FMI pollen forecast with pollen emission modules (Sofiev et al., 2013)) into NWP models,
and extended to climate projection models. Through such improvements, operational pollen distribution models
could provide greater accuracy and longer lead times in short- and medium-time pollen forecasting and better projections for future years and decades under climate change scenarios.

3

Human Health and Pollen

When pollen are inhaled by individuals with a sensitised immune system, the allergen triggers the production of
the antibody immunoglobulin E (IgE), which binds to mast cells containing histamine. The release of inflammatory
mediators such as histamine can cause sneezing, itchy and watery eyes, swelling and inflammation of the nasal passages, and an increase in mucus production. Sufferers can also become more sensitised as the season progresses
such that they may react in a similar way to a low pollen count at the end of the pollen season as they did to a high
count at the beginning of the pollen season. Some plant species which are known to trigger allergic reactions are
displayed in Fig. 2 (normally only 3-4 pollen types, of significance to allergy, are present in the air at any time period
due to different flowering seasons of plant species).
The European pollen diary is a long-term study that will significantly aid research into pollen and hay fever (see:
https://www.pollendiary.com/Phd/) – this is an important Europe-wide study, where hay fever sufferers are recording their symptoms online through the European Aeroallergen Network (EAN) Patient's Hayfever Diary. Symptoms
are documented and can be compared with concentrations of pollen in the air, to help identify which pollen individuals are allergic to, look back at pollen levels from previous seasons and read the latest pollen news.
Pollen counts alone are unlikely to give an accurate indication of health risks for allergy or asthma sufferers, as pollen potency can vary widely. Hay fever sufferers can become sensitised by other, less allergenic, pollen species in
advance of the main pollen season, which may increase the severity of the allergic reaction. Exposure to air pollution may also increase airway responsiveness to aeroallergens (D’Amato et al., 2002).
The pollen forecast and pollen calendar (which shows when different types of plant pollen that cause allergic reactions are present in the environment) also involve expert judgement on, and provide information about, the specific allergenic pollen types in the area of interest. Pharmaceutical organisations often use these forecasts not only by
displaying it on their website but also to predict demand and supply of medication, such as histamine antagonists
(commonly known as antihistamines), which alleviate some of the hay fever symptoms.
Understanding the potential increase in the health burden in relation to allergy will help health organisations and
clinicians to plan for the future. There are already significant costs to the economy relating to allergic rhinitis in loss
of productivity and days off work. Understanding how this financial burden may increase in the future is another
area of potential interest.

4
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4

Summary of Key Science and Technology Gaps

To help fill major gaps in understanding in this area new scientific evidence and technologies are emerging, including: 1) Automated pollen monitoring – manual pollen counting is a labour-intensive process which limits the number of monitoring sites, therefore the development of automatic pollen monitoring equipment will facilitate consistent monitoring and expansion of existing observation networks. 2) Detailed land-use datasets - pollen forecasting relies on knowledge of pollen release from specific species in conjunction with pollen measurements at a regional level; explicit use of detailed land-use datasets together with numerical dispersion model simulations would
provide more spatially resolved pollen species forecasts. 3) Integrated modelling of pollen production - weather
and climate forecasting models have land surface schemes that include algorithms for modelling vegetation responses, i.e. photosynthesis and respiration; by improving these schemes to include pollen responses, forecasts of
pollen production could be fully integrated with weather/climate forecasts. 4) Integration of pollen forecasting
models with human health modelling - linking pollen forecasts with understanding and modelling of the health
impacts of pollen would provide an end-to-end forecasting system to support the management and understanding
of pollen-related health conditions.
Through improvements in scientific understanding and technology, such as those described above, the end-to-end
robustness of pollen forecasts, from monitoring of pollen development and its dispersion to human health implications, should be improved. This will lead to advancements in pollen forecasting and managing the related health
impacts of pollen changes, both on operational timescales from days to seasons, and also on longer-term multidecadal timescales of relevance for large-scale climate and land-use changes.
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What do we know about climate change
and its impacts – conclusions from a
comprehensive European-wide assessment
Hans-Martin Füssela, Mikael Hildénb, André Jola
Abstract — In November 2012 the European Environment Agency (EEA) published its third indicator-based report
on climate change, impacts and vulnerability in Europe. This report presents more than 40 quantitative indicators
on observed and projected climate change and its impacts, most of them with European-wide coverage. These indicators are also a major source of information for the European Climate Adaptation Platform (Climate-ADAPT).
However, some important impact domains are not covered because information is not readily available at the European level, impacts are hard to quantify or to measure, and/or because the influence of climate change is hard to
disentangle from socio-economic, technical, cultural and political developments. This paper summarizes the availability of consistent information on observed and projected climate change and its impacts across climate-sensitive
sectors and systems in Europe and identifies major knowledge gaps. The paper argues that the improvement of
indicators and assessments is not simply a question of increasing monitoring and data collection, but also a task of
deepening the theoretical and practical understanding of underlying processes.

Index Terms — assessment, climate change impact, Europe, indicators, vulnerability.
————————————————————

Introduction

1

The European Environment Agency (EEA) is an agency of the European Union (EU) with the task of
providing relevant, objective and up-to-date information on the environment to public decision-makers
in Europe. So far the EEA has published three reports specifically devoted to climate change (EEA 2004;
EEA 2008; EEA 2012a). These reports rely heavily on indicators, which EEA defines as “a measure, generally quantitative, that can be used to illustrate and communicate complex environmental phenomena
simply, including trends and progress over time – and thus helps provide insight into the state of the environment” (EEA 2005). The EEA maintains an indicator management system (IMS) that presents indicators
in a structured way on the EEA website. The selection of indicators to be included in the IMS is based on
a review process, which applies eight selection criteria from four groups: relevance, method and process,
coverage, and user friendliness (EEA 2012b).
The climate change reports provide numerous indicators on different aspects of climate change. Owing
to the complexity of climate change and the inertia of the climate system, most indicators comprise
quantitative data about observed changes and projections of future changes, together with information

a
b

European Environment Agency (EEA)
European Topic Centre for Climate Impacts, Vulnerability and Adaptation (ETC/CCA); Finnish Environment Institute (SYKE)
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on key uncertainties.
The EEA climate change reports have attracted significant public attention, with tens of thousands of hits
in internet search engines (Table 1). The number of Google hits of the 2012 report is remarkable in comparison with the previous reports, considering that the report had been available on the internet for just
over three months at the time of the search. While this increase in Google hits is likely to be partly explained by the growth of the internet, it also shows that there is a strong demand for accessible information on climate change. In comparison, the reports are not very widely cited in the academic literature (Table 1). A detailed analysis of how the indicator reports are used in practice is beyond the scope of
this paper. However, a rapid scan of the websites citing the reports suggests a great diversity, including
government reports, popular journals and news items.
Table 1. References to the 2004, 2008 and 2012 EEA climate impacts reports on the internet (search
6 March 2013).
Search term

Google hits

“Impacts of Europe's changing climate: An indicator-based
assessment”
"Impacts of Europe's changing climate - 2008 indicator-based
assessment"
“Climate change, impacts and vulnerability in Europe 2012”

67 800

Google scholar
hits1
97

41 300

117

96 900

6

All EEA indicators included in the 2012 climate change report are available online on the EEA website2
and on the European Climate Adaptation Platform, Climate-ADAPT3. Climate-ADAPT is a web portal hosted jointly by the European Commission and the EEA that intends to support governmental organisations
in developing adaptation strategies and plans. It includes among others an Adaptation Support Tool,
country-specific information on national climate impact assessments and adaptation strategies, and a
large database of adaptation case studies. Key impact maps for Europe are visualised in a map viewer
that includes additional maps (e.g. from ClimWatAdapt, ESPON Climate and JRC-IES) compared to the
more limited number of maps in the report. Climate impact researchers are invited to provide further
impact maps, provided these are relevant for Europe and have undergone peer review. EEA will review
and decide which maps to include, in close consultation with the researchers.

1
Note that Google scholar reports a total of 275 citations for „Impacts of Europe's changing climate”, which is more than the sum of citations of the
2004 and 2008 reports. This difference suggests that some of the 275 citations did not include the full title of the 2004 and 2008 reports.
2
http://www.eea.europa.eu/promoproducts/indicators
3
http://climate-adapt.eea.europa.eu/
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2

Contents of the report

The EEA report on climate change, impacts and vulnerability (2012 CC IV report) (EEA 2012a) was published in November 2012 with contributions from JRC, ECDC, WHO, a large number of research institutes
and government agencies (including from three European Topic Centres contracted by the EEA) and individual scientists. The 2012 CC IV report is an updated and extended version of the 2008 report (EEA
2008), which itself was an update and extension of the 2004 report (EEA 2004).
The main objectives of the 2012 CC IV report were to:
x

present past and projected climate change and impacts through indicators;

x

identify sectors and regions most at risk;

x

highlight the need for adaptation actions;

x

identify main sources of uncertainty; and

x

demonstrate how monitoring and scenario development can improve the knowledge base.

The 2012 CC IV report presents a range of indicators and supporting information that highlight past and
projected climate change and related impacts in Europe. The report also brings together information to
assess the vulnerability of society, human health and ecosystems in Europe and to identify those regions
in Europe most at risk from climate change. As uncertainty is a key factor in climate change projections,
the report discusses the principal sources of uncertainty for the indicators and notes how monitoring
and scenario development can improve our understanding of climate change, its impacts and related
vulnerabilities.
The 2012 CC IV report paints a broad picture of climate change and impacts (Fig. 1). It starts with changes in the climate system and their effects on environmental systems. Both of these have impacts on socio-economic systems and sectors, including human health. Vulnerability to climate change in the context of socio-economic changes is explored by presenting key results from relevant European research
projects, but these are not included in the EEA IMS. The basic idea underlying the reports has remained
unchanged from 2004 to 2012. The 2004 report was based on 22 indicators, divided into eight different
categories. In 2008 the number of indicators had increased to about 40 indicators, and in 2012 approximately the same number of indicators was used. All reports have covered roughly the same issues and
topics (see Fig. 1). The expansion of the indicators from 2004 to 2008 was achieved by adding additional
indicators for nearly all sectors, but in particular by adding 6 new indicators on agriculture and forestry
and 9 new indicators on impacts in economic sectors and health.

3
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Fig. 1. Basic structure of the 2012 CC IV report. EEA indicators cover the following main groups:
changes in the climate system, climate impacts on environmental systems, and climate impacts on socio-economic systems and health.
The main change in the reports over time is a growing emphasis on societal impacts, vulnerabilities and
adaptation. For example, the issue of resource efficiency was hardly mentioned in the 2004 report and
recognised but not elaborated in the 2008 report. In the 2012 report, however, several aspects of resource use effiency are highlighted. The growing importance of societal aspects can also be seen in the
decision to produce a separate assessment report on adaptation. In the 2004 and 2008 reports, adaptation was dealt with in one short chapter only. This time, EEA decided to expand the treatment of adaptation into a full report (EEA 2013) which is scheduled for publication in parallel with the launch of the EU
Adaptation Strategy (on 29 April 2013).

3

Indicator selection and coverage

Ideally environmental indicators provide quantitative measures that illustrate and communicate complex
environmental phenomena simply, including trends and progress over time. The EEA indicator review
process (see Section 1) aimed at ensuring that the EEA indicators in the IMS are policy-relevant, methodologically valid and user-friendly.
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The selection of indicators for the 2012 CC IV report started with the indicator set of the 2008 report and
suggestions by thematic experts for potential new indicators. All existing and suggested indicators were
then evaluated according to 13 criteria from 5 groups (Hildén & Marx 2013). These criteria are similar to
the criteria used in the EEA-wide indicator review mentioned above, which started after the review of
indicators for the CC IV report. However, there are also some differences that stem from the differences
in policy purpose and data collection between the CC IV indicators and most other EEA indicators. In particular, the emphasis of CC IV indicators on supporting policy planning rather than reviewing policy effectiveness results in a stronger focus on future projections and on spatially explicit reporting (rather than
nationally aggregated information) than for most other EEA indicators. Somewhat different evaluation
criteria were applied to past trends and future projections. Guiding questions were developed to help
experts to consistently assess potential indicators. Different aspects of uncertainty, which are particularly
relevant in the context of climate change, were also emphasized although uncertainties are difficult to
convey in simple indicators.
The 2012 CC IV report covers 16 systems, sectors or topics with large differences in the availability and
the quality of the underlying data (Table 2). The longest data series and the most elaborate projections
are generally found for climatic variables and some indicators related to ecosystems. For many other topics, the historical data series are short and the projections indicative at best, underlining the importance
of a proper treatment of uncertainty. Table 2 shows that the indicators of climate impacts on socioeconomic systems and health suffer from the greatest uncertainties. In this area there are problems related to data availability, adequate modelling, and attribution. The difficulties may not lie primarily in the
lack of data as such, but the in the lack of data that is assembled in standard form over large geographical areas and that can be linked to climate change.
Several climate-sensitive impact domains are either not covered at all or only through narratives without
formal indicators. Climate impacts on industry and manufacturing, insurance, infrastructure (except for
transport infrastructure), livestock production and cultural heritage are not covered due to the lack of
available information. Climate impacts on personal well-being, aesthetic changes and other immaterial
impacts are not systematically covered because they are hard to quantify or meaningful indicators are
not available. Finally, information on changes in migration of people within and to the EU is not included
because of a lack of evidence of the relevance of climate change.
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Table 2. Overview of the material presented in the 2012 CC IV report: availability of data on past
trends and projections, and main gaps. The colour scheme refers to Fig. 1: changes in the climate system (blue), climate impacts on environmental system (green) and climate impacts on socio-economic
systems and health (red).
Topic and indicators
Key
climate
variables:
Global and European mean
temperature; temperature
extremes; mean precipitation; precipitation extremes;
storms
Cryosphere:
Snow cover, Greenland ice
sheet; glaciers; permafrost;
Arctic and Baltic Sea ice; lake
and river ice
Oceans and marine environment:
Ocean acidification; ocean
heat content; sea surface
temperature; phenology of
marine species; distribution
of marine species
Coastal
zones:
Global and European sealevel rise (SLR); storm surges

Freshwater quantity and
quality:
Mean river flow; river
floods; river flow droughts;
water temperature of rivers
and lakes; lake and river ice

Terrestrial ecosystems and
biodiversity:
Plant and fungi phenology;
animal phenology; distribution of plant species; distribution and abundance of
animal species; species
interactions.
Soil:
Soil organic carbon; soil
erosion; soil moisture

Availability: past trends
Five indicators based on actual
observations (also reconstructions
and reanalysis); available time
series from several decades to >100
years.

Availability: projections
Projections for all indicators based on different
models and scenarios.

Main gaps
Past trends: Only long-term trend provided, little discussion of decadal variation
Projections: Little discussion of covariation in climate variables.

Six indicators based on actual observations with time series ranging
from a little more than a decade to
>100 years.

Projections for most of the
indicators based on individual studies.

Five indicators based on observations with time series of a few to
several decades, but often restricted to limited sea areas. Ocean
acidification indicator based on
proxy data from Hawaii.

Generally qualitative projections or individual studies

Past trends: Short data series for permafrost; lake and river ice data only available
for a few sites.
Projections: Only indicative and uncertain
projections for most indicators
Past trends: Somewhat fragmentary
information on trends; data is sparse for
acidification and long term changes of
species distribution and phenology.
Projections: In most cases highly uncertain projections

Two indicators based on observations. SLR observations up to >100
years depending on data set. Storm
surges based on individual studies
of events rather than comprehensive time series.
Five indicators based on observations of several decades. Except for
mean river flows and floods, and to
some extent droughts, data are
based on singular local data series
rather than comprehensive coverage of large regions or the whole of
Europe. For individual locations
time series extend >100 years.
In addition a narrative on freshwater ecosystem and water quality.
Five indicators. Phenology and
distribution patterns based on two
to several decades of observations
of selected species groups and
habitats. Narrative description of
species interactions based on review of individual studies.

SLR based on a range of
quantitative projections.
Highly uncertain projections for storm surges.

Past trends: Lack of comprehensive data
on storm surges.
Projections: Significant uncertainty for
SLR and very high uncertainty for storm
surges.

Model-based quantitative
projections for river flow,
floods and droughts. Projection based on inferences from air temperature for water temperature, and single study for
ice. Narrative on freshwater ecosystems and water
quality

Past trends: Lack of empirical and regional analyses/modelling of changes in
freshwaters and freshwater ecosystems;
thin spatial coverage and poorly harmonized data.
Projections: Lack of regional projections
on scales relevant to decision making

Phenology
projections
based on inferences from
climate projections. Model-based projections for
selected species distributions. Narrative description
of potential changes in
species distribution.
Qualitative
projections
based on a conceptual
model of relevant processes

Past trends: Partly fragmented view of
changes due to non-standardized data
and limited availability.
Projections: High uncertainty, lack of
alternative models and ensemble studies.
Lack of data on species interactions (including alien species).

Three indicators based on snapshot
observations of variables. No comprehensive trend data, except a
proxy for wind erosion over several
decades. Narrative on biomass
production and recurrent negative
precipitation
anomalies
(“droughts”) as proxy for soil degradation.

Past trends: No comprehensive compilation of soil data.
Projections: Highly uncertain projections,
lack of relevant modelling.
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Topic and indicators
Agriculture:
Growing season for agricultural crops; agrophenology;
water-limited crop productivity; water requirement for
irrigation

Availability: past trends
Four indicators based on two to
several decades of observations of
actual variables or relevant determinants.

Availability: projections
Model-based projections
for growing season, agrophenology, and waterlimited crop productivity.

Forests
and
forestry:
Forest growth; forest fires

Two indicators based on two decades of observation for 17 EU countries on forest growth and three
decades of forest fire observations.

Model projection of tree
species composition using
several scenarios; projection of fire danger under
one scenario.

Fisheries and aquaculture

General narrative with information
on temperature response of fish
stocks in the north-eastern Atlantic

General narrative on possible consequences

Human
health:
Floods and health (addressing both coastal and river
floods); extreme temperatures and health; air pollution by ozone and health;
vector-borne diseases.
Energy:
Heating degree days

Four indicators that include several
data series with coverage of one to
two decades. For several vector
borne diseases periodic snapshots
rather than full data series. Narrative on water- and food-borne
diseases
Three decades of observations.
Narrative description of electricity
demand and production.

Narrative based on climate
projections and review of
individual studies.

Transport services
infrastructure

Narrative on impacts focussing on
inland water transport and impacts
of changes in extreme weather
events. No data series or actual
indicator
No indicator, Narrative on general
tourism and winter sport tourism.

Narrative based on reviews

One indicator on damages due to
natural disasters in EEA member
countries

Narrative projection, supplemented with quantifications based on model
studies of the research
project ClimateCost

and

Tourism

Damage
costs:
Direct losses from weather
disasters

4

Narrative based on climate
projections and review of
studies on electricity demand

Projections for general
tourism using the tourism
climatic index as a proxy

Main gaps
Past trends: Partly fragmented and nonstandardised data; filtering of climate
signal from observed data.
Projections: Missing information on uncertainty related to modelling impacts of
climate change on crop yield considering
effects of possible adaptation options;
lack of projections of the possible role of
extreme events and pests.
Past trends: Lack of harmonised and
comparable data on forests across countries. Difficulties in filtering climate signal
from data.
Projections: Lack of separation of the
impacts of climate change on forests and
forestry in combination with other factors.
Past trends: Disentagling and filtering
climate effects from other changes.
Projections: Lack of data on the impacts
of climate change on fisheries and aquaculture in combination with other factors.
Past trends: Fragmentary data, incomplete and short data series, difficulties in
attribution.
Projections: Lack of process-verification
and scenario modelling

Past trends: Limited data, current indicator provides only one aspect of the relationship between climate change and
energy.
Projections: Limited picture of energy use
and production in a changing climate.
Past trends: Lack of data compilation to
detect changes.
Projections: Lack of systematic work on
projections and scenario modelling
Past trends: Lack of data to examine
change, filtering of climate effect
Projections: Lack of understanding of
preferences and reactions to climate
change
Past trends: Difficulties in attribution.
Projections: Not possible to cover all cost
categories, cross-sectoral cost estimates
are lacking

Discussion

The 2012 IV report demonstrates that there are great differences in the availability of data underlying
climate and impact indicators (Table 2). The best information is available on climate variables (temperature, precipitation and some aspects of the cryosphere), for which long historical data series as well as
projections are available. Indicators on climate change impacts on environmental systems include some
well-researched areas where impacts of climate change have already been observed and where attribu7
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tion studies have been made. However, data availability for some environmental systems (e.g., soil) is
rather limited. Time series on climate impacts on socio-economic systems and health are generally limited, and the attribution of observed changes to changes in climate has proven to be difficult.
EEA indicators on climate change and impacts are primarily intended to inform the development of adaptation policies that address future climate risks. Quantitative projections of future developments exist
for most (but not all) climate variables and for some impact indicators, although uncertainties are often
large. The greatest “white spots” relate to future climate impacts on socio-economic systems and health
where projections are often based on statistical modelling or on qualitative narratives inferred from projections of climate variables. Obviously, adaptation planning would benefit from deeper knowledge
about societal impacts under different policies.
It is easy to demand more data and monitoring using harmonized methods in order to fill the gaps. Progress might be achievable to some degree by making greater use of available statistical data. For example, the ESPON Climate project combined spatially explicit data on the distribution of climate-sensitive
infrastructure and other assets with one climate projection to obtain indications of vulnerability at the
NUTS-3 level (Greiving et al. 2011). There is, however, a need for more process-oriented studies that set
climate change in a wider context of societal change and that can identify the climatic component in observed and projected changes. For example, studies have shown that the increasing trend in economic
damages caused by natural hazards is driven primarily by socio-economic factors and not by climatic
events (Visser et al. 2012; Barredo 2010). Carefully designed analyses are therefore needed for a correct
interpretation of indicators because a simple compilation of observed data or a presentation of projections can easily lead to flawed conclusions.
Further improvement of indicators and indicator-based assessments requires a reflection on the primary
use of the information. If the aim is to monitor and understand the sensitivity of environmental systems
to large-scale changes, detailed data from a few geographically limited systems may provide valuable
information. If the the aim is to inform the development of European adaptation policies, there is a
greater need to embrace the diversity of conditions throughout Europe. For such indicators, comprehensive geographical coverage is important, and the related assessment must include a narrative reflection
on the diversity, uncertainties and caveats in the information provided.
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Climate Change impacts on Tabasco, Mexico
L. Gama, E. MoguelͲOrdoñez, M.E. MaciasͲValadez, C. PachecoͲFigueroa, J. ValdezͲLeal,
E. Mata Zayas, R. ColladoͲTorres, H. DiazͲLopez, C. Villanueva Garcia & M. Arturo OrtizͲPerez,
Abstract—Tabasco is located on the southern coast area of the Gulf of Mexico. It has lost important natural
areas and ecosystems due to different natural and human effects. It is vulnerable to important threats related
to climate change. The climate is warm and humid with abundant rains in summer, and is one of the wettest
areas with important wetlands. Oil exploitation, cattle breeding and agriculture are the main economic activiͲ
ties and responsible for an important lost of natural landscapes resulting in a lack of resources and alternatives
for local poverty communities of the area. The objective of this research was to study impacts related to global
warming effects (floods, drought and sea level increase) and increased due to some natural processes. A landͲ
scape map was configured to identify impacts. Historical reviews of the land use, as well as natural phenomeͲ
nons like sea shore variation were performed to evaluate their effects on the different ecosystems. A historical
review of the hydrology, and land use, was done to have a base line for the study. Results show that the area is
situated in a vast plateau with occasional floods. Intrusions of salt water during the dry season allow manͲ
groves in this region to grow up to 30 km inland however the strong effect of salinization of soils is affecting
different production activities. Road infrastructure without planning, urban growth and oil exploitation infraͲ
structure has caused important impacts especially on the hydrodynamic and coastal areas reducing sedimentaͲ
tion process. Local fisheries, deforestation for agricultural purposes and cattle grazing, and industrial pollution
are currently the major threats. The data regarding sea shore erosion show a loss that goes from centimeters
to meters in some parts of the coast. Sea level increase sceneries show an important future alteration to wetͲ
lands of this area.

Index Terms—Climate change, coast erosion, floods, vulnerability.
————————————————————

1

Introduction

The geographical location of the State of Tabasco, its proximity to the sea shore and its physiographͲ
ical and geomorphologic features, are part of the reasons for seasonal floods, among other impacts.
These floods have different duration, extension, and magnitude depending on the climatic events.
However, due to climate change, these patterns are changing and their effects are expected to inͲ
crease (HernandezͲSantana, et al, 2008). An example of these potential impacts is the increase of
the intensity of extreme precipitation events resulting in flood events of extraordinary magnitude,
endangering besides people and infrastructure the development capabilities.
Climate is the landscape component that defines the ecological conditions of each region
and therefore the socioͲeconomic activities (Chiappy, et al, 2001). However, man has used natural
resources, on an indiscriminate and incompatible way, resulting in modifications ranging from light to
irreversible. Changes on climate brought about by heating increases impacts on nature, leading to
damages with higher costs especially on vulnerable areas (IPCC, 2007), such as the State of Tabasco.
Research to determine the regime of precipitation among others (Tejeda, 2007), will allow the local
government to be able to take decisions and generate development strategies taking into consideraͲ
tion risk zones.

1
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Tabasco in the coast of the Gulf of Mexico is suffering important lost of ecosystems due to
different natural and human effects.
Because of its climate and biologic characteristics, the most important Mesoamerican wetͲ
lands present a high diversity of species. Tabasco has also undergone drastic disaster events during
the last decades. Mexican authorities estimate that this is a very vulnerable area to climate change
impacts. Salt water intrusions during the dry season allow mangroves in this region to grow up to 30
kilometers inland however a strong effect of salinization on soils are affecting agricultural uses. The
moist forests have been gradually eliminated over the years due to their importance as a source of
food and timber for local villagers. Local fisheries, deforestation for agricultural purposes and cattle
grazing, and industrial pollution are currently the major threats.
The last flooding events, are an important reference in the analysis for adaptation strategies,
disasters occurred in 1999, 2007, 2008, 2009, 2010 and 2011 are not specially related to this global
shift, where important extensions suffered flooding of a magnitude and duration without precedent,
but are a reference of the potential impacts expected to increase in magnitude with global warming
scenaries.
It is important to take into consideration modifications caused by human interventions, alterͲ
ing their habitats of species population and their distribution or balance. This alteration increases the
possibility that climate events impacts increase their magnitude and extension by the reduction
among other things, of the vegetation cover, changes in the composition of species, or changes that
facilitate opportunistic and invasive species. In addition, deforestation, allows a higher sediment
transportation leading to river bed siltation, which reduces their ability to transport large volumes of
water, contributing to the possibility of generating more frequent floods.
Therefore, solutions for understanding a system as complex as this, are required for high
quality, active and systematic research. A strategy to facilitate the sharing of experiences among reͲ
searchers in interdisciplinary and interͲagency manner was developed to increase the possibilities in
finding efficient alternatives, promoting direct contacts between different academic communities
and optimizing human and material resources that provide support to the plans and programs reͲ
quired to apply the rule. The National Institute of Ecology, the local government and the local reͲ
search institutions started a research with the support of other national and international research
institutions focusing on the construction of a strategy to confront future impacts that have been
made up from vulnerability maps.

2

Methodology

2
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To evaluate risk of having natural and anthropogenic impacts, a research was carried out to identify
potential kinds of hazards (floods due to hidrometeorological, climate change, sea erosion) as well as
the natural characteristics of the area that could represent a vulnerability condition, taking into acͲ
count: 1) recorded data of hazards in the area related to rainfall, floods, drought, tropical storms or
hurricanes; 2) land changes in the territory, 3) vulnerable areas to sea erosion and sea level rise and
4) salinitation.
A review was done based on historical literature from the National Historical Archive related
to hazards that originated important impacts in the region. The information was recorded on a cartoͲ
graphic data base. Meteorological data such as temperature and precipitation from different sources
were recorded for statistical, graphic and cartographic analysis. A vulnerability map was configured
based on altitude, sea erosion, hydrology, drainage, soil, precipitation, land change, natural vegetaͲ
tion and infrastructure as well as information related to measures taken into account to avoid future
floods and infrastructure implemented resulting from the analysis of each event.
3

Results
A total of 61 different events were identified, from 26 different information sources. Temperature
data was plotted to identify the areas with the highest temperatures and where dry times are causͲ
ing problems to the population and different productive sectors. This shows that four municipalities
will be seriously affected by drought with a potential temperature increase up to 5 degrees with
maximums of 51 Celsius.
Having lost most of its tropical forests, the State is currently presenting drastic modifications
on its natural systems, with effects on the hydrological system and a loss of natural resources availaͲ
ble for development strategies .These losses will not only result in a decline of the quality of the habͲ
itat, but in the loss of environmental services that regulate the dynamics, functionality and processes
of ecosystems, which will favor impacts expected by climate change.
Trends showed an increase in extraordinary events and a redistribution of the precipitation
throughout the year with more potential major flood events. Since Tabasco has a complex network
of hydrological surface, a review of the natural or anthropogenic changes in the structure of this hyͲ
drodynamic net was mapped to understand potential to increase or prevent floods and relate them
to infrastructure constructed and results showed an increase in the magnitude of floods.
A comparative analysis between the coast lines of 1972, 1984 and 1995 and 2004 (HernánͲ
dez etal, 2007), identified major changes resulting from erosion and determined their vulnerability
to the increase of the sea level. Cosst monitoring data (Ortiz and Gama in Botello, etal., 2010), idenͲ
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tified areas with major losses of up to six meters per year.
Six coast sectors are suffering strong coast lost due to coast erosion. Road construction had
caused important impacts on the hydrodynamic of the coast. Sea level data show an increase of up
to 4 mm a year with the possibility of entering inland up to 50 km, although the main threat for speͲ
cies would be the modification on salt content of water bodies close to the coast with low altitudes
(fig. 1).

Figure 1. Measures taken to find loss of sea shore per year (Ortiz, et al, 2010).

Intrusions of salt water during the dry season allow the mangroves to grow up to 30 km inͲ
land. However the strong effects of salinization on soil are affecting them. Soils are deep, very acidic,
and rich in organic matter. The climate is warmͲhumid with abundant rains in summer, and this manͲ
grove region is one of the wettest in the area with 1,600 mm annually. Natural effects like salinization
due to sea shore variation are seriously endangering natural ecosystems in this area.

4

Conclusions

The state is located on a highly vulnerable area to extraordinary rainfall events related to tropical
storms from the Atlantic and Pacific oceans during the summer as well as the influence from cold
fronts on winter. Human environmental impacts such as deforestation, unplanned urban growth and
river fragmentation had increased the magnitude, extension and duration of these impacts specially
4

392

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27Ͳ30

the floods that are endangering people, especially those that live in vulnerable areas. The analysis of
precipitation data had allowed the identifivation of the risk to more intense events associated to
anthropic factors and those related to global warming to construct a “State Action Plan for Climate
Change” that not only includes data regarding vulnerability of the area but also proposes adaptation
alternatives.
Although alternative of adaptations can be implemented regarding floods, the potential
scenarios constructed related to sea level increase and coast erosion are showing a need to find alͲ
ternatives areas for people leaving there as the impact expected not only will result on the salinizaͲ
tion of lagoons and marshes which will affect the distribution of many species but will radically
change the sea shore with important losses of territory.
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Adapting agriculture to reduce nutrient loads
to the Baltic Sea under future climate and
socio-economic conditions – a modelling
study in the Reda catchment, Poland.
DĂƌĞŬ'ŝĞųĐǌĞǁƐŬŝ͕DŝŬŽųĂũWŝŶŝĞǁƐŬŝ͕WĂǁĞųDĂƌĐŝŶŬŽǁƐŬŝ͕/ŐŶĂĐǇ<ĂƌĚĞů͕dŽŵĂƐǌKŬƌƵƐǌŬŽ
Abstract— ƵƚƌŽƉŚŝĐĂƚŝŽŶ ŽĨ ƚŚĞ ĂůƚŝĐ ^ĞĂ ĚƌŝǀĞŶ ƉƌĞĚŽŵŝŶĂŶƚůǇ ďǇ ŽǀĞƌůŽĂĚŝŶŐ ǁŝƚŚ
ŶƵƚƌŝĞŶƚƐ ĨƌŽŵ ƚŚĞ ĂůƚŝĐ ^ĞĂ ĐĂƚĐŚŵĞŶƚ ŝƐ Ă ŵĂũŽƌ ĂŶĚ ǁĞůů ƌĞĐŽŐŶŝƐĞĚ ĞŶǀŝƌŽŶŵĞŶƚĂů
ƉƌŽďůĞŵ͘WŽůĂŶĚŝƐƚŚĞŵĂŝŶĐŽƵŶƚƌǇĐŽŶƚƌŝďƵƚŝŶŐŶŝƚƌŽŐĞŶ;ϮϰйͿĂŶĚƉŚŽƐƉŚŽƌƵƐ;ϯϳйͿŝŶƉƵƚ
ƚŽƚŚĞĂůƚŝĐ^ĞĂĂŶĚĂŐƌŝĐƵůƚƵƌĂůŶŽŶ-ƉŽŝŶƚƐŽƵƌĐĞƐĂƌĞƌĞƉŽƌƚĞĚƚŽŚĂǀĞƚŚĞŚŝŐŚĞƐƚƐŚĂƌĞŝŶ
ŽďƐĞƌǀĞĚ ŶƵƚƌŝĞŶƚ ůŽĂĚƐ͘ >ŝƚƚůĞ ŝƐ ŬŶŽǁŶ ĂďŽƵƚ ƚŚĞ ĞĨĨĞĐƚƐ ŽĨ ƉƌŽũĞĐƚĞĚ ĐůŝŵĂƚĞ ĂŶĚ socioĞĐŽŶŽŵŝĐĐŚĂŶŐĞƐƵƉƚŽϮϬϱϬƐŽŶŶƵƚƌŝĞŶƚůŽĂĚƐĚŝƐĐŚĂƌŐĞĚƚŽƚŚĞĂůƚŝĐ^ĞĂďǇWŽůŝƐŚƌŝǀĞƌƐ
ĂŶĚ ĂďŽƵƚ ƚŚĞ ĞĨĨŝĐŝĞŶĐǇ ŽĨ ĂŐƌŝĐƵůƚƵƌĂů ďĞƐƚ ŵĂŶĂŐĞŵĞŶƚ ƉƌĂĐƚŝĐĞƐ ;DWƐͿ ƵŶĚĞƌ ĨƵƚƵƌĞ
ĐŽŶĚŝƚŝŽŶƐ͘ dŚŝƐ ƉĂƉĞƌ ĂƚƚĞŵƉƚƐ ƚŽ Ĩŝůů ƚŚŝƐ ŐĂƉ ďǇ ƵƐŝŶŐ Ă ƐĐĞŶĂƌŝŽ-ŵŽĚĞůůŝŶŐ ĨƌĂŵĞǁŽƌŬ
applied in the small͕ƉƌĞĚŽŵŝŶĂŶƚůǇĂŐƌŝĐƵůƚƵƌĂůZĞĚĂĐĂƚĐŚŵĞŶƚƐŝƚƵĂƚĞĚŝŶŶŽƌƚŚĞƌŶWŽůĂŶĚ͘
dŚĞ^tdŵŽĚĞůŝƐĂƉƉůŝĞĚƚŽĂƐƐĞƐƐƚŚĞĐƵƌƌĞŶƚƐƚĂƚĞŽĨƚŚĞƐǇƐƚĞŵ͕ĂŶĚƚŽƋƵĂŶƚŝĨǇĞĨĨĞĐƚƐŽĨ
ĨƵƚƵƌĞĐŚĂŶŐĞƐƵŶĚĞƌŵƵůƚŝƉůĞƐĐĞŶĂƌŝŽƐ͘dŚĞŵŽĚĞůǁĂƐĐĂůŝďƌĂƚĞĚĂŶĚǀĂůŝĚĂƚĞĚĂŐĂŝŶƐƚĚĂŝůǇ
ƌŝǀĞƌĨůŽǁƐĂŶĚďŝ-ŵŽŶƚŚůǇŵĞĂƐƵƌĞŵĞŶƚƐŽĨƐĞĚŝŵĞŶƚĂŶĚnitrate nitrogen ůŽĂĚ͘dŚĞŵŽĚĞů
ƉĞƌĨŽƌŵĂŶĐĞǁĂƐĂƐƐĞƐƐĞĚĂƐŐŽŽĚĨŽƌƌŝǀĞƌĨůŽǁƐŝŵƵůĂƚŝŽŶĂŶĚƐĂƚŝƐĨĂĐƚŽƌǇĨŽƌƐĞĚŝŵĞŶƚĂŶĚ
N-EK 3 ůŽĂĚƐŝŵƵůĂƚŝŽŶ͘dŚĞfƵƚƵƌĞƐĐĞŶĂƌŝŽs ĐŽŶƐŝƐƚĞĚŽĨĐŚĂŶŐĞƐŝŶĐůŝŵĂƚĞ͕ƉŽƉƵůĂƚŝŽŶ and
ƵƌďĂŶ land ĐŽǀĞƌ ƵƐĞ͘ Kn top of these changes͕ ƚǁŽ ĂŐƌŝĐƵůƚƵƌĂů ƐĐĞŶĂƌŝŽƐ ǁĞƌĞ ĚĞǀĞůŽƉĞĚ͗
ŽŶĞ ĂƐƐƵŵŝŶŐ ƐƉŽŶƚĂŶĞŽƵƐ ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ĂŐƌŝĐƵůƚƵƌĞ ĂŶĚ ƚŚĞ ƐĞĐŽŶĚ ŽŶĞ ŝƚƐ ƌĂƉŝĚ
intensification ĨŽůůŽǁŝŶŐ ƚŚĞ ĂŶŝƐŚ ŵŽĚĞů͘ dŚĞ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ƉƌŽũĞĐƚŝŽŶƐ ĂƐƐƵŵĞĚ
catchment-ĂǀĞƌĂŐĞĚŵĞĂŶĂŶŶƵĂůƚĞŵƉĞƌĂƚƵƌĞĂŶĚƉƌĞĐŝƉŝƚĂƚŝŽŶŝŶĐƌĞĂƐĞĞƋƵĂůůĞĚϭ͘ϯ oC and
ϭϬй͕ ƌĞƐƉĞĐƚŝǀĞůǇ͘ hƌďĂŶ ƐƉƌĂǁů ĚƌŝǀĞŶ ďǇ ƉŽƉƵůĂƚŝŽŶ ŝŶĐƌĞĂƐĞ ;ďǇ ϯϳй ŝŶ ϮϬϭϭ-ϮϬϱϬͿ ǁĂƐ
implementeĚ ŝŶ ^td ďǇ ĐŚĂŶŐŝŶŐ ůŽǁ ƋƵĂůŝƚǇ ĂŐƌŝĐƵůƚƵƌĂů ůĂŶĚ ŝŶƚŽ ůŽǁ ĚĞŶƐŝƚǇ residential
ůĂŶĚĐŽǀĞƌĐůĂƐƐĞƐ͘ĚĂƉƚĂƚŝŽŶŵĞĂƐƵƌĞƐƚĞƐƚĞĚŝŶƚŚĞŵŽĚĞůǁĞƌĞƐĞůĞĐƚĞĚǁŝƚŚƐƚĂŬĞŚŽůĚĞƌ
participation and concerned ƌĞĚƵĐĞĚĨĞƌƚŝůŝǌĂƚŝŽŶ͕ĐĂƚĐŚĐƌŽƉƐĂŶĚďƵĨĨĞƌǌŽŶĞƐ͘The ƌĞƐƵůƚƐŽĨ
ƚŚŝƐƐƚƵĚǇĚĞŵŽŶƐƚƌĂƚĞƚŚĂƚďŽƚŚĐůŝŵĂƚĞĐŚĂŶŐĞĂŶĚƚŚĞůĞǀĞůŽĨŝŶƚĞŶƐŝƚǇŽĨĂŐƌŝĐƵůƚƵƌĞŚĂǀĞ
ĂƉƌŽŶŽƵŶĐĞĞĨĨĞĐƚŽŶN-EK 3 loads from a small-ƐĐĂůĞWŽůŝƐŚƌŝǀĞƌďĂƐŝŶƚŽƚŚĞƐĞĂŝŶϮϬϱϬƐ͘
EǀĞŶ ƚŚŽƵŐŚ ƐŽŵĞ ŽĨ ƚŚĞ ƚĞƐƚĞĚ ŵĞĂƐƵƌĞƐ ĚŽ ƉŽƐƐĞƐƐ Ă ǀŝƐŝďůĞ ĞĨĨŝĐŝĞŶĐǇ ŝŶ ƌĞĚƵĐƚŝŽŶ ŽĨ
N-EK 3 ůŽƐƐĞƐ͕ŶŽŶĞŽĨƚŚĞŵŝƐĂďůĞƚŽďĂůĂŶĐĞŽƵƚƚŚĞŶĞŐĂƚŝǀĞĞĨĨĞĐƚƐĐĂƵƐĞĚ mainly ďǇ the
ŵĂũŽƌƐŚŝĨƚŝŶĂŐƌŝĐƵůƚƵƌĞĂŶĚƚŚĞƐĞĐŽŶĚŵŽƐƚŝŵƉŽƌƚĂŶƚĨĂĐƚŽƌ͕ climate change͘
Index Terms— ĂĚĂƉƚĂƚŝŽŶŵĞĂƐƵƌĞƐ͕ĂůƚŝĐ^ĞĂ͕ŶƵƚƌŝĞŶƚůŽĂĚ͕^td
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Introduction

ƋƵĂƚŝĐĞƵƚƌŽƉŚŝĐĂƚŝŽŶ͕ďĞŝŶŐĂŶĞĨĨĞĐƚŽĨĞǆĐĞƐƐŝǀĞůŽĂĚƐŽĨďŝŽŐĞŶŝĐƐƵďƐƚĂŶĐĞƐƚƌĂŶƐƉŽƌƚĞĚďǇƌŝǀĞƌƐƚŽ
ƚŚĞƐĞĂǁĂƚĞƌƐ͕ŚĂƐďĞĐŽŵĞƚŚĞƉƌŝŵĂƌǇĞŶǀŝƌŽŶŵĞŶƚĂůŝƐƐƵĞŽĨƚŚĞĂůƚŝĐ^ĞĂ;'ůĂƐďǇĂŶĚ^ǌĞĨĞƌϭϵϵϴͿ͘
/ƚ ŝƐ ŶŽǁĂĚĂǇƐ ǁŝĚĞůǇ ĂĐĐĞƉƚĞĚ ƚŚĂƚ ƉƌĞǀĞŶƚŝŶŐ ƐĞĂ ǁĂƚĞƌ ƋƵĂůŝƚǇ ĨƌŽŵ ĨƵƌƚŚĞƌ ĚĞƚĞƌŝŽƌĂƚŝŽŶ ƌĞƋƵŝƌĞƐ
ĂĐƚŝŽŶƐƐƚŝŵƵůĂƚĞĚďǇƉŽůŝĐĞƐďĞǇŽŶĚŶĂƚŝŽŶĂůůĞǀĞů Ğ͘Ő͘ƚŚĞĂůƚŝĐ^ĞĂĐƚŝŽŶWůĂŶ;^W͖,ĞůĐŽŵϮϬϬϳͿ͘
The Polish share in generated ŶƵƚƌŝĞŶƚload still remains the largest ĂŵŽŶŐƚŚĞĂůƚŝĐƐƚĂƚĞƐ ;<ŽǁĂůŬŽǁƐŬŝ
ĞƚĂů͘ϮϬϭϮͿ͘ dŚƌĞĞŵĂũŽƌĚƌŝǀŝŶŐĨŽƌĐĞƐƚŚĂƚĂƌĞƐƵƉƉŽƐĞĚƚŽŚĂǀĞŝŶĨůƵĞŶĐĞŽŶĨƵƚƵƌĞŶƵƚƌŝĞŶƚůŽĂĚƐĂƌĞ͗
ƉƌŽũĞĐƚĞĚ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ͕ ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ĂŐƌŝĐƵůƚƵƌĞ ;ŶŽŶ-ƉŽŝŶƚ ƉŽůůƵƚŝŽŶ ƐŽƵƌĐĞƐͿ ĂŶĚ ƉŽŝŶƚ ƐŽƵƌĐĞ
emissiŽŶƐ͘The long-ƚĞƌŵĨƵƚƵƌĞŽĨŶƵƚƌŝĞŶƚůŽĂĚƐŐĞŶĞƌĂƚĞĚďǇWŽůŝƐŚƌŝǀĞƌƐŝƐƵŶŬŶŽǁŶ͕ǇĞƚŝƚŝƐƉŽƐƐŝďůĞ
ƚŽ ĞƐƚŝŵĂƚĞ ŝƚ ƵƐŝŶŐ ƐƚĂƚĞ-of-ƚŚĞ Ăƌƚ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ͘ ƵƌƌĞŶƚ ƌĞƐĞĂƌĐŚ ĨŽĐƵƐĞƐ ŽŶ ŵĂƚŚĞŵĂƚŝĐĂů
modelling ŽĨŶƵƚƌŝĞŶƚůŽĂĚƚŽƚŚĞĂůƚŝĐ^ĞĂĂƚǀĂƌŝĞƚǇŽĨƐƉĂƚŝĂůƐĐĂůĞƐĂŶĚƵƐŝŶŐĚŝĨĨĞƌĞŶƚƚŽŽůƐ͕ŝ͘Ğ͘ƚŚĞ
Ăůƚ-,zWŵŽĚĞůŽĨƚŚĞĞŶƚŝƌĞĂůƚŝĐ^ĞĂĂƐŝŶ;ƌŚĞŝŵĞƌĞƚĂů͘ϮϬϭϮͿ͕ƚŚĞDKEZ/^ŵŽĚĞůŽĨƚŚĞůĂƌŐĞ
WŽůŝƐŚƌŝǀĞƌďĂƐŝŶƐsŝƐƚƵůĂĂŶĚKĚƌĂ;<ŽǁĂůŬŽǁƐŬŝĞƚĂů͘ϮϬϭϮͿ͕ĂƐǁĞůůĂƐƚŚĞ^tdŵŽĚĞů applied in small
ŽƌŵĞĚŝƵŵĐĂƚĐŚŵĞŶƚƐŝŶWŽůĂŶĚ ;WŝŶŝĞǁƐŬŝϮϬϭϮ͖KƐƚŽũƐŬŝϮϬϭϮͿ͕ĂŶĚŝŶ^ǁĞĚĞŶ;ŬƐƚƌĂŶĚĞƚĂů͘ϮϬϭϬͿ͘
While large-ƐĐĂůĞ ƐƚƵĚŝĞƐ ĂůůŽǁ ŚĂǀŝŶŐ Ă ďƌŽĂĚŽǀĞƌǀŝĞǁ ŽŶ ƉƌŽũĞĐƚĞĚ ĐŚĂŶŐĞƐ͕ƐŵĂůů-ƐĐĂůĞ ƐƚƵĚŝĞƐ ĐĂŶ
ƵƐƵĂůůǇƉƌŽĨŝƚĨƌŽŵƚŚĞĂǀĂŝůĂďŝůŝƚǇŽĨďĞƚƚĞƌƋƵĂůŝƚǇŝŶƉƵƚĚĂƚĂĨŽƌmodelling͘dŚŝƐƐƚƵĚǇŝƐĐĂƌƌŝĞĚŽƵƚŝŶ
ƚŚĞ ZĞĚĂ ĐĂƚĐŚŵĞŶƚ ƐŝƚƵĂƚĞĚ ŝŶ the northern WŽůĂŶĚ ;&ŝŐ͘ ϭͿ͕ ĚƌĂŝŶŝŶŐ ĂŶ ĂƌĞĂ ŽĨ ϰϴϮ km2 ƚŽ ƚŚĞWƵĐŬ
>ĂŐŽŽŶ;ŝŶŶĞƌWƵĐŬĂǇͿ͕Ă ǀĞƌǇƐŚĂůůŽǁĐŽĂƐƚĂůǁĂƚĞƌďŽĚǇ;ŵĞĂŶĚĞƉƚŚϯ͕ϭŵͿŽĨϭϬϯŬŵ2 area, particƵͲ
ůĂƌůǇ ƐĞŶƐŝƚŝǀĞ ƚŽ ĞƵƚƌŽƉŚŝĐĂƚŝŽŶ ĚƵĞ ƚŽ ůŝŵŝƚĞĚ ǁĂƚĞƌ ĞǆĐŚĂŶŐĞ ǁŝƚŚ ƚŚĞ ŽƵƚĞƌ ƉĂƌƚ ŽĨ ƚŚĞ WƵĐŬ ĂǇ
;<ƌǌǇŵŝŷƐŬŝĞƚĂůϮϬϬϱ͖ŽŐĚĂŶŽǁŝĐǌĞƚĂů͘ϮϬϬϳͿ͘ It attempts ƚŽďƌŝŶŐƚŽŐĞƚŚĞƌƐƚĂƚĞ-of-the-art modelling
ǁŝƚŚƐĐĞŶĂƌŝŽĚĞǀĞůŽƉŵĞŶƚŝŶŽƌĚĞƌƚŽ͗;ϭͿYƵĂŶƚŝĨǇŶƵƚƌŝĞŶƚůŽĂĚƐƵŶĚĞƌĨƵƚƵƌĞĐůŝŵĂƚĞĂŶĚůĂŶĚƵƐĞŝŶ
ϮϬϱϬ͖ ;ϮͿƐƚŝŵĂƚĞƚŚĞĞĨĨĞĐƚŽĨĂŐƌŝĐƵůƚƵƌĂůĂĚĂƉƚĂƚŝŽŶŵĞĂƐƵƌĞƐĂŝŵĞĚĂƚŶƵƚƌŝĞŶƚůŽĂĚƌĞĚƵĐƚŝŽŶƵŶĚĞƌ
ĨƵƚƵƌĞƐĐĞŶĂƌŝŽƐ͘ dŚĞĨŽĐƵƐŝŶƚŚŝƐƐƚƵĚǇŝƐŵĂŝŶůǇŽŶŵŽĚĞůůŝŶŐŶŝƚƌĂƚĞŶŝƚƌŽŐĞŶ;E-EK 3 ͿůŽĂĚƐ͘
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2
2.1

Materials and Methods
Study area

The rŝǀĞƌZĞĚĂŝƐƐŝƚƵĂƚĞĚŝŶƚŚĞŶŽƌƚŚern Poland, close to the Tri-ĐŝƚǇ;'ĚĂŷƐŬ͕'ĚǇŶŝĂĂŶĚ^ŽƉŽƚͿ͕ƚŚĞ
ůĂƌŐĞƐƚƵƌďĂŶĂƌĞĂŽŶƚŚĞWŽůŝƐŚƐĞĂƐŝĚĞ͘ŐƌŝĐƵůƚƵƌĂůůĂŶĚŽĐĐƵƉǇŝŶŐϱϭ͘ϮйŽĨcatchment area is the preĚŽŵŝŶĂƚŝŶŐůĂŶĚĐŽǀĞƌĐůĂƐƐ͕ǁŚŝůĞĨŽƌĞƐƚƐĂƌĞƐĞĐŽŶĚůĂƌŐĞƐƚĐůĂƐƐŽĐĐƵƉǇŝŶŐϰϭ͘ϲй͘The percentage of
ĨĂƌŵƐůĂƌŐĞƌƚŚĂŶϭϬŚĂǁĂƐĞƐƚŝŵĂƚĞĚĂƚŽŶůǇϮϴй͘DĞĂŶĨĂƌŵƐŝǌĞŝŶWŽůĂŶĚŝƐĂĨĞǁƚŝŵĞƐƐŵĂůůĞƌƚŚĂŶ
ŝŶ ǁĞƐƚĞƌŶ ĐŽƵŶƚƌŝĞƐ ĨƌŽŵ ƚŚĞ ƐĂŵĞ ĐůŝŵĂƚŝĐ ǌŽŶĞ͗ 'ĞƌŵĂŶǇ͕ ĞŶŵĂƌŬ ĂŶĚ ƚŚĞ EĞƚŚĞƌůĂŶĚƐ ;ĂŷƐŬŝ
ϮϬϭϬͿ͘ ŵŽŶŐ ĐƌŽƉƐ ĐƵůƚŝǀĂƚĞĚ ŽŶ ĂƌĂďůĞ ůĂŶĚ͕ ƐƉƌŝŶŐ ĐĞƌĞĂůƐ ĚŽŵŝŶĂƚĞ ŽŶ ďĞƚƚĞƌ ƋƵĂůŝƚǇ ƐŽŝůƐ ŝŶ ƚŚĞ
ŶŽƌƚŚǁĞƐƚƉĂƌƚŽĨƚŚĞďĂƐŝŶ͕ǁŚŝůĞĞǆƚĞŶƐŝǀĞĨĂƌŵŝŶŐŽĨǁŝŶƚĞƌĐĞƌĞĂůƐĂŶĚƉŽƚĂƚŽĞƐĚŽŵŝŶĂƚĞƐŽŶƉŽŽƌ
ƋƵĂůŝƚǇƐŽŝůƐŝŶƚŚĞƐŽƵƚŚƉĂƌƚŽĨƚŚĞďĂƐŝŶ͘dŚĞŵĂũŽƌŝƚǇŽĨŐƌĂƐƐůĂŶĚƐĂƌĞĐƵůƚŝǀĂƚĞĚĂƐƉĞƌŵanent meadŽǁƐ ĂŶĚ ƉĂƐƚƵƌĞƐ͘ WŝŐ ƌĂŝƐŝŶŐ ŝƐ ŵŽƌĞ ĨƌĞƋƵĞŶƚ ƚŚĂŶ ĐĂƚƚůĞ ƌĂŝƐŝŶŐ ĂŶĚ ƚŚĞ ŵĞĂŶ ůŝǀĞƐƚŽĐŬ ĚĞŶƐŝƚǇ ǁĂƐ
ĞƐƚŝŵĂƚĞĚĂƚϬ͘ϱϲ >^hͬŚĂ͘

2.2

Modelling tool

^tdŝƐĂƉƵďůŝĐĚŽŵĂŝŶ͕ƌŝǀĞƌďĂƐŝŶƐĐĂůĞŵŽĚĞůĚĞǀĞůŽƉĞĚƚŽƋƵĂŶƚŝĨǇƚŚĞŝŵƉĂĐƚŽĨůĂŶĚŵĂŶĂŐĞŵĞŶƚ
pƌĂĐƚŝĐĞƐ ŝŶ ůĂƌŐĞ͕ ĐŽŵƉůĞǆ ƌŝǀĞƌ ďĂƐŝŶƐ ;ƌŶŽůĚ Ğƚ Ăů͘ ϭϵϵϴͿ͘ ^tdϮϬϬϵ ŵŽĚĞů ǀĞƌƐŝŽŶ ;EĞŝƚƐĐŚ Ğƚ Ăů͘
2011ͿǁĂƐƵƐĞĚŝŶƚŚŝƐƐƚƵĚǇ͘^tdŝƐĂƉŚǇƐŝĐĂůůǇ-ďĂƐĞĚ͕ƐĞŵŝ-ĚŝƐƚƌŝďƵƚĞĚ͕ĐŽŶƚŝŶƵŽƵƐƚŝŵĞŵŽĚĞůƚŚĂƚ
ŽƉĞƌĂƚĞƐ ŽŶ Ă ĚĂŝůǇ ƚŝŵĞ ƐƚĞƉ ĂŶĚ ƐŝŵƵůĂƚĞƐ ƚŚĞ ŵŽǀĞŵĞŶƚ ŽĨ ǁĂƚĞƌ͕ ƐĞĚŝŵĞŶƚ ĂŶĚ ŶƵƚƌŝĞŶƚƐ͕ ŽŶ
a catchment ƐĐĂůĞ͘dŚĞƐŵĂůůĞƐƚƵŶŝƚŽĨĚŝƐĐƌĞƚŝƐĂƚŝŽŶŝƐĂƵŶŝƋƵĞĐŽŵďŝŶĂƚŝŽŶŽĨůĂŶĚƵƐĞ͕ƐŽŝůĂŶĚƐůŽƉĞ
ŽǀĞƌůĂǇ͕ƌĞĨĞƌƌĞĚƚŽĂƐĂ͞ŚǇĚƌŽůŽŐŝĐĂůƌĞƐƉŽŶƐĞƵŶŝƚ͟;,ZhͿ͘ZƵŶŽĨĨŝƐƉƌĞĚŝĐƚĞĚƐĞƉĂƌĂƚĞůǇĨŽƌĞĂĐŚ,Zh͕
ĂŶĚƚŚĞŶĂŐŐƌĞŐĂƚĞĚƚŽƚŚĞƐƵď-ďĂƐŝŶůĞǀĞůĂŶĚƌŽƵƚĞĚƚŚƌŽƵŐŚƚŚĞƐƚƌĞĂŵŶĞƚǁŽƌŬƚŽƚŚĞŵĂŝŶŽƵƚůĞƚ͕ŝŶ
ŽƌĚĞƌƚŽŽďƚĂŝŶƚŚĞƚŽƚĂůƌƵŶŽĨĨĨŽƌƚŚĞƌŝǀĞƌďĂƐŝŶ͘

2.3

Model setup

dŚĞ ƐƚƵĚǇ ĂƌĞĂ ǁĂƐ ĚŝǀŝĚĞĚ ŝŶƚŽ ϯϬ ƐƵď-ďĂƐŝŶƐ͘ DĞĂŶ ďĂƐŝŶ ĞůĞǀĂƚŝŽŶ ǁĂƐ ĞƋƵĂů ƚŽ ϭϬϳ ŵ͘Ă͘Ɛ͘ů͘ ^td
ŝŶƉƵƚ ůĂŶĚ ĐŽǀĞƌ ŵĂƉ ǁĂƐ ĐƌĞĂƚĞĚ ƵƐŝŶŐ ŽƌŝŶĞ >ĂŶĚ ŽǀĞƌ ϮϬϬϲ ůĂǇĞƌ͘ &ŝŐ͘ ϭ ŝůůƵƐƚƌĂƚĞƐ all ůĂŶĚ ĐŽǀĞƌ
ƚǇƉĞƐ ŝŶ ƚŚĞ ZĞĚĂ ĐĂƚĐŚŵĞŶƚ͘ ^Žŝů ŝŶƉƵƚ ŵĂƉ ǁĂƐ ĐƌĞĂƚĞĚ ďĂƐĞĚ ŽŶ ƐŽŝů ƚǇƉĞƐ͕ ƐƵďƚǇƉĞƐ ĂŶĚ ƐŽŝů ůĂǇĞƌ
ƚĞǆƚƵƌĞŵĂƉ ĂǀĂŝůĂďůĞĨƌŽŵƚŚĞ/ŶƐƚŝƚƵƚĞŽĨ^Žŝů^ĐŝĞŶĐĞĂŶĚWůĂŶƚƵůƚŝǀĂƚŝŽŶŝŶWƵųĂǁǇ͘dŚĞƚŽƚĂůŶƵŵďĞƌ
ŽĨϭϴƵŶŝƋƵĞƐŽŝůĐůĂƐƐĞƐǁĂƐƵƐĞĚ͘dŚĞĚŽŵŝŶĂŶƚƐŽŝůĐůĂƐƐĂƌĞŚŝŐŚůǇƉĞƌŵĞĂďůĞƐĂŶĚƐ;ƵƐƵĂůůǇĂŵďiƐŽůƐͿŽĐĐƵƉǇŝŶŐϱϭйŽĨďĂƐŝŶĂƌĞĂ͘ϯϲйŝƐŽĐĐƵƉŝĞĚďǇĚŝĨĨĞƌĞŶƚƐŽŝůƚǇƉĞƐǁŝƚŚƚĞǆƚƵƌĞ of loamy sands or
ƐĂŶĚǇ ůŽĂŵƐ͘ /ŶƚĞƌƐĞĐƚŝŽŶ ŽĨ ůĂŶĚ ƵƐĞ ŵĂƉ͕ ƐŽŝů ŵĂƉ ĂŶĚ ƐůŽƉĞ ĐůĂƐƐĞƐ ŵĂƉ ĞŶĂďůĞĚ ĐƌĞĂƚŝŽŶ ŽĨ ϰϲϱ
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,ZhƐ͕ǁŚŽƐĞŵĞĂŶĂƌĞĂǇŝĞůĚƐϭϬϰŚĂ͘ ĂŝůǇĐůŝŵĂƚĞĚĂƚĂ ;ĨŝǀĞƐƚĂƚŝŽŶƐǁŝƚŚƉƌĞĐŝƉŝƚĂƚŝŽŶƌĞĐŽƌĚƐ͕ĨŽƵƌ
ƐƚĂƚŝŽŶƐǁŝƚŚ ƚĞŵƉĞƌĂƚƵƌĞ͕ ŚƵŵŝĚŝƚǇ ĂŶĚ ǁŝŶĚ ƐƉĞĞĚ ƌĞĐŽrds and one ƐƚĂƚŝŽŶ ǁŝƚŚ ƐŽůĂƌ ƌĂĚŝĂƚŝŽŶ ƌĞcordsͿ ǁĞƌĞĂĐƋƵŝƌĞĚĨƌŽŵƚŚĞ/ŶƐƚŝƚƵƚĞŽĨDĞƚĞŽƌŽůŽŐǇĂŶĚtĂƚĞƌDĂŶĂŐĞŵĞŶƚ͕DĂƌŝŶĞƌĂŶĐŚŝŶ'ĚyŶŝĂ;/D't-W/ͿĨŽƌƚŚĞƚŝŵĞƉĞƌŝŽĚŽĨϭϵϵϭ-ϮϬϭϬ͘
^ŝŶĐĞƚŚĞĨŽĐƵƐŽĨƚŚŝƐƐƚƵĚǇŝƐŽŶƚŚĞŝŵƉĂĐƚ ŽĨĂŐƌŝĐƵůƚƵƌĞŽŶǁĂƚĞƌƋƵĂůŝƚǇ͕ƐƉĞĐŝĂůĂƚƚĞŶƚŝŽŶŝŶ^td
ƐĞƚƵƉǁĂƐĚĞǀŽƚĞĚƚŽĚĞĨŝŶŝƚŝŽŶŽĨĂŐƌŝĐƵůƚƵƌĂůŵĂŶĂŐĞŵĞŶƚƉƌĂĐƚŝĐĞƐ͘ZĞƋƵŝƌĞĚĚĂƚĂĂŶĚĞǆƉĞƌƚŝŶĨŽrŵĂƚŝŽŶǁĞƌĞĂĐƋƵŝƌĞĚĨƌŽŵWŽŵĞƌĂŶŝĂŶŐƌŝĐƵůƚƵƌĂůĚǀŝƐŽƌǇŽĂƌĚŝŶ'ĚĂŷƐŬ;WKZͿĂŶĚĞŶƚƌĂů^ƚatisƚŝĐĂů KĨĨŝĐĞ ;'h^Ϳ͘ ůů ƚŚĞ ĂŶĂůǇǌĞĚ ĚĂƚĂ ǁĞƌĞ ĐŽůůĞĐƚĞĚ ĨŽƌ ĨŽƵƌ ĐŽŵŵƵŶĞƐ ĨƌŽŵ tĞũŚĞƌŽǁŽ ĐŽƵŶƚǇ͗
'ŶŝĞǁŝŶŽ͕>ƵǌŝŶŽ͕^ǌĞŵƵĚĂŶĚtĞũŚĞƌŽǁŽ͘ ^ĞǀĞŶŵĂũŽƌĐƌŽƉƐŐƌŽǁŶŽŶĂƌĂďůĞůĂŶĚǁĞƌĞĚĞĨŝŶĞĚŝŶƚŚĞ
ŵŽĚĞůƐĞƚƵƉ͗ǁŝŶƚĞƌĐĞƌĞĂůƐ;ƌǇĞͿ͕ƐƉƌŝŶŐĐĞƌĞĂůƐ;ŽĂƚƐ ĂŶĚƐƉƌŝŶŐǁŚĞĂƚͿ͕ƉŽƚĂƚŽĞƐ͕ĨŝĞůĚƉĞĂƐ͕ƌĞĚĐůŽǀĞƌ
ĂŶĚ ƐƉƌŝŶŐ ĐĂŶŽůĂ͘ &Žƌ ĞĂĐŚ ĐƌŽƉ Ă ƐĞƉĂƌĂƚĞ ĐƌŽƉƉŝŶŐ ƐǇƐƚĞŵ ǁĂƐ ĚĞĨŝŶĞĚ ŝŶ ^td ƚŚƌŽƵŐŚ ƐĐŚĞĚƵůĞĚ
ŵĂŶĂŐĞŵĞŶƚƉƌĂĐƚŝĐĞƐŽƉƚŝŽŶ͘ ĞƌĞĂůƐĂŶĚƉŽƚĂƚŽĞƐ͕ĐƵůƚŝǀĂƚĞĚŝŶĂ traditional, ĞǆƚĞŶƐŝǀĞŵĂŶŶĞƌƌĂƚŚĞƌ
tŚĂŶ ŝŶ ĂŶ ŝŶƚĞŶƐŝǀĞ ŵĂŶŶĞƌ͕ ĐŽŶƐƚŝƚƵƚĞĚ ŶĞĂƌůǇ ϵϬй ŽĨ ƚŽƚĂů ĂƌĂďůĞ ůĂŶĚ ĂƌĞĂ͘ DĞĂŶ ŵŝŶĞƌĂů ĨĞƌƚŝůŝǌĞƌ
ƵƐĂŐĞŝŶϭϵϵϴ-ϮϬϬϲǇŝĞůĚĞĚϰϬŬŐEͬŚĂĂŶĚϭϭŬŐWͬŚĂ͘KƌŐĂŶŝĐĨĞƌƚŝůŝǌĞƌƐƵƐĞĚďǇĨĂƌŵĞƌƐŝŶƚŚĞZĞĚĂ
catchment iŶĐůƵĚĞƐŽůŝĚŵĂŶƵƌĞĂŶĚƐůƵƌƌǇƚŚĂƚĂƌĞspread predominantly at grassůĂŶĚĂŶĚƉŽƚĂƚŽĨŝĞůĚƐ͘

2.4

Model calibration

^tdǁĂƐĐĂůŝďƌĂƚĞĚĂŶĚǀĂůŝĚĂƚĞĚĂŐĂŝŶƐƚĚĂŝůǇĚŝƐĐŚĂƌŐĞĚĂƚĂĂŶĚĂŐĂŝŶƐƚďŝŵŽŶƚŚůǇƐƵƐƉĞŶĚĞĚƐĞĚiment, N-EK 3 ůŽĂĚƐĂƚtĞũŚĞƌŽǁŽŐĂƵŐŝŶŐ ƐƚĂƚŝŽŶ͘dŚĞĐĂůŝďƌĂƚŝŽŶƉĞƌŝŽĚǁĂƐ ϭϵϵϴ-2002, ǁŚĞƌĞĂƐƚŚĞ
ǀĂůŝĚĂƚŝŽŶƉĞƌŝŽĚǁĂƐϮϬϬϯ-ϮϬϬϲ͘^h&/-ϮĂƵƚŽŵĂƚŝĐĐĂůŝďƌĂƚŝŽŶƚŽŽůĨƌŽŵ^td-hWƐŽĨƚǁĂƌĞ;ďďĂƐƉŽƵƌ
ĞƚĂů͘ϮϬϬϳͿǁĂƐĂƉƉůŝĞĚ͘dŚĞEĂƐŚ-^ƵƚĐůŝĨĨĞĨĨŝĐŝĞŶĐǇ͕E^;DŽƌŝĂƐŝĞƚĂů͘ϮϬϬϳͿǁĂƐƐĞƚĂƐ an ŽďũĞĐƚŝǀĞ
ĨƵŶĐƚŝŽŶ͘ dŚĞ ǀĂůƵĞƐ ŽĨ ŐŽŽĚŶĞƐƐ-of-Ĩŝƚ ŵĞĂƐƵƌĞƐ Ăƚ tĞũŚĞƌŽǁŽ ŐĂƵŐŝŶŐ ƐƚĂƚŝŽŶ ŝŶĚŝĐĂƚĞ ŐŽŽĚ ŵŽĚĞů
performance for discharge and N-EK 3 ŝŶďŽƚŚĐĂůŝďƌĂƚŝŽŶĂŶĚǀĂůŝĚĂƚŝŽŶƉĞƌŝŽĚƐ;dĂďůĞϭͿ͘,ŽǁĞǀĞƌ͕ĨŽƌ
ƐĞĚŝŵĞŶƚůŽĂĚƚŚĞƌĞƐƵůƚƐĨŽƌǀĂůŝĚĂƚŝŽŶƉĞƌŝŽĚĂƌĞƌĞŵĂƌŬĂďůǇǁŽƌƐĞƚŚĂŶƚŚĞƌĞƐƵůƚƐĨŽƌĐĂůŝďƌĂƚŝŽŶƉeƌŝŽĚ͘ϮϬ-year-ůŽŶŐƐŝŵƵůĂƚŝŽŶƌƵŶǁĂƐĞǆĞĐƵƚĞĚ;ϭϵϵϭ-ϮϬϭϬ͕ǁŝƚŚƚŚƌĞĞǇĞĂƌƐŽĨǁĂƌŵ-ƵƉƉĞƌŝŽĚͿǁŝƚŚ
ƚŚĞ ĐĂůŝďƌĂƚĞĚ ŵŽĚĞů͘ dŚŝƐ ƐŝŵƵůĂƚŝŽŶ ƌƵŶ ƐĞƌǀĞĚ ĂƐ ƌĞĨĞƌĞŶĐĞ ;ďĂƐĞůŝŶĞͿ ƐĐĞŶĂƌŝŽ ŝŶ ĨƵƌƚŚĞƌ ĂŶĂůǇƐĞƐ͘
Mean ĂŶŶƵĂůdischarge at catchment ŽƵƚůĞƚǇŝĞůĚĞĚϰ͘ϱŵ3ͬƐ, and mĞĂŶĂŶŶƵĂůůŽĂĚƐŽĨƐƵƐƉĞŶĚĞĚƐĞdiment, and N-EK 3 ƚŽƚŚĞWƵĐŬ>ĂŐŽŽŶŝŶƚŚĞďĂƐĞůŝŶĞƐĐĞŶĂƌŝŽǇŝĞůĚĞĚϮ͘ϮϰĂŶĚ ϭϲϴ ƚŽŶƐ ƉĞƌǇĞĂƌ͕ƌeƐƉĞĐƚŝǀĞůǇ͘
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dĂďle ϭ͘ ĂůŝďƌĂƚŝŽŶĂŶĚǀĂůŝĚĂƚŝŽŶŐŽŽĚŶĞƐƐ-of-ĨŝƚŵĞĂƐƵƌĞƐĂƚtĞũŚĞƌŽǁŽŐĂƵŐŝŶŐƐƚĂƚŝŽŶ͘

sĂƌŝĂďůĞ
ŝƐĐŚĂƌŐĞ
^ĞĚŝŵĞŶƚůŽĂĚ
N-EK 3 load

2.5

ĂůŝďƌĂƚŝŽŶƉĞƌŝŽĚ
2
E^
R
Ϭ͘ϳϱ
Ϭ͘ϳϵ
Ϭ͘ϱϱ
Ϭ͘ϱϴ
Ϭ͘ϲϮ
Ϭ͘ϲϮ

W/^й
-ϴ
10
-ϰ

sĂůŝĚĂƚŝŽŶƉĞƌŝŽĚ
2
E^
R
Ϭ͘ϲϭ
Ϭ͘ϳϴ
Ϭ͘ϮϮ
Ϭ͘Ϯϯ
Ϭ͘ϲϰ
Ϭ͘ϴϯ

W/^й
-ϭϴ
-12
3

Future scenario assumptions

/ŶƚŚŝƐƐƚƵĚǇƚŚĞƉĞƌŝŽĚcentred ĂƌŽƵŶĚϮϬϱϬǁĂƐƐĞůĞĐƚĞĚĂƐƚŚĞƚŝŵĞŚŽƌŝǌŽŶŽĨĨƵƚƵƌĞƐĐĞŶĂƌŝŽƐ͘dǁŽ
ŵĂũŽƌ ĚƌŝǀŝŶŐ ĨŽƌĐĞƐŽĨ ĨƵƚƵƌĞ ĐĂƚĐŚŵĞŶƚ ĐŚĂŶŐĞ ĂƌĞ ĐůŝŵĂƚĞ ĂŶĚ ůĂŶĚ ƵƐĞ͘ WŽŝŶƚ ƐŽƵƌĐĞ emissions are
ĐƵƌƌĞŶƚůǇŶŽƚ͕ĂŶĚĂƌĞŶŽƚƐƵƉƉŽƐĞĚƚŽďĞĂƉƌŽďůĞŵŝŶƚŚĞZĞĚĂĐĂƚĐŚŵĞŶƚ͘tŚŝůĞĐůŝŵĂƚĞĐŚĂŶŐĞƉƌoũĞĐƚŝŽŶƐ ĨŽƌ ƚŚĞ ZĞĚĂ catchment ǁĞƌĞ ĚŽǁŶƐĐĂůĞĚ ĨƌŽŵ Ă ĐůŝŵĂƚĞ ŵŽĚĞů͕ ĂƐƐƵŵƉƚŝŽŶƐ for ůĂŶĚ ƵƐĞ
change scenarios ǁĞƌĞĞƐƚĂďůŝƐŚĞĚďǇĞǆƉĞƌƚũƵĚŐŵĞŶƚƵƐŝŶŐƐƚĂŬĞŚŽůĚĞƌŝŶƉƵƚĂƐĂŶĂĚĚŝƚŝŽŶĂůƐŽƵƌĐĞŽĨ
ŝŶĨŽƌŵĂƚŝŽŶ͘
dŚĞĐůŝŵĂƚĞƉƌŽũĞĐƚŝŽŶƐďǇ,Dϱ'DĚƌŝǀĞŶďǇ^Z^ϭĞŵŝƐƐŝŽŶƐĐĞŶĂƌŝŽĂŶĚĐŽƵƉůĞĚǁŝƚŚZϯ
ZDǁĞƌĞĂĐƋƵŝƌĞĚĨƌŽŵƚŚĞ^ǁĞĚŝƐŚDĞƚĞŽƌŽůŽŐŝĐĂů and ,ǇĚƌŽůŽŐŝĐĂů /ŶƐƚŝƚƵƚĞ͕^D,/ ;^ĂŵƵĞůƐƐŽŶ ĞƚĂů͘
2011Ϳ͘ dŚĞ ĚĞůƚĂ ĐŚĂŶŐĞ ĂƉƉƌŽĂĐŚ ǁĂƐ ĂƉƉůŝĞĚ ƚŽ ƌĞƉƌĞƐĞŶƚ ƚŚĞ ĨƵƚƵƌĞ ĐůŝŵĂƚĞ ŝŶ ^td ;&ŽǁůĞƌ Ğƚ Ăů͘
ϮϬϬϳͿ͘&ŝŐ͘ϮŝůůƵƐƚƌĂƚĞƐďĂƐŝŶ-ĂǀĞƌĂŐĞĚĚŽǁŶƐĐĂůĞĚƉƌŽũĞĐƚŝŽŶƐŽĨŵŽŶƚŚůǇƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚƚĞŵƉĞƌĂƚƵƌĞ
ĨŽƌϮϬϱϬƐǀĞƌƐƵƐĐƵƌƌĞŶƚƐŝƚƵĂƚŝŽŶ͘

&ŝŐƵƌĞ Ϯ͘ ĂƐŝŶ-ĂǀĞƌĂŐĞĚ ĚŽǁŶƐĐĂůĞĚ ƉƌŽũĞĐƚŝŽŶƐ ŽĨ ŵŽŶƚŚůǇ ƉƌĞĐŝƉŝƚĂƚŝŽŶ ĂŶĚ ƚĞŵƉĞƌĂƚƵƌĞ ĨŽƌ ϮϬϱϬƐ
ǀĞƌƐƵƐĐƵƌƌĞŶƚƐŝƚƵĂƚŝŽŶ͘
While climate change in the Reda catchment ŝƐĚƌŝǀĞŶŵĂŝŶůǇďǇŐůŽďĂů-ƐĐĂůĞĨĂĐƚŽƌƐ͕ůĂŶĚƵƐĞĐŚĂŶŐĞŝƐ
related to factors acting oŶǀĂƌŝŽƵƐ ƐĐĂůĞƐ͗ ĐůŝŵĂƚĞ͕ƉŽƉƵůĂƚŝŽŶ ŐƌŽǁƚŚ͕ ĨƵƚƵƌĞŶĂƚŝŽŶĂů ĂŶĚ h ƉŽůŝĐŝĞƐ
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;ŝŶ ƐƵĐŚĚŽŵĂŝŶƐĂƐĂŐƌŝĐƵůƚƵƌĞĂŶĚƐƉĂƚŝĂůƉůĂŶŶŝŶŐͿ͕ůŽĐĂůĂŶĚŐůŽďĂůĨŽŽĚĚĞŵĂŶĚ͕ĞƚĐ͘WƌŽũĞĐƚŝŽŶƐŽĨ
ƵƌďĂŶ ůĂŶĚĐŽǀĞƌĐŚĂŶŐĞĚƵĞƚŽƉŽƉƵůĂƚŝŽŶŐƌŽǁƚŚ;ŽƌĚĞĐůŝŶĞͿĂƌĞƉƌŽďĂďůǇƚŚĞůĞĂƐƚƵŶĐĞƌƚĂŝŶŽŶĞƐ͘
dŚĞ ƐƚƵĚǇ ĂƌĞĂ ŚĂƐ ĞǆƉĞƌŝĞŶĐĞĚ Ă ƌĂƉŝĚ ƵƌďĂŶ ƐƉƌĂǁů ŝŶ ƌĞĐĞŶƚ ǇĞĂƌƐ͗ ĐĐŽƌĚŝŶŐ ƚŽ ĚĂƚĂ ĨƌŽŵ ĞŶƚƌĂů
^ƚĂƚŝƐƚŝĐĂůKĨĨŝĐĞ;'h^ 1ͿŵĞĂŶĂŶŶƵĂůƉŽƉƵůĂƚŝŽŶŐƌŽǁƚŚŝŶϭϵϵϱ-ϮϬϭϭǇŝĞůĚĞĚϯйŝŶƌƵƌĂůĂƌĞĂƐĂŶĚϬ͘ϯй
ŝŶƵƌďĂŶ͘ This trend is ƐƵƉƉŽƐĞĚƚŽĐŽŶƚŝŶƵĞŝŶƚŚĞĨŽƌĞƐĞĞĂďůĞĨƵƚƵƌĞ͗ĞǆƉĞĐƚĞĚŵĞĂŶĂŶŶƵĂůƉŽƉƵůĂƚŝŽŶ
ŐƌŽǁƚŚ ŝŶ ϮϬϭϭ-ϮϬϯϱ ǇŝĞůĚƐ Ϭ͘ϴϱй ŝŶ ƵƌďĂŶ ĂƌĞĂƐ ĂŶĚ ϭ͘Ϯϳй ŝŶ ƌƵƌĂů ĂƌĞĂƐ ;'h^ ϮϬϭϮͿ͘ dŚĞƐĞ ĨŝŐƵƌĞƐ
ǁĞƌĞĞǆƚƌĂƉŽůĂƚĞĚ ƵŶƚŝů ϮϬϱϬ ĂŶĚ ƚƌĂŶƐĨŽƌŵĞĚ ŝŶƚŽ ƵƌďĂŶ ůĂŶĚ ĐŽǀĞƌ ŐƌŽǁƚŚ in ^td͘,ZhƐŽĐĐƵƉǇŝŶŐ
ϵϬϵŚĂƚŚĂƚƵƐĞĚƚŽŚĂǀĞĨĂůůŽǁůĂŶĚŽƌůŽǁƋƵĂůŝƚǇĂŐƌŝĐƵůƚƵƌĂůůĂŶĚǁĞƌĞƚƵƌŶĞĚŝŶƚŽůŽǁ-density resiĚĞŶƚŝĂůůĂŶĚĐŽǀĞƌ͘
TŚĞƌĞŝƐŵƵĐŚŵŽƌĞƵŶĐĞƌƚĂŝŶƚǇƌĞůĂƚĞĚƚŽƚŚĞĨƵƚƵƌĞŽĨĂŐƌŝĐƵůƚƵƌĞ ƚŚĂŶƚŽƚŚĞĨƵƚƵƌĞŽĨƵƌďĂŶƐƉƌĂǁůŝŶ
the Reda catchment͘dŚĞƌĞĨŽƌĞ͕ŽŶƚŽƉ ŽĨ ƵƌďĂŶ ůĂŶĚ ĐŽǀĞƌ ĐŚĂŶŐĞ͕ ƚǁŽ ĂŐƌŝĐƵůƚƵƌĂů ƐĐĞŶĂƌŝŽƐ ĨŽƌ ƚŚŝƐ
ĂƌĞĂ ǁĞƌĞ ĚĞǀĞůŽƉĞĚ͗ ŽŶĞ ĂƐƐƵŵŝŶŐ ƐƉŽŶƚĂŶĞŽƵƐ ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ĂŐƌŝĐƵůƚƵƌĞ ĂŶĚ ƚŚĞ ƐĞĐŽŶĚ ŽŶĞ ŝƚƐ
rapid intensification ;dĂď͘ϮͿ͘dŚĞĨŝƌƐƚƐĐĞŶĂƌŝŽĂƐƐƵŵĞƐĂĚĂƉƚĂƚŝŽŶŽĨƉƌŽĚƵĐƚŝŽŶƚŽƌŝƐŝŶŐƚĞŵƉĞƌĂƚƵƌĞƐ
ĂŶĚƚĂŬĞƐŝŶƚŽĂĐĐŽƵŶƚƐŽŵĞŽĨƚŚĞƌĞĐĞŶƚůǇŽďƐĞƌǀĞĚƚƌĞŶĚƐ;Ğ͘Ő͘ďŝŽŐĂƐƉůĂŶƚƐƵƐŝŶŐĐŽƌŶƐŝůĂŐĞĂƐƐƵďͲ
ƐƚƌĂƚĞͿ͕ŚŽǁĞǀĞƌ͕ďŽƚŚĐƌŽƉƐƚƌƵĐƚƵƌĞ͕ĂŶŝŵĂůƉƌŽĚƵĐƚŝŽŶĂŶĚĨĞƌƚŝůŝǌĞƌƵƐĂŐĞƌĞŵĂŝŶŽŶůǇƐůŝŐŚƚůǇĂůƚĞƌĞĚ
coŵƉĂƌĞĚƚŽƚŚĞƌĞĨĞƌĞŶĐĞƐƚĂƚĞ͘/ŶĐŽŶƚƌĂƐƚ͕ƚŚĞƐĞĐŽŶĚƐĐĞŶĂƌŝŽĂƐƐƵŵĞƐƚŚĂƚWŽůĂŶĚ;ĂŶĚZĞĚĂcatchment ŝŶƉĂƌƚŝĐƵůĂƌͿǁŝůůĞǆƉĞƌŝĞŶĐĞĂŵĂũŽƌƐŚŝĨƚ;ĚƌŝǀĞŶŵĂŝŶůǇďǇĞǆƉŽƌƚŽĨƉƌŽĚƵĐƚƐƚŽhŵĂƌŬĞƚͿin
ĂŐƌŝĐƵůƚƵƌĞ͕ƚŚĂƚǁŝůůƌĞƐĞŵďůĞŝŶƚĞŶƐŝǀĞĂŐƌŝĐƵůƚƵƌĞ of some of the ŶĞŝŐŚďŽƵƌŝŶŐ tĞƐƚĞƌŶĐŽƵŶƚƌŝĞƐ͕Ğ͘Ő͘
ĞŶŵĂƌŬ͕'ĞƌŵĂŶǇŽƌ^ǁĞĚĞŶ͘/ŶŽƌĚĞƌƚŽĐƌĞĂƚĞĂ ĐŽŚĞƌĞŶƚĂŶĚƉůĂƵƐŝďůĞƐĐĞŶĂƌŝŽ͕ĨƌŽŵƉƌĂĐƚŝĐĂůƌĞaƐŽŶƐŽŶĞĐŽƵŶƚƌǇ– ĞŶŵĂƌŬ– ǁĂƐƐĞůĞĐƚĞĚĂƐĂŐŽŽĚŵŽĚĞůƚŽǁŚŝĐŚWŽůĂŶĚǁŝůůƵůƚŝŵĂƚĞůǇĐŽŶǀĞƌŐĞ͘
ŽƚŚƐĐĞŶĂƌŝŽƐĨŽƌŵĂƌĂŶŐĞŽĨƉŽƐƐŝďůĞĐŚĂŶŐĞƚŚĂƚWŽůŝƐŚĂŐƌŝĐƵůƚƵƌĞŝƐůŝŬĞůǇƚŽƵŶĚĞƌŐŽŝŶƚŚĞĨƵƚƵƌĞ͗
a ƐŚŝĨƚŝŶƚŽĂŶŝƐŚ-ƚǇƉĞŝŶƚĞŶƐŝǀĞĂŐƌŝĐƵůƚƵƌĞŝŶƚŚĞZĞĚĂcatchment ŝƐƚŚĞƵƉƉĞƌůŝŵŝƚŽĨƉŽƐƐŝďůĞĐŚĂŶgĞƐ͕ǁŚĞƌĞĂƐĂďƵƐŝŶĞƐƐ-as-ƵƐƵĂůƐĐĞŶĂƌŝŽŝƐƚŚĞŝƌůŽǁĞƌůŝŵŝƚ͘

1
http://www.stat.gov.pl/bdlen/app/strona.html?p_name=indeks͕ ƐƵďŐƌŽƵƉ ͞WŽƉƵůĂƚŝŽŶ ďǇ ĚŽŵŝĐŝůĞͬƌĞƐŝĚĞŶĐĞ ĂŶĚ ƐĞǆ͟ ;last accessed
3/28/2013).
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dĂďůĞϮ͘ŽŵƉĂƌŝƐŽŶŽĨƚǁŽĚĞǀĞůŽƉĞĚĂŐƌŝĐƵůƚƵƌĂůƐĐĞŶĂƌŝŽƐĨŽƌƚŚĞZĞĚĂcatchment ŝŶϮϬϱϬƐ͘
^ĐĞŶĂƌŝŽĨĞĂƚƵƌĞ

ƵƐŝŶĞƐƐ-Ɛ-hƐƵĂů

DĂũŽƌ^ŚŝĨƚŝŶŐƌŝĐƵůƚƵƌĞ

Type

dƌĂĚŝƚŝŽŶĂů ;ĞǆƚĞŶƐŝǀĞͿ͕ ŽƌŝĞŶƚĞĚ ŽŶ /ŶƚĞŶƐŝǀĞ͕ ĞǆƉŽƌƚ-ŽƌŝĞŶƚĞĚ ;ĚƌŝǀĞŶ ďǇ
ŽǁŶĨĂƌŵŶĞĞĚƐ;ĚƌŝǀĞŶďǇůŽĐĂůƐŽĐŝŽ-

ŐůŽďĂůĨŽŽĚĚĞŵĂŶĚͿ

ecŽŶŽŵŝĐĐŽŶĚŝƚŝŽŶƐĂŶĚhƉŽůŝĐŝĞƐͿ
ƌŽƉƐƚƌƵĐƚƵƌĞ;йŽĨĂŐƌŝĐƵl-

dĂůůĨĞƐĐƵĞ;ŐƌĂƐƐůĂŶĚͿϮϱ͘ϭй͕

^ƉƌŝŶŐǁŚĞĂƚϮϲ͘ϳй͕

ƚƵƌĂů ůĂŶĚ͖ ^td ĐƌŽƉ KĂƚƐϮϭ͘ϰй͕

^ƉƌŝŶŐďĂƌůĞǇϮϮ͘Ϭй͕

ŶĂŵĞƐƵƐĞĚͿ

ZǇĞϭϵ͘ϲй͕

dĂůůĨĞƐĐƵĞ;ŐƌĂƐƐůĂŶĚͿϭϱ͘Ϯй͕

^ƉƌŝŶŐǁŚĞĂƚϭϯ͘ϱй͕

ZĞĚĐůŽǀĞƌϭϭ͘ϳй͕

WŽƚĂƚŽĞƐϴ͘ϵй͕

ŽƌŶƐŝůĂŐĞϭϬ͘ϵй͕

ZĞĚĐůŽǀĞƌϱ͘ϵй͕

^ƉƌŝŶŐĐĂŶŽůĂϲ͘Ϭй͕

ŽƌŶƐŝůĂŐĞϮ͘ϯй͕

WŽƚĂƚŽĞƐϮ͘ϵй͕

&ŝĞůĚƉĞĂƐϮ͘ϭй͕

&ŝĞůĚƉĞĂƐϮ͘ϭй͕

^ƉƌŝŶŐĐĂŶŽůĂϭ͘ϭй

ZǇĞϭ͘ϵй͕
KĂƚƐϬ͘ϱй

>ŝǀĞƐƚŽĐŬdensity

Ϭ͘ϱϲ>^hͬŚĂ

ϭ͘ϰϯ>^hͬŚĂ

&ŽĚĚĞƌƐŽƵƌĐĞ

>ŽĐĂůůǇƉƌŽĚƵĐĞĚĨŽĚĚĞƌ

Imported fodder

&ĞƌƚŝůŝǌĞƌƚǇƉĞƐĂŶĚƌĂƚĞƐŽŶ DŝŶĞƌĂůĨĞƌƚŝůŝǌĞƌ;Eϳϭй͕WϴϳйͿ͕

DŝŶĞƌĂůĨĞƌƚŝůŝǌĞƌ;EϮϱй͕WϭϱйͿ͕

ĂŐƌŝĐƵůƚƵƌĂůůĂŶĚ

KƌŐĂŶŝĐĨĞƌƚŝůŝǌĞƌ;EϮϵй͕WϭϯйͿ

KƌŐĂŶŝĐĨĞƌƚŝůŝǌĞƌ;Eϳϱй͕WϴϱйͿ

ǀĞƌĂŐĞƌĂƚĞϯ2 kg EͬŚĂ͕12 kg WͬŚĂ

ǀĞƌĂŐĞƌĂƚĞϭϬϮŬŐEͬŚĂ͕ϱ3 kg WͬŚĂ

Timing of practices

^ŚŝĨƚƚƌŝŐŐĞƌĞĚďǇǁĂƌŵĞƌĐůŝŵĂƚĞ

^ŚŝĨƚƚƌŝŐŐĞƌĞĚďǇǁĂƌŵĞƌĐůŝŵĂƚĞ

ǆƉĞĐƚĞĚǇŝĞůĚƐ

^ŝŵŝůĂƌƚŽĐƵƌƌĞŶƚŽŶĞƐ

DƵĐŚŚŝŐŚĞƌƚŚĂŶĐƵrrent ones

ǆƉĞĐƚĞĚǁĂƚĞƌƉŽůůƵƚŝŽŶ

^ŝŵŝůĂƌƚŽĐƵƌƌĞŶƚƐƚĂƚĞ

DƵĐŚŚŝŐŚĞƌƚŚĂŶĐƵƌƌĞŶƚƐƚĂƚĞ

^ŝǆ ƵŶŝƋƵĞ ĐŽŵďŝŶĂƚŝŽŶƐ ;ŝŶĐůƵĚŝŶŐ ƚŚĞ ďĂƐĞůŝŶĞ ƐĐĞŶĂƌŝŽͿ ŽĨ ŵŽĚĞů ĞǆƉĞƌŝŵĞŶƚƐ ǁĞƌĞ ĐĂƌƌŝĞĚ ŽƵƚ
;dĂďůĞ 3Ϳ͘ &ŽƌĞĂĐŚŽĨƚŚĞƐĞĞǆƉĞƌŝŵĞŶƚƐƚŚƌĞĞŝŶĚŝĐĂƚŽƌƐĂƌĞĐĂůĐƵůĂƚĞĚ͗;ϭͿƉĞƌĐĞŶƚĐŚĂŶŐĞŝŶŵĞĂŶĂnŶƵĂůĚŝƐĐŚĂƌŐĞ͖;ϮͿƉĞƌĐĞŶƚĐŚĂŶŐĞŝŶŵĞĂŶĂŶŶƵĂůE-EK 3 load ƚŽƚŚĞWƵĐŬ>ĂŐŽŽŶ͖;ϯͿƉĞƌĐĞŶƚĐŚĂŶŐĞŝŶ
ŵĞĂŶĂŶŶƵĂůE-EK 3 leaching ƉĂƐƚƚŚĞďŽƚƚŽŵŽĨƐŽŝůƉƌŽĨŝůĞto ƐŚĂůůŽǁŐƌŽƵŶĚǁĂƚĞƌ ĂƋƵŝĨĞƌ͘dŚĞůĂƚƚĞƌ
indicator ŝƐďĂƐŝŶ-ĂǀĞƌĂŐĞĚĂŶĚƚŚƵƐƌĞƉƌĞƐĞŶƚƐĂůů,ZhƐ͕ŶŽƚŽŶůǇĂŐƌŝĐƵůƚƵƌĂůŽŶĞƐ͘
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dĂďůĞϯ͘ ǆƉĞƌŝŵĞŶƚĂůĚĞƐŝŐŶĨŽƌƌƵŶŶŝŶŐƐĐĞŶĂƌŝŽƐŝŵƵůĂƚŝŽŶƐ͘
Climate

>ĂŶĚƵƐĞ

ƌŝǀŝŶŐĨŽƌĐĞƐ

2.6

ƵƌƌĞŶƚ

ϮϬϱϬ;,Dϱ-Zϯ-^Z^ϭͿ

ƵƌƌĞŶƚ

ϭ͘ĂƐĞůŝŶĞ

ϰ͘CC-ϮϬϱϬ

ϮϬϱϬ;ƵƐŝŶĞƐƐ-Ɛ-hƐƵĂůͿ

Ϯ͘h-ϮϬϱϬ

5. BAU-CC-2050

ϮϬϱϬ;DĂũŽƌ^ŚŝĨƚŝŶŐƌŝĐƵůƚƵƌĞͿ

ϯ͘D^-ϮϬϱϬ

6. MSA-CC-2050

Adaptation measures

dŚĞƐƚĂƌƚŝŶŐƉŽŝŶƚĨŽƌƐĞůĞĐƚŝŽŶŽĨĂĚĂƉƚĂƚŝŽŶŵĞĂƐƵƌĞƐǁĂƐƚŚĞůŝƐƚŽĨƉƌŝŽƌŝƚŝǌĞĚŵĞĂƐƵƌĞƐĞůĂďŽƌĂƚĞĚ
ǁŝƚŚŝŶƚŚĞĂůƚŝĐKDW^^ƉƌŽũĞĐƚ 2͘dŚĞĨŝŶĂůƐĞůĞĐƚŝŽŶŽĨŵĞĂƐƵƌĞƐ͕ŵĂĚĞǁŝƚŚƐƚĂŬĞŚŽůĚĞƌĂĚǀŝĐĞ͕ǁĂƐ
a trade-ŽĨĨĨŽƌĐĞĚďǇŵŽĚĞůůŝŵŝƚĂƚŝŽŶƐ;ŶŽƚĂůůŝŶƚĞƌĞƐƚŝŶŐŵĞĂƐƵƌĞƐĐĂŶďĞƌĞƉƌĞƐĞŶƚĞĚŝŶ^tdͿ͘&ŝŶĂůůǇ͕
three ŵĞĂƐƵƌĞƐǁĞƌĞƐĞůĞĐƚĞĚĂƐǀĂůƵĞĚďǇƐƚĂŬĞŚŽůĚĞƌƐĂŶd ƉŽƐƐŝďůĞĨŽƌŵŽĚĞůůŝŶŐ͗
ϭ͘ sĞŐĞƚĂƚŝǀĞĐŽǀĞƌŝŶĂƵƚƵŵŶĂŶĚǁŝŶƚĞƌ;sͿ͘
Ϯ͘ ǀŽŝĚŝŶŐĨĞƌƚŝůŝƐĂƚŝŽŶƚŽƌŝƐŬĂƌĞĂƐ;ZͿ͘
ϯ͘ ƵĨĨĞƌǌŽŶĞƐĂůŽŶŐǁĂƚĞƌĂƌĞĂƐĂŶĚ erosion ƐĞŶƐŝƚŝǀĞĨŝĞůĚĂƌĞĂƐ;Ϳ͘
Ě͘ϭ/ŶŽƌĚĞƌƚŽŝŵƉůĞŵĞŶƚƚŚŝƐŵĞĂƐƵƌĞ͕ŵŽĚŝĨŝĐĂƚŝŽŶƐŝŶƐĐŚĞĚƵůĞĚŵĂŶĂŐĞŵĞŶƚƉƌĂĐƚŝĐĞƐǁĞƌĞŵĂĚĞ
ŝŶƚŚĞŵŽĚĞůƐƚƌƵĐƚƵƌĞ͘ZĞĚĐůŽǀĞƌǁĂƐƵƐĞĚĂƐĐĂƚĐŚ-ĐƌŽƉĂĨƚĞƌƐƉƌŝŶŐĐĞƌĞĂůƐĂŶĚĐŽƌŶƐŝůĂŐĞ͕ǁŚĞƌĞĂƐ
ƌǇĞǁĂƐƵƐĞĚĂƐĐĂƚĐŚ-ĐƌŽƉĂĨƚĞƌƉŽƚĂƚŽĞƐ͘
Ě͘2 dŽƌĞĚƵĐĞŶƵƚƌŝĞŶƚůŽƐƐĞƐ͕ƐƉĞĐŝĂů͞ƌŝƐŬĂƌĞĂ͟,ZhƐǁĞƌĞŝĚĞŶƚŝĨŝĞĚŝŶǁŚŝĐŚƚŚĞƐĐŚĞĚƵůĞŽĨŵĂnĂŐĞŵĞŶƚƉƌĂĐƚŝĐĞƐǁĂƐĐŚĂŶŐĞĚ͘dŚĞƐĞǁĞƌĞ͗;ϭͿ,ZhƐǁŝƚŚƐůŽƉĞƐĂďŽǀĞϭϬй͖;ϮͿ,ZhƐǁŝƚŚĚĞĨŝŶĞĚƚŝůĞ
ĚƌĂŝŶĂŐĞŽƉĞƌĂƚŝŽŶ͖;ϯͿ,ZhƐǁŝƚŚŚĞĂǀǇƐŽŝůƐ͘&ĞƌƚŝůŝƐĂƚŝŽŶƌĂƚĞƐŝŶƐĞůĞĐƚĞĚ,ZhƐǁĞƌĞƌĞĚƵĐĞĚďǇϱϬй͘
Ě͘ϯ In ^tdďƵĨĨĞƌǌŽŶĞƐĂƌĞƌĞƉƌĞƐĞŶƚĞĚďǇƚŚĞǀĞŐĞƚĂƚŝǀĞĨŝůƚĞƌƐƚƌŝƉ ;s&^Ϳ ƐƵď-ŵŽĚĞů;EĞŝƚƐĐŚĞƚĂů͘
ϮϬϭϭͿ ƚŚĂƚ ƵƐĞƐ different emƉŝƌŝĐĂůƌĞĚƵĐƚŝŽŶ ƌĂƚĞ ĞƋƵĂƚŝŽŶƐ͘ s&^ ǁĞƌĞ ĚĞĨŝŶĞĚ ŝŶ Ăůů ĂƌĂďůĞ ůĂŶĚ ,ZhƐ
ǁŝƚŚƚŚĞŝƌĚĞĨĂƵůƚƉĂƌĂŵĞƚĞƌǀĂůƵĞƐ͘
ĚĂƉƚĂƚŝŽŶŵĞĂƐƵƌĞƐǁĞƌĞƌƵŶďŽƚŚĂƐƐŝŶŐůĞŵĞĂƐƵƌĞƐĂŶĚĂƐĐŽŵďŝŶĞĚŵĞĂƐƵƌĞƐ͘^ŝŶĐĞƚŚĞǇƌĞĨĞƌƚŽ
ƚŚĞĨƵƚƵƌĞƉĞƌŝŽĚ͕ƚŚĞy ǁĞƌĞƌƵŶŽŶƚŽƉŽĨƚǁŽĐŽŵďŝŶĞĚĨƵƚƵƌĞƐĐĞŶĂƌŝŽƐ͗h-CC-ϮϬϱϬĂŶĚD^-CCϮϬϱϬ;ĐĨ͘dĂďůĞϯͿ͘ DĞĂƐƵƌĞĞĨĨŝĐŝĞŶĐǇƵŶĚĞƌĨƵƚƵƌĞĐŽŶĚŝƚŝŽŶƐǁĂƐĐĂůĐƵůĂƚĞĚĂƐĨŽůůŽǁƐ͗&ŽƌĂǀĂƌŝĂďůĞy͕

2

ŚƚƚƉ͗ͬͬǁǁǁ͘ďĂůƚŝĐĐŽŵƉĂƐƐ͘ŽƌŐͬͺďůŽŐͬWƌŽũĞĐƚͺZĞƉŽƌƚƐͬƉŽƐƚͬWƌŝŽƌŝƚŝǌĞĚͺŵĞĂƐƵƌĞƐͺďǇͺtŽƌŬͺWĂĐŬĂŐĞͺϯͺͬ ;ůĂƐƚĂĐĐĞƐƐĞĚϯͬϮϴͬϮϬϭϯͿ
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Results

3.1

Nutrient loads in future scenarios

dŚĞƌĞƐƵůƚƐƉƌĞƐĞŶƚĞĚŝŶdĂďůĞϰƐŚŽǁƚŚĂƚƵŶĚĞƌƚŚĞƵƐŝŶĞƐƐ-Ɛ-hƐƵĂů ;hͿ ǁŝƚŚŽƵƚĐŽŶƐŝĚĞƌĂƚŝŽŶŽĨ
ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŶƵƚƌŝĞŶƚ ůŽĂĚƐ ĂŶĚ ůĞĂĐŚŝŶŐ ƌĞŵĂŝŶ ŽŶ ƚŚĞ ƐŝŵŝůĂƌ ůĞǀĞů ĂƐ ĐƵƌƌĞŶƚůǇ͘ /Ŷ ĐŽŶƚƌĂƐƚ͕ ůĂƌŐĞ
ĐŚĂŶŐĞƐĂƌĞĞǆƉĞĐƚĞĚƵŶĚĞƌƚŚĞDĂũŽƌ^ŚŝĨƚŝŶŐƌŝĐƵůƚƵƌĞ;D^ͿƐĐĞŶĂƌŝŽ͘ hŶĚĞƌĨƵƚƵƌĞĐůŝŵĂƚĞ, N-EK 3
ůŽĂĚƐ ĂƌĞ ĞǆƉĞĐƚĞĚ ƚŽ ƌŝƐĞ ďǇ ϭϴ͘ϴй ĂŶĚ ƚŚŝƐ ƌŝƐĞ ŝƐ ƌĞůĂƚĞĚ ƚŽ ŝŶĐƌĞĂƐĞĚ ƌƵŶŽĨĨ ƵŶĚĞƌ ǁĞƚƚĞƌ ĐůŝŵĂƚĞ
;ĐĨ͘ &ŝŐ͘ ϮͿ͘ ,ŽǁĞǀĞƌ͕ ƚŚĞ ĞĨĨĞĐƚ ŽĨ ŝŶƚĞŶƐŝĨŝĞĚ ĂŐƌŝĐƵůƚƵƌĞ ŝƐ ĐůĞĂƌůǇ ůĂƌŐĞƌ ƚŚĂŶ ƚŚĞ ĞĨĨĞĐƚ ŽĨ ĐůŝŵĂƚĞ
ĐŚĂŶŐĞ͘ dŚĞƌĞƐƵůƚƐĂƌĞĂŵƉůŝĨŝĞĚ͕ǁŚĞŶĐŽŵďŝŶĞĚĞĨĨĞĐƚƐŽĨĐůŝŵĂƚĞĂŶĚůĂŶĚƵƐĞĐŚĂŶŐĞĂƌĞĂŶĂůǇƐĞĚ͗
ĨŽƌĞǆĂŵƉůĞƵŶĚĞƌD^-CC-ϮϬϱϬE-EK 3 ůŽĂĚƐĂƌĞĞǆƉĞĐƚĞĚƚŽƌŝƐĞďǇϲ0͘ϭй͘
dĂďůĞϰ͘Percent changes in selected parameters ;ĚŝƐĐŚĂƌŐĞ͕E-EK 3 loads and N-EK 3 ůĞĂĐŚŝŶŐƚŽŐƌŽƵŶdǁĂƚĞƌͿ ĨŽƌĂŶĂůǇƐĞĚƐĐĞŶĂƌŝŽƐŝŶϮϬϱϬǁŝƚŚƌĞƐƉĞĐƚƚŽ ĐƵƌƌĞŶƚ;ďĂƐĞůŝŶĞͿƐĐĞŶĂƌŝŽ ;ƌĞƐƵůƚƐĨŽƌĐŽŵďŝŶĞĚ
climate-ůĂŶĚƵƐĞĐŚĂŶŐĞƐĐĞŶĂƌŝŽƐĂƌĞŵĂƌŬĞĚŝŶďŽůĚͿ͘
Climate
ƌŝǀŝŶŐĨŽƌĐĞƐ

ƵƌƌĞŶƚ

ϮϬϱϬ;,Dϱ-Zϯ-^Z^ϭͿ

>ĂŶĚƵƐĞ

ŝƐĐŚĂƌŐĞ N-EK 3 load N-EK 3 leaching

ŝƐĐŚĂƌŐĞ N-EK 3 load

ƵƌƌĞŶƚ
ϮϬϱϬh

3

ϮϬϱϬD^

N-EK 3 leaching

21͘ϴ

ϭϴ͘ϴ

ϭϮ͘Ϭ

ϭ͘ϲ

Ϭ͘ϴ

Ϯ͘ϴ

23.7

19.7

14.0

ϭ͘2

ϯϵ͘Ϯ

ϴϯ͘ϱ

23.6

60.1

85.9

ŝƌĞĐƚĐŽŵƉĂƌŝƐŽŶŽĨh-CC-ϮϬϱϬǁŝƚŚD^-CC-ϮϬϱϬƐŚŽǁƐƚŚĂƚƵŶĚĞƌƚŚĞůĂƚƚĞƌŶŝƚƌĂƚĞǁĂƚĞƌƉŽůůƵͲ
ƚŝŽŶŝƐĞǆƉĞĐƚĞĚƚŽŐƌŽǁƐŝŐŶŝĨŝĐĂŶƚůǇĂƐƚŚĞƌĞƐƵůƚŽĨ ĂŐƌŝĐƵůƚƵƌĂůŝŶƚĞŶƐŝĨŝĐĂƚŝŽŶ͘KŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ƐŝŵƵͲ
ůĂƚĞĚǇŝĞůĚƐĂŶĚŚĂƌǀĞƐƚŽĨŵĂŝŶĐƌŽƉƐĂƌĞĞǆƉĞĐƚĞĚƚŽďĞŚŝŐŚĞƌďǇϯϭйĂŶĚϰϵйŝŶD^ĐŽŵƉĂƌĞĚƚŽ
h͕ƌĞƐƉĞĐƚŝǀĞůǇ͘ŽƌŶƐŝůĂŐĞǇŝĞůĚŝƐĞǆƉĞĐƚĞĚƚŽŐƌŽǁďǇϱϭй͘

3.2

Efficiency of adaptation measures in future scenarios

/Ŷ ŽƌĚĞƌ ƚŽ ĞƐƚŝŵĂƚĞ ĞĨĨŝĐŝĞŶĐǇ ŽĨ ŶƵƚƌŝĞŶƚ ƌĞĚƵĐƚŝŽŶ ŵĞĂƐƵƌĞƐ ŝŶ ĨƵƚƵƌĞ ĐŽŶĚŝƚŝŽŶƐ ;ĐĨ͘Ƌ͘ϭͿ, selected
3

h– ƵƐŝŶĞƐƐ-Ɛ-hƐƵĂů͖D^– DĂũŽƌ^ŚŝĨƚŝŶŐƌŝĐƵůƚƵƌĞ
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ŵĞĂƐƵƌĞƐǁĞƌĞŝŵƉůĞŵĞŶƚĞĚŝŶƚŽƚŚĞŵŽĚĞůon top of ƚǁŽĐŽŵďŝŶĞĚƐĐĞŶĂƌŝŽƐ͗h-CC-ϮϬϱϬĂŶĚD^CC-ϮϬϱϬ͘ dĂďůĞ ϱ ƐŚŽǁƐ ĐĂůĐƵůĂƚĞĚ ĞĨĨŝĐŝĞŶĐŝĞƐ ŝŶ ƌĞĚƵĐƚŝŽŶ ŽĨ mean N-EK 3 leaching and mean N-EK 3
load at the catchment ŽƵƚůĞƚĨŽƌƚŚĞŵŽƐƚĞĨĨŝĐŝĞŶƚƐŝŶŐůĞŵĞĂƐƵƌĞ;Vegetative cover in winter and springͿ
ĂŶĚĨŽƌƚŚĞŵŽƐƚĞĨĨŝĐŝĞŶƚĐŽŵďŝŶĞĚŵĞĂƐƵƌĞ;ĂůůƚŚƌĞĞŵĞĂƐƵƌĞƐĂůƚŽŐĞƚŚĞƌͿ͘ dŚĞƌĞƐƵůƚƐƐŚŽǁƚŚĂƚ͗
x

ĂůĐƵůĂƚĞĚĞĨĨŝĐŝĞŶĐŝĞƐĂƌĞŚŝŐŚĞƌĨŽƌŐƌŽƵŶĚǁĂƚĞƌůĞĂĐŚŝŶŐŝŶĚŝĐĂƚŽƌƚŚĂŶĨŽƌƌŝǀĞƌůŽĂĚŝŶĚŝĐĂƚŽƌ

x

,ŝŐŚĞƌĞĨĨŝĐŝĞŶĐŝĞƐĐĂŶďĞĞǆƉĞĐƚĞĚƵŶĚĞƌD^-CC-ϮϬϱϬƐĐĞŶĂƌŝŽƚŚĂŶƵŶĚĞƌh-CC-ϮϬϱϬƐĐenario

x

ƉƉůŝĐĂƚŝŽŶŽĨĂůůƚŚƌĞĞŵĞĂƐƵƌĞƐĂƚĂƚŝŵĞŝƐonly a little more efficient that application of one
ƐŝŶŐůĞŵŽƐƚĞĨĨŝĐŝĞŶƚŵĞĂƐƵƌĞ;sͿ͘

dĂďůĞϱ͘^ŝŵƵůĂƚĞĚĞĨĨŝĐŝĞŶĐŝĞƐ;йͿof selected adaptation ŵĞĂƐƵƌĞƐƵŶĚĞƌĨƵƚƵƌĞƐĐĞŶĂƌŝŽƐ͘
sнZн

ϰ

DĞĂƐƵƌĞ

s

^ĐĞŶĂƌŝŽ

N-EK 3 load N-EK 3 leaching N-EK 3 load

N-EK 3 leaching

h-CC-ϮϬϱϬ

ϯ͘ϴ

ϭϯ͘Ϭ

ϱ͘ϭ

ϭϯ͘ϱ

D^-CC-ϮϬϱϬ

ϲ͘ϯ

ϭϰ͘ϲ

ϭϭ͘ϰ

ϭϲ͘ϳ

ƉƉůŝĐĂƚŝŽŶŽĨƚŚĞŵŽƐƚĞĨĨŝĐŝĞŶƚĐŽŵďŝŶĂƚŝŽŶŽĨŵĞĂƐƵƌĞƐƵŶĚĞƌh-CC-ϮϬϱϬǁŝůůůĞĂĚƚŽE-EK 3 loads
ŚŝŐŚĞƌďǇϭϰй͕and ƵŶĚĞƌD^-CC-ϮϬϱϬŚŝŐŚĞƌďǇϰϭйƚŚĂŶĂƚƉƌĞƐĞŶƚ͘ dŚŝƐƐŚŽǁƐƚŚĂƚ ƉƌŽũĞĐƚĞĚƌŝƐŝŶŐ
ŝŶƚĞŶƐŝƚǇŽĨĂŐƌŝĐƵůƚƵƌĞ and climate change are first and second most important factors affecting N-EK 3
loads͘ƐƚŝŵĂƚĞĚĞĨĨŝĐŝĞŶĐǇŽĨĂĚĂƉƚĂƚŝŽŶŵĞĂƐƵƌĞƐŝƐĐůĞĂƌůǇƚŽŽůŽǁƚŽďĂůĂŶĐĞŽƵƚƚŚĞƐĞŶĞŐĂƚŝǀĞĞfĨĞĐƚƐ͘ Meier et Ăů͘ ;ϮϬϭϮͿ͕ ǁŚŽ ĂƉƉůŝĞĚ Ă ƐƚĂƚŝƐƚŝĐĂů ƌƵŶŽĨĨ ŵŽĚĞů ĨŽƌĐĞĚ ǁŝƚŚ Ă 'D-ĞŶƐĞŵďůĞ in the
ǁŚŽůĞĂůƚŝĐ^ĞĂĂƐŝŶ͕ ĂůƐŽĐŽŶĐůƵĚĞĚƚŚĂƚƚŚĞĐůŝŵĂƚĞĞĨĨĞĐƚǁĂƐŝŶƚŚĞŝƌƐƚƵĚǇůĂƌŐĞƌƚŚĂŶƚŚĞĞĨĨĞĐƚŽĨ
ŶƵƚƌŝĞŶƚ ůŽĂĚ ƌĞĚƵĐƚŝŽŶƐ͗ ĞǀĞŶ ŝŶ ƚŚĞ ŵŽƐƚ ŽƉƚŝŵŝƐƚŝĐ ƐĐĞŶĂƌŝŽ ĨŽůůŽǁŝŶŐ ƚŚĞ ^W͕ ƌĞĚƵĐƚŝŽŶ ƚĂƌŐĞƚƐ
ǁŽƵůĚŶŽƚďĞĂĐŚŝĞǀĞĚ͘

4

Conclusion

dŚĞƌĞƐƵůƚƐŽĨƚŚŝƐƐƚƵĚǇĚĞŵŽŶƐƚƌĂƚĞƚŚĂƚďŽƚŚĐůŝŵĂƚĞĐŚĂŶŐĞĂŶĚƚŚĞůĞǀĞůŽĨŝŶƚĞŶƐŝƚǇŽĨĂŐƌŝĐƵůƚƵƌĞ
ŚĂǀĞ Ă ƉƌŽŶŽƵŶĐĞ ĞĨĨĞĐƚ ŽŶ ŶŝƚƌĂƚĞ ŶŝƚƌŽŐĞŶ ůŽĂĚƐ from a small-ƐĐĂůĞ WŽůŝƐŚ ƌŝǀĞƌ ďĂƐŝŶ ƚŽ ƚŚĞ ƐĞĂ in
ϮϬϱϬƐ͘ /Ŷ ĐŽŶƚƌĂƐƚ͕ ƵŶĚĞƌ ƚŚĞ ƵƐŝŶĞƐƐ-Ɛ-hƐƵĂů ƐĐĞŶĂƌŝŽ͕ ŝŶ ǁŚŝĐŚ ƚŚĞ ŵĂũŽƌ ĚƌŝǀŝŶŐ ĨŽƌĐĞ ŝƐ ƵƌďĂŶ
ƐƉƌĂǁů͕ƐŝŵƵůĂƚĞĚĐŚĂŶŐĞƐĂƌĞŶĞŐůŝŐŝďůĞĐŽŵƉĂƌĞĚƚŽĐƵƌƌĞŶƚƐŝƚƵĂƚŝŽŶ͘hƐŝŶŐǀĞŐĞƚĂƚŝǀĞĐŽǀĞƌŝŶǁŝŶƚĞƌ
ϰ
s- Vegetative cover in autumn and winter͕Z- Avoiding fertilisation to risk areas͕- Buffer zones along water areas and erosion sensitive field
areas
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and spring ;ŝ͘Ğ͘ĐĂƚĐŚ-cropsͿǁŽƵůĚďĞƚŚĞŵŽƐƚĞĨĨŝĐŝĞŶƚǁĂǇƚŽƉĂƌƚůǇƌĞŵĞĚŝĂƚĞŶĞŐĂƚŝǀĞĞĨĨĞĐƚƐŽĨĐůiŵĂƚĞĐŚĂŶŐĞĂŶĚŵĂũŽƌƐŚŝĨƚŝŶĂŐƌŝĐƵůƚƵƌĞ͘,ŽǁĞǀĞƌ͕ĞǀĞŶƚŚĞŵŽƐƚ ĞĨĨŝĐŝĞŶƚ ĐŽŵďŝŶĂƚŝŽŶŽĨ ĚŝĨĨĞƌĞŶƚ
ŵĞĂƐƵƌĞƐǁŽƵůĚŶŽƚŵŝƚŝŐĂƚĞƚŚĞƐĞŶĞŐĂƚŝǀĞĞĨĨĞĐƚƐ͘ KŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ŵĂũŽƌƐŚŝĨƚŝŶWŽůŝƐŚĂŐƌŝĐƵůƚƵƌĞ͕
ĨŽůůŽǁŝŶŐƚŚĞĂŶŝƐŚŵŽĚĞů͕ǁŽƵůĚďƌŝŶŐƐŝŐŶŝĨŝĐĂŶƚůǇŚŝŐŚĞƌĐƌŽƉǇŝĞůĚƐ͕ĂƚĂŵĂũŽƌĐŽƐƚĨŽƌǁĂƚĞƌƋƵĂůŝƚǇ͘
ŽƚŚĐůŝŵĂƚĞĂŶĚůĂŶĚƵƐĞĐŚĂŶŐĞƵŶƚŝůϮϬϱϬĂƌĞǀĞƌǇƵŶĐĞƌƚĂŝŶĂŶĚƐĐĞŶĂƌŝŽƐƵƐĞĚ ŝŶƚŚŝƐƐƚƵĚǇ are not
ĐŽŵƉƌĞŚĞŶƐŝǀĞ ŽĨ Ăůů ƉŽƐƐŝďůĞ ĨƵƚƵƌĞƐ͕ ŚĞŶĐĞ ĨƵƚƵƌĞ ǁŽƌŬ ƐŚŽƵůĚ ĂůƐŽ ĨŽĐƵƐ ŽŶ ďĞƚƚĞƌ ƵŶĚĞƌƐƚĂŶĚŝŶŐ͕
ƌĞĚƵĐŝŶŐĂŶĚƋƵĂŶƚŝĨǇŝŶŐƚŚŝƐƵŶĐĞƌƚĂŝŶƚǇ͘
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Generalized system services and structural
vulnerability assessment as the foundation to
systematically address climate change impacts
Stefan Gößling-Reisemann, Jakob Wachsmuth, Sönke Stührmann (Universität Bremen, Germany)

Abstract— Climate change is expected to have severe impacts on various economic sectors
due to both extreme events and gradual changes. In both cases, the sectoral climate impacts
should be evaluated in terms of the services the sector provides (e.g. food production, energy
supply). The system services description provided here consist of a description of the physical
quantity being delivered (e.g. energy delivered, food produced) and of socio-economic criteria
(e.g. prices, carbon emissions, land use), which both can be affected by climate change. For a
vulnerability assessment, these system services and tolerable limits for all physical and socioeconomic criteria are to be defined involving relevant stakeholder groups. This allows
systematically addressing sectoral consequences of climate change and helps identifying
related adaptation measures. In the future, this approach may also be applied to assess the
dependencies between ecosystem services and socio-economic system services. These
dependencies could be used to link biophysical impact studies with a quantification of impacts
on human systems.
Index Terms— climate adaptation, energy systems, system services, resilience, vulnerability
assessment
————————————————————

1

Introduction

The research project “nordwest2050 – Prospects for Climate-Adapted Innovation Processes in the Metropolitan Region Bremen-Oldenburg in Northwestern Germany” is one out of seven pilot projects on regional climate change adaptation funded by the research program “Creating Climate Change-Ready Regions” (KLIMZUG) of the German Federal Ministry of Education and Research. Besides the region as a
whole, the project focuses on three business clusters: Energy supply, Food & Agriculture, Harbors & Logistics. The ongoing research process comprises five steps theory development, vulnerability aassessment, innovation potential analysis, innovation paths selection and implementation, roadmap generation. The main goal of the two analytical steps (vulnerability assessment and innovation potential analysis) was to identify the region’s risks and opportunities in view of climate change with a focus on the
three business clusters mentioned above. We will here report only on methodological aspects of the vulnerability assessment.
Since climate adaptation is embedded in complex sectoral development processes, it seems wise to
harmonize sectoral climate vulnerability assessments with the analysis of structural weaknesses (or
structural vulnerabilities). Even more so since climate change is by far not the only challenge for most of
1
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the economic sectors. This extension of the classical approach to climate vulnerability assessment is in
line with the finding by Smit and Wandel (2006) that “successful climate change adaptation and vulnerability reduction is rarely undertaken with respect to climate change alone, and vulnerability reduction
appears to be most effective if undertaken in combination with other strategies and plans at various levels.” However, most, if not all, of the climate vulnerability assessment studies focus on climate change
impacts and do not systematically address the existing weaknesses of the system. By including this second layer of assessment one can achieve to improvements: a) get a clearer picture of the scale of the
climate adaption needs in comparison to other threats to the system and b) find synergies between climate change adaptation and general improvements to system resilience.
Our methodological approach was also shaped by another defining characteristic of climate adaptation:
the long time-horizons and the inherent uncertainties of the climate projections (especially on the regional scale) and their impacts. We thus decided very early in the project to focus our theoretical and
methodological framework around the concept of ecosystem resilience (Holling 1973, 1986, 1996, Lovins
and Lovins 1982). Ecosystems seem to have developed both, specific answers to specific events and
threats, as well as structural provisions for unexpected or new challenges. While the resilience concept
can be used to inspire adaptive solutions, it also carries the core of our assessment methodology: ecosystem services. With resilience being defined as the capacity to maintain system services in the face of
external stress and internal failures, the focus of our vulnerability assessment became services, not
structures. In this respect, our approach differs from a conventional vulnerability assessment in the
sense, that the guiding question is “which system service is affected” and “can the syswtem adapt to
maintain the service”. This has implications for assessing potential impacts, as well as for assessing adaptive capacity. Following this approach, adapative capacity lies also in the fact that the system has the potential to change its structure, as opossed to fortifying it.
In order to apply the methodlogical concept, we used technological models to estimate the quantitative
potential impacts of regional climate change on regional energy infrastructure components, and we carried out a more qualitative analysis of potential impacts of regional and global climate change on the
different parts of the regional energy system and its national and global supply chains. The findings from
both approaches were then discussed with regional utility companies and stakeholders from politics,
science and society, in order to assess the risks they perceive and their adaptive capacity. Due to space
constraints, neither the quantitative nor the qualitative findings are presented here in detail. Some of
them can be found in Gößling-Reisemann et al. (2013a), Wachsmuth et al. (2012) and in the full project
2
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report soon to be available on the project’s website (www.nordwest2050.de).

2
2.1

Methodology
Vulnerability definition

Based on the distinction between external perturbations and internal stressors or weaknesses (see Introduction), we have differentiated the vulnerability assessment into two complementary parts (Gleich
et al. 2010b). The event based vulnerability assessment (EVA) focuses on the external perturbations, the
system’s exposure to these perturbations and its adaptive capacity in view of these perturbations. The
structural vulnerability assessment (SVA) focuses on potential internal weaknesses (but independent of
any external perturbations) and on the adaptive capacity. This form of vulnerability assessment looks for
components that could fail under stress and analyses how this failure would propagate through the system. Both forms of the vulnerability assessment are thus referring to perturbations or failures: externally
driven in the EVA and internally driven in the SVA.
In agreement with a large part of the relevant literature (cf. Deutsche Bundesregierung 2008; Ekins et al.
2003; Isoard et al. 2008; European Commission 2009; Kropp et al. 2009; Stock 2005), we determine vulnerability in the EVA context as a function of exposure E, sensitivity S and adaptive capacity AC 1: V E =
f(E,S,AC). In the SVA context, we deviate from the current literature and vulnerability is then determined
as a function of sensitivity and adaptive capacity alone: V S = f(S,AC), see Fig. 1.

1
„In all formulations, the key parameters of vulnerability are the stress to which a system is exposed, its sensitivity, and its adaptive capacity“ (Adger
2006, p. 269). A more detailed definition und operationalization of the climate change related EVA is given by Schuchardt et al. (2011).

3
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Fig. 1: Theoretical framework for the vulnerability assessment.
Source: Own representation based on Schuchardt et al. 2011 and Gleich et al. 2010b. Notes: EVA = Event-based
vulnerability assessment; SVA = Structural vulnerability assessment

2.2

System services concept

Within the vulnerability assessment, system services are a central concept because potential impacts are
evaluated against their effect on the services delivered by the system. For our purposes we have adopted
and extended the well-known definition from the literature (MEA 2005, Banzhaf and Boyd 2007) to define generalized system services (cf Gößling-Reisemann et al 2013):
4
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The system services of a (social-technical-economic-ecological) system consist of structures, products,
goods or activities that are directly enjoyed or consumed by recipients and that have a technical or economic value to the recipient or otherwise increase their welfare.
The system services in this context are further characterized by a quantitative component (“what?” or
“how much”) and by a qualitative component (“how?”). Taking the provision of electricity as an example,
the quantitative component is determined by the specific connected load agreed upon between user
and supplier. The qualitative component is defined by two sets of parameters: by direct technical parameters (e.g. voltage level and frequency in this example) and by indirect parameters, like CO2 intensity,
land use, socio-technical risks, and others, see Table 1.
Table 1: Example of the system service “electrical power supply” as used in the vulnerability assessment. For
climate change impacts and structural weaknesses, the guiding question for the analysis is then: which criteria
are affected to what degree?

What/How much
Electrical power (as detailed by contract, e.g. 10kW guaranteed load)
How
Direct criteria

Indirect criteria

Frequency 50 +/- 0.2 Hz

Environmental criteria

Voltage e.g. 400 V +/- 10%

CO2-Footprint

Unavailability (SAIDI)

Nuclear waste

Location independency

Land use
Economic criteria
Costs/price
Competitiveness
Societal acceptance
Risks

Note: Currently the SAIDI (System Average Interruption Duration Index) in the region is 5 minutes
The definition of the system services is thus explicitly dependent on the subjective view point of the
“system user”, and consequently the vulnerability of the system is intrinsically dependent on subjective
or even normative value choices as well. We see this as an important point on the way to better under-
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stand and address the differences between interests of e.g. local governments, users and supply companies and to improve user involvement in the assessment. If and how a system is vulnerable is thus heavily dependent on the choice and weighting of the system services by the analyst. There is a danger that
the vulnerability assessment is mistakenly interpreted as a purely objective scientific method, which is
why we would like to openly address its intrinsic subjectivity. However, once the quantitative and qualitative criteria for the system services have been fixed, the vulnerability assessment for these system services can be carried out in an analytical way without further normative assumptions. For this article we
take the quantitative and qualitative criteria for electricity and heat supply from Gleich et al (2010b) and
focus on the analytical assessment.

2.3

Vulnerability assessment

The actual assessment of the regional energy system within the above mentioned project nordwest2050
was carried out along the supply chains of the main energy carriers: electricity, natural gas and district
heat. The supply chains were followed back to the raw materials (for fossil based generation) or to renewable generation, respectively. In addition, certain energy end use aspects were also analysed, namely
cooling services and demand side management. All assessments were based on various data sources: an
extensive data search for describing the current situation of the regional energy system (power generation mix and diversity, length and type of networks, energy demand and profiles, etc), regional climate
models evaluated for energy related indicators (e.g. heating degree days, cooling degree days, wind
speeds, etc.), and technical models for specifying the direct impacts on potentially affected infrastructures in the region (power plants, wind energy convertes, photovoltaic modules, demand profiles, networks, etc.).
For linking the supply chain analysis with our overall vulnerability concept based on system services, we
assessed for each stage in the chain, whether exposure and sensitivity could result in substantial impacts
either on the quantitative supply with the respective energy carrier itself or on the respective quality
criteria. The most transparent way to assess whether an impact on a system service is substantial or not
would have been to set tolerable limits for all quantities and quality criteria of this system service, where
the limits would have to be set involving the relevant stakeholder groups. This was not possible in the
context of this study. Therefore, the classification of an impact as "substantial" was qualitative with the
values "low", "medium" and "high", based on a comparison with the relevant literature, technical specifications, our own judgment and that of the experts from the Bremer Energieinstitut (cf. Gabriel and
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Meyer 2010). Potential impacts on a stage in the supply chain were rated as
x

low if neither the actual supply (quantity criterion) of the potentially affected service nor the services’ quality criteria would be affected substantially,
x medium if the actual supply (quantity criterion) of the service was not affected, but at least one of
the services’ quality criteria would be affected substantially,
x high if the actual supply (quantity criterion) of the service would be affected substantially.

To determine the adaptive capacity potential, we first identified adaptation measures for each supplychain stage. Here it is important to determine when and to which extent the identified adaptation
measures can be implemented. In addition, we considered the potential for implementing adaptation
measures in the form of the affected suppliers’ and / or users’ willingness to adapt. Part of this assessment stage was a check, whether the implementation of an adaptation measure could be hindered or
even be prevented by economic and regulatory constraints or the decisions of certain key stakeholders.
For example, the decision on certain measures within the operation of the electricity grid is solely taken
by the network operators subject to regulatory constraints. In this case, this results in a low adaptive capacity. As before, we assessed the adaptive capacity qualitatively with the values "low", "medium" and
"high", based on the literature review and interviews with experts: The adaptive capacity of a supplychain stage was rated as
x

low if neither an adaptation measure to avoid the potential impacts nor the willingness to adapt of
the concerned supplier and / or user is given,
x medium if either an adaptation measure to avoid the potential impacts or the willingness to adapt
of the concerned supplier and / or user is given,
x high if both an adaptation measure to avoid the potential impacts and the willingness to adapt of
the concerned supplier and / or user is given.
In a final step, we combined potential impacts and adaptive capacity to evaluate the climate change related and the structural vulnerability for each supply-chain stage. A low adaptive capacity leads to a vulnerability rating one level above the rating of the potential impacts. A high adaptive capacity, accordingly, leads to a vulnerability rating below the rating for the potential impact, and an average adaptive capacity results in a vulnerability rating the same as that of the potential impacts (see Table 2).
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Table 2: Scheme for determining the vulnerability from potential impacts and the adaptive capacity

Potential Impacts
Low
Medium
High

Adaptive Capacity
Low
Medium
High
Low
Medium
High
Low
Medium
High

Vulnerability
Medium
Low
Low
High
Medium
Low
High
High
Medium

This aggregation is based on the following logic: Even if there is a high adaptive capacity, it should be
monitored whether high potential impacts are, indeed, remedied. And if no adaptation measure is available, it should be monitored whether potential impacts expected to be low, indeed, turn out to be low.
In general, we propose the following interpretation of the vulnerability levels: If the vulnerability of a
supply-chain stage is rated as
x

low, then there seems to be no need for further action,
x medium, then the magnitude of the potential impacts should be monitored carefully and measures
to increase the adaptive capacity should be considered,
x high, then measures to reduce possible impacts and to increase adaptive capacity in the supplychain stage should be addressed in any case.

3

Results from the vulnerability assessment

There is only limited room here for presenting results from applying the methodology laid out above. We
therefore restrict ourselves to summarizing the results, see Table 3, and discuss them only exemplary.

8
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Table 3: Potential impacts, adaptive capacity and vulnerability in the MPR’s energy sector
Primary energy

Grid-bound energy / distribution

Coal

Gas

Wind

Biomass Electric.

Pot. impacts
(climate)

Low

Low

Low

Medium Medium Medium Medium

pot. impacts
(stuctural)

Medium Medium Medium High

Adaptive
capacity

Medium Medium High

Medium Medium Medium Medium

Medium High

Climate Vulnerability

Low

Medium Medium Medium Medium

Low

Structural
Vulnerability

Medium Medium Low

High

Medium Low

Low

Low

High

High

Gas

Heat

Demand / Applications

Medium Medium

Medium Medium

Cooling

DSM

Low

Medium

Medium Medium

Low

Source: cf. Gößling-Reisemann et al (2013b).

Quite generally we can conclude that the climate change based vulnerabilities of the analysed supply
chain elements are lower than the structural vulnerabilities. A prominent example is the provision of
electrical energy from thermal power plants. They will be affected by increasing heat waves in the summer and possibly lower cooling water availability, combined with increasing mid-day peaks in the summer due to increased air conditioning and cooling loads. However, their vulnerability is low because of
the foreseeable development of new power plants in the region being equipped with closed loop cooling
(cooling towers) and the advent of alternative cooling and air-conditioning technologies (cooling with
waste heat and geothermal cooling, for example). The structural vulnerability, on the other hand, is
comparably higher for several reasons. Firstly, the diversity of the regional electricity generation is still
rather low: after the shutdown of the only nuclear power plant in the region, regional generation mainly
consists of coal based power plants and wind energy converters. The Shannon diversity index of the electricity generation is only 1.25, compared to 1.71 for Germany. Secondly, the structure of the regional
electricity supply is heavily dependent on political frameworks and decisions that have been subject to
heavy changes in the past and are very difficult to foresee at the moment, increasing the possibility of
future bottlenecks and long-lasting path dependencies. Thirdly, the market structure for electricity gen-
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eration is characterized by unflexible mechanisms, currently not allowing for the efficient integration of a
growing share of intermittent generation. Fourthly, there is a borad range of unsettled conflicts around
renewable and non-renewable electricity generation and distribution, from land-use conflicts between
biomass production and food production to conflicts around the permitting schemes for new distribution
and transmission lines.
In summary, while for most of the potential climate based impacts there exist technical or organizational
solutions, which are either already in the planning phase or at least known to the actors in the field, this
is not so for the structural weaknesses. Thus, the structural vulnerabilities of the regional energy system
are higher throughout all the supply chain elements.

4

Conclusion

Learning from the vulnerability assessment, it seems wise to combine the necessary climate change adaptation with measures that increase the system’s overall capabilities to react to disturbances, manage
uncertainty and at the same time maintain its services in quantity and quality. Innovative solutions have
to be found that address the mentioned conflicts between stakeholders along the supply chain, while at
the same time reconciling the seemingly opposing goals of energy supply security, ecological sustainability, social acceptance, and economic viability, and, as if this would not be enough, also make the system
flexible and adaptive to handle surprises and uncertainties. Within nordwest2050, we are currently developing innovation paths centered on the idea of “resilient energy systems”, i.e. a regional energy system which not only is sustainable, but also fit to survive the foreseeable and many of the nonforeseeable future perturbations and turbulences. With similar approaches used in the other sectors in
the region, the final goal is then to combine the analytical insights and practical experiences into a
roadmap towards a more resilient Metropolitan region Bremen-Oldenburg.
The combinations of the climate based with the structural vulnerability assessment has proven to be
very helpful in identifying solutions that address the long term needs of adaptation with the currently
needed fixes for the weaknesses of the system. However, the methodology is not easily applied: it involves the development of accepted criteria for the system services’ quality aspects, an indepth analysis
of the supply chain of the system services (a necessary step also to capture the non-regional climate impacts), expert support, reliable regional climate models and impact models for technical systems. Without the help of regional stakeholders, the assessment is probably not possible, especially not regarding
the structural vulnerabilities. In particular, the assessment of the adaptive capacity within the supply
10
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chain elements can only be assessed when regional stakeholders can be actively engaged in the assessment. In our project, we found climate models and technical models to be helpful in engaging stakeholders.
In principle, the above described methodology should be transferrable to other economic sectors and
regions without much change. The transferability will, however, hinge on finding an adequate definition
of the sector specific system services. For systems delivering technical services, like gas, water, energy
systems, this seems straightforward. It will probably get trickier for sectors with more complex services,
like the agricultural and food sector (with its cultural co-services) or the health sector.
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Modelling Potential Impacts of Land-Use
Change on BVOC-Emissions by Bioenergy
Production in Germany
Rüdiger Grote, Edwin Haas
Abstract— Due to the rising energy demand from regenerative sources, short rotation
plantations for biomass production are increasingly established in Germany and other
European countries. Using species such as poplar or willow yields similar amounts of biomass
than planting herbaceous species. However, in contrast to most agricultural and forest
species, woody plantations emit large quantities of isoprene. Since isoprene is highly reactive
and participates in photochemistry and aerosol formation, this may well have an impact on
regional air pollution pattern or weather conditions. However, the potential quantities and
their regional distribution that might be expected have not yet been explored.
We carried out a simulation study with a combined ecosystem – emission model in order to
estimate the amount of isoprene emitted if poplar plantations if poplars would be planted on
all areas currently used for agricultural production in Germany (about 12 Mha). As input we
used the soil properties database developed by the EU integrated project NitroEuope and the
interpolated climate data from 2000 to 2005. In order to be more realistic, we then
differentiated this area into site productivity classes and selected the 10 (or 35) % of the sites
that are least suitable for growing food.
The results show that the emission increase due to an extensive replacement of agricultural
area and grasslands by poplar plantations is reaching a magnitude which can be expected to
impact air pollution, i.e. to increase aerosol formation that are possibly affecting local
weather pattern in turn. The effect is particularly high in hot summers because emissions
increase exponentially with temperature. The emission increase is generally higher in the
South and East of Germany. If restricted to the 35 % of least productive sites, the additional
emissions would occur predominantly in northern Bavaria, Hesse and Saxony, partly in the
vicinity of large anthropogenic emission sources. Thereby the results indicate the importance
of future research to investigate the air chemistry impacts, feedbacks on vegetation, and
regional climate responses, particular with respect to the spatial distribution of plantations.
Index Terms—Isoprene Emission, LandscapeDNDC, Short-Rotation Cropping, Poplar
Plantations
————————————————————

1

Introduction

According to the German Energy Transformation plan (Nitsch et al. 2010) a considerable land-use change
is envisaged in order to increase the bioenergy production from about 800 to 1200 PJ a-1. Part of this plan
is to enlarge the area of short rotation coppice (SRC) from app. 10 kha today to 1 Mha in 2030. Estimates
of potential area suitable for SRC are up to 2.2 Mha, approximately 35 % of total agricultural area incl.
pastures (Aust 2012). The suitable species comprise poplar, willow or black locust all of which are excep-

1

425

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

tionally high isoprene emitters. Isoprene in turn is a major partner in photochemistry reactions that lead
to ozone formation, is responsible for methane degradation, and takes part in the development of secondary aerosols (Claeys et al. 2004). However, the question if the expected land-use change may have an
impact on air chemistry that is able to affect regional air quality or even weather patterns is largely unsolved.
Simulating isoprene emissions requires considering crown length, stand density, phenology and other
growth stress factors such as drought that all affect the emission per area ground. For SRC, these factors
cannot be kept constant since their development is very dynamic and also varies with site productivity.
Therefore, we choose to employ a coupled ecosystem – emission model that calculates leaf area development and distribution as well as isoprene emission based on micrometeorological conditions, nitrogen- and water availability. Such an approach accounts not only for direct effects of site conditions (e.g.
temperature) on the emission rate, but also for indirect effects such as a slow leaf area development and
and less ground coverage due to smaller plant growth rates.
The model employed is the LandscapeDNDC model (Haas et al. 2012), which has been parameterized for
hybrid poplar and applied on regional scales already (Werner et al. 2012). It is also equipped with model
routines that estimate biogenic emissions of volatile organic compounds, especially isoprene, in dependence on temperature, radiation, seasonality, and drought.

2

Methodology

Within the LandscapeDNDC model the PSIM ecosystem module and the BIM (biochemistry isoprenoid
model) module for biogenic emissions (Grote et al. 2006, 2009) have been employed. Parameters are
taken from former publications with the same combinations regarding growth (Werner et al. 2012) and
emissions (Behnke et al. 2012). Initialization is based on the European modelling database developed
within the NitroEurope project (http://www.nitroeurope.eu) as used by Werner et al. (2012) and Cameron et al. (2012). The database consists of soil, land-use, climate, and management information based on
NitroEurope Calculation Units (NCUs), spatial units of land with common soil or climatic conditions, comprising Germany from the full NitroEurope spatial database (data source: http:// afoludata.jrc.ec.europa.eu/index.php/experiment/detail/2) into 1442 polygons with contribution of agriculture.
Although only NCUs are considered that contain arable land, many of these polygons also include other
land-uses, including grasslands and forests. It should be considered therefore, that the coloring in Figures
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3 and 4 is overemphasizing the simulated area since the whole plot is colored independent of the share
of agriculture it contains.
Soil properties include organic carbon, clay content, soil pH, bulk density, and rooting depth which all
were provided for different strata. Poplar saplings were initiated with 10,000 saplings per ha and 0.5 m
initial plant height. Daily minimum and maximum temperature and precipitation data were provided for
further calculations. Annual nitrogen deposition was applied as wet deposition (e.g., during rainfall
events). No additional nitrogen fertilization was considered. To limit short-term climatic effects on the
simulation outcome, we simulated biomass yields and isoprene emissions from short-rotation (6 years)
poplar plantations for the time slice 2000–2005. The time step for all model processes is daily, except for
photosynthesis and isoprene emission which are calculated hourly using temperature and solar radiation
values derived from daily data.
All locations were ranked according to precipitation (precip), cumulative temperature during the vegetation period (=growing degree days, GDD) and soil organic carbon (corg) and an suitability index was calculated to characterize the site according to common agricultural practice: the P index (low: less suited
for agricultural biomass production, high: well suited for biomass production):

(1)

where: Precip = average annual precipitation, Corg = organic carbon content in topsoil. Max is maximum
value of a given parameter for all calculation units located in Germany. This index is used to characterize
marginal and high productive sites (which are likely to be used for food production also in the future)
from the total dataset. Marginal sites are assumed to comprise the 35 % of sites (2.3 Mio ha-1) with the
lowest P index.

3

Results

We analysed the simulation results according to basic relations between emissions and climate, seasonal
developments and differences between years, and spatial distribution of annual emissions. Firstly, annual emission for each site and each year is plotted against GDD and precipitation in different years over all

3

427

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

sites (Fig. 1). While the positive relation to temperature (top) is expected, the slightly negative relation to
precipitation (bottom) indicates that total incoming radiation (which increases with decreasing precipitation) is more important than water supply. In fact, only the 2 % of sites that have a water holding capacity of less than 100 mm show a decreased annual growth and emission (not shown).
Fig. 1 also shows that the relation between emissions and climate is different in the first year of the simulation (2000) than in the following ones (shown only 2003 and 2005). This is due to the fact that the
stand is not closed in the first year and the leaf area is not reaching the full potential (LAI of app. 4). Only
at very few sites this difference still persists in the second year when trees have mostly reached a height
larger than 3 m. Thus, for judging the site impact between years and sites, the first year is not used.

Fig. 1: Statistical relationships between environmental conditions and annual isoprene emission sums.
Top: Growing degree days (GDD), bottom: Annual precipitation (Precip). Emissions of different years are
presented in different colors.
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The temporal distribution of emission varies with the temperature development of a year (Fig. 2). Therefore, it is generally highest in mid-summer and drops steeply towards the end of the vegetation period.
The distribution is affected by the particular temperature pattern during the year, e.g. a warm period in
autumn has postponed the decline in the year 2001, but can also be reduced during extreme drought
periods such as in summer 2003, where emissions where highest in June and August.

Fig. 2: Seasonal distribution of isoprene emission for 30 % of the investigated sites during three different
years. Columns represent the different years 2001 (left), 2003 (middle), and 2005 (right). Rows represent
emissions at sites with different site quality according to P-index valuation, showing sites of highest production (top), middle and smallest productivity (middle and bottom).
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There are only small differences in the emission rates at sites of different agricultural suitability. However, the variation of emission within the top and worst 10 % sites (according to P index distribution) is
considerable less than for the middle 10% of the sites, indicating a larger span of possible site condition
combionations within this group. In addition, it is apparent that at the worst 10 % sites, cool yeasrs
(2005) lead to shorter vegetation periods and thus to less spring and autumn emission than in the better
ranked groups.
The regional distribution of emissions (Fig. 3) shows that an extensive replacement of agricultural area
by SRC would increase isoprene emissions particularly in the Rhine valley, in Bavaria, and in Eastern
Germany (Brandenburg, Saxony). This greatly corresponds with radiation and temperature distribution.
As already apparent from Fig. 2, the cool conditions in spring and autumn also result in less total emissions per year compared to warmer years such as 2001 and 2003. , potential emissions rates would be
very high in the vicinity of Berlin, Munich and Stuttgart, some of Germany’s largest cities. This pattern
changes a bit, if the land-use change is restricted to the areas with the lowest 35 % agricultural production (Fig. 4). In this case, eastern German emissions are largely decreased, while emissions still concentrate in Northern Bavaria, Hesse, and Saxony. Thus, considering only the most likely regions for SRC,
emissions still concentrate in the vicinity of some large cities such as Leipzig and Frankfurt.

Fig. 3: Potential isoprene emission (μmol m-2 a-1) inventory for three different years based on poplar
short-rotation plantations fully covering the area of Germany.
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Fig. 4: same as Fig. 3 (including scale) but only the 35% marginal sites presented.

4

Discussion

Since it is expected that climate change will lead to higher temperatures so that summers similar to that
in 2003 will occur much more frequently (Schär 2004), future environmental conditions will also be
much more favourable for isoprene emission. At the same time it is envisaged to convert large areas currently occupied by low-emitting crops, grasses and herbaceous species with fast growing poplar (and
other) plantations known as a high isoprene emitter. It remains an open question, to which degree and
where this will actually happen. Besides site productivity other aspects such as topography and nature
protection might need to be considered (Aust 2012). Nevertheless, a significant land-use change into SRC
will inevitably lead to increased biogenic emissions. Our analysis – disregarding all simulation uncertainties – shows that at least some of the areas likely to be used for this change will be close to densely populated regions, where high NOx emissions provide the second ingredient for ozone formation.
Given the important role that isoprene plays in photochemistry and ozone production, future investigations should concentrate on the mechanisms that affect air quality – with potential impacts on human
health and plant productivity. Using high resolution inventories and models that account for the direct
microclimatic as well as indirect growth effects on emission such as LandscapeDNDC, the most important
environmental impacts can be considered. The model is not restricted to geographical range or vegetation type as long as basic physiological parameters for the plant species in question are known. Also oth-
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er emissions can be estimated, i.e. monoterpenes for storages or direct production and extreme drought
events that might cut down the carbon and enrgy supply needed for the emissions can be considered
(Grote et al. 2010). Further developments will be directed to also provide air chemistry feedbacks from
CO 2 or ozone.

5

References

Aust, C., 2012. Abschätzung der nationalen und regionalen Biomassepotentiale von Kurzumtriebsplantagen auf landwirtschaftlichen Flächen in Deutschland / Assessment of the national and regional biomass
potential of short rotation coppice on agricultural land in Germany. Albert Ludwigs Universität Freiburg,
Freiburg, 167pp.
Behnke,K., Grote,R., Brüggemann,N., Zimmer,I., Zhou,G., Elobeid,M., Janz,D., Polle,A., Schnitzler,J.-P.,
2012. Isoprene emission-free poplars – a chance to reduce the impact from poplar plantations on the
atmosphere. New Phytologist, 194, pp.70-82.
Cameron,D.R., Van Oijen,M., Werner,C., Butterbach-Bahl,K., Haas,E., Heuvelink,G.B.M., Grote,R., Kiese,R., Kuhnert,M., Kros,J., Leip,A., Reinds,G.J., Reuter,H.I., Schelhaas,M.J., De Vries,W., Yeluripati,J., 2013.
Environmental change impacts on the C- and N-cycle of European forests: a model comparison study.
Biogeosciences, 10, pp.1751-1773.
Claeys, M., Wang, W., Ion, A.C., Kourtchev, I., Gelencser, A., Maenhaut, W., 2004. Formation of secondary organic aerosols from isoprene and its gas-phase oxidation products through reaction with hydrogen
peroxide. Atmospheric Environment 38, 4093-4098.
Grote, R., Mayrhofer, S., Fischbach, R.J., Steinbrecher, R., Staudt, M., Schnitzler, J.-P., 2006. Processbased modelling of isoprenoid emissions from evergreen leaves of Quercus ilex (L.). Atmospheric Environment 40, 152-165.
Grote, R., Lehmann, E., Brümmer, C., Brüggemann, N., Szarzynski, J., Kunstmann, H., 2009. Modelling
and observation of biosphere-atmosphere interactions in natural savannah in Burkina Faso, West Africa.
Physics and Chemistry of the Earth 34, 251-260.
Grote,R., Keenan,T., Lavoir,A.-V., Staudt,M., 2010. Process-based modelling of seasonality and drought
stress in isoprenoid emission models. Biogeosciences, 7, pp.257-274.
Haas, E., Klatt, S., Fröhlich, A., Werner, C., Kiese, R., Grote, R., Butterbach-Bahl, K., 2013. LandscapeDNDC: A process model for simulation of biosphere-atmosphere-hydrosphere exchange processes
at site and regional scale. Landscape Ecology 28, 615-636.
Nitsch, J., Pregger, T., Scholz, Y., Naegler, T., Stemmer, M., Gerhardt, N., Von Oehsen, A., Pape, C., Wenzel, B., 2010. Leitstudie 2010 - Langfristszenarien und Strategien für den Ausbau der erneuerbaren Energien in Deutschland bei Berücksichtigung der Entwicklung in Europa und global.
Schär, C., Jendritzky, G., 2004. Hot news from summer 2003. Nature 432, 559-560.
Werner,C., Haas,E., Grote,R., Gauder,M., Graeff-Hönninger,S., Claupein,W., Butterbach-Bahl,K., 2012. Biomass production potential from Populus short rotation systems in Romania. Global Change Biology –
Bioenergy, 4, pp.642-653.

8

432

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

Adaptation measures for the impact of climate
change on global water resources—
Option 2: Adding storage capacity
Naota Hanasaki, Yoshimitsu Masaki, Takahiro Yamamoto
Abstract—To reduce the projected damage of climate change, it is necessary to undertake
adaptation measures. We conducted a global hydrological simulation to estimate how much
additional water storage must be installed to adapt to the changing climate. The results
suggest that if all land grid cells had water storage of 0.1% of local annual runoff, the water
stress index would be almost stabilized at the same level as the base year (2000).
Index Terms— Adaptation, Climate change, Reservoir, Water
————————————————————

1

Introduction

Water is indispensable for most human activities. To reduce the projected damage of anthropogenic climate change, it is vital for workers in the water sector to undertake adaptive measures. Hanasaki et al.
(2012a,b) conducted a global water scarcity assessment under the latest global climate change scenario
(RCPs, CMIP5, and SSPs), taking into account daily variations in water availability and use. They found
that water scarcity would increase in many parts of the world, even as global mean runoff increased, if
no adaptation measures were taken. This suggests that water availability would not increase as needed
because of the seasonality of river flows and water use. Here, we analyze how much additional water
storage capacity is needed to stabilize the level of water scarcity globally throughout the 21st century.

2

Methods

We used the same model setup as Hanasaki et al. (2012a,b), but we added a new imaginary reservoir
that can store local runoff to each grid cell of the model (note that this is different from individual large
reservoirs of their model). Water stored in the reservoir could be used for municipal, industrial, and irrigation water when rivers are depleted (Fig. 1). In this simulation, the storage neither leaks nor evaporates, and it is used only for water supply. The concept of this modeling is described in detail in Hanasaki
et al. (2010). We conducted five simulations in total. The NOADP simulation, which was identical to the
original simulation, had no imaginary reservoir. In the ADP1, ADP2, ADP3, and ADP4 simulations, the
storage capacity of the imaginary reservoir was set at 0.01%, 0.1%, 1%, and 10% of the annual total run1
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off of each grid cell (i.e., the global spatial distribution of water storage capacity was identical to that of
annual total runoff), respectively.
Hanasaki et al. (2012a,b) performed simulations for as many as 30 combinations of various scenarios
(five socio-economic scenarios, scenarios with/without climate policy, and three global climate models).
Here, we used the SSP1 socio-economic scenario, a With Climate Policy, and the MIROC-ESM-CHEM
model. This combination depicts a sustainable world, and the growth in future water use is at the lower
end of all combinations. The climate policy assumes that world GHG emissions take the path of RCP2.6,
which is the lowest of the scenarios.
Water scarcity was assessed using a Cumulative Abstraction to Demand (CAD) index. This was expressed
as

CAD

¦a

DOY

¦d

DOY

where aDOY and dDOY denote the daily water abstraction and Day Of Year demand, respectively. Note that
,
(1)
the condition aDOY чdDOY is always satisfied͘єŝŶĚŝĐĂƚĞƐƐƵŵŵĂƚŝŽŶƚŚƌŽƵŐŚŽƵƚĂƐŝŵƵůĂƚŝŽŶƉĞƌŝŽĚ͘dŚĞ
index ranges between 0 and 1. A value of 1 indicates that water is sufficient throughout a simulation period, and 0 indicates the opposite. CAD enables us to detect sub-annual (e.g. seasonal) water shortage.
This is important because the future temporal variation of precipitation is projected to increase due to
climate change, and water storage fills the seasonal gap of water availability and use.

Fig. 1 Schematic of the water abstraction used in this study. Water abstraction of (a) Hanasaki et al.
(2012a,b) which relies on rivers only, and (b) this study.

3

Results

Table 1 shows a summary of the simulations. In the base year (circa 2000), the water-stressed population,
2
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i.e., the population living in grid cells under the condition CAD < 0.5, was estimated at 2147 × 106. In the
case of NOADP, the water-stressed population increased to 2804 × 106 during 2041–2070 and 2499 × 106
during 2071–2100. The addition of imaginary storage drastically decreased the water-stressed population globally. ADP1 succeeded in stabilizing the stressed population during 2071–2100, and ADP2
achieved this by 2041–2070. ADP3 and ADP4 further decreased the stressed population compared with
the base year.
NOADP increased the potential water demand globally compared with that of the base year (1314 km3
yr-1) due to expansion of the irrigated area and growth of the population and economy (see Hanasaki et
al., 2012a). Because additional water storage does not affect potential water demand, the demand of
ADP1-4 is identical to NOADP. The ratio of actual water withdrawal to potential water demand drastically
increased due to additional storage.

Table 1. Results. The upper and lower lines show results for 2041–2070 and 2071–2100, respectively.
Base year

NOADP

ADP1

ADP2

ADP3

ADP4

Imaginary storage [km3]

0

0

6

60

596

5960

Stressed population [×106]

2147

2804

2453

2121

1704

944

2499

2196

1916

1522

872

1505

1505

1505

1505

1505

1631

1631

1631

1631

1631

603

617

660

737

926

636

652

696

774

974

40

41

44

49

62

39

40

43

47

60

Potential water demand (P) [km3/yr]

Actual water abstraction (A) [km3/yr]

Ratio (A/P) [%]

1314

568
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Fig. 2 shows the distribution of change in CAD. In NOADP, the CAD decreased (i.e., the water scarcity increased) in many parts of the world, particularly in the African continent. This is attributed to hydrological change due to climate change and increase in water use due to socio-economic change. Additional
3
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storage capacity increased the CAD substantially. The ADP1 added only 0.01% of the local total runoff,
but it substantially increased the CAD in lower latitudes. In these regions, except South and South-East
Asia, the mean annual runoff is high, and water use is comparatively low. Excess water in wet seasons is
carried over by the imaginary reservoirs, effectively reducing water scarcity in dry seasons. However,
there is no effect in dry regions such as Northern Africa, the Arabian Peninsula, Western North America,
and Central Asia. Because of the low local total annual runoff, the additional storage did not contribute
to the comparatively large amount of water demand in these regions. It would be more practical if the
additional storage capacity was added to regions with strong inter-annual and inter-seasonal variability
of runoff: stored water would be effectively carried over for drought years and seasons. In the case of
ADP3 and ADP4, in almost all regions, the change in CAD became positive.

Fig. 2 (a) Distribution of CAD in the base year (2000). (b) Distribution of change in CAD for (b) NOADP, (c)
ADP1, (d) ADP2, (e) ADP3, and (f) ADP4 in 2041–2070.

4

Discussion and Conclusion

The results suggest that an additional storage capacity of 0.1% of annual total runoff eases the additional
water scarcity induced by climate change. Many reports have been published on the impact of climate
change in the water sector, but less work has been done on adaptation strategies. This study quantitatively analyzed how much additional water storage is needed to adapt to climate change.

4
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Because this study is a first step, readers need to be careful of the following three points. First, the storage discussed in this study is ideal. The storage is placed in all grid cells, neither leaks nor evaporates,
and is used only for water supply. Moreover, the reservoir can collect runoff and distribute water everywhere within a cell, which is not physically possible. For water storage facilities in the real world, the capacity would need to be greater because of the above-mentioned losses. Second, a single index, namely
the global total water-stressed population according to CAD, was used to evaluate adaptation in this
study. As shown in Fig. 2, the effect of adding storage varied by region. Further spatial and temporal details are needed. Third, we focused on consumptive water use in this study. Water withdrawal is several
times higher than consumptive water use, so additional water may be needed. These points will be tackled in forthcoming papers.

5
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Detection and attribution of climate change
impacts – is a universal discipline possible?
Gerrit Hansen, Daíthí Stone, Maximilian Auffhammer
Abstract— In the context of impacts research, detection and attribution exercises evaluate
whether aspects of human and natural systems are changing in response to the impetus of
climate change. Concepts and methods for detection and attribution have been established in
the physical science community, evaluating changes in the climate system due to
anthropogenic forcing. In contrast, a conceptual framework for detection and attribution of
climate change impacts that is consistent and applicable across disciplines is still lacking.
In an attempt to overcome this methodological deficit, this paper outlines the major
challenges involved in and provides workable definitions of detection and attribution in the
context of impacts. Reaching beyond the current focus of the literature on hydrology and
ecological effects, it sets a focus on challenges that are inherent in the particular dynamics of
human and managed systems, including non-stationary baseline behaviour, multiple drivers,
and active adaptation.
Index Terms—Detection and Attribution, Human and Managed Systems, Multiple drivers,
Confounding Factors, Observed Impacts of Climate Change
————————————————————

1

Introduction

In the context of climate change impacts, detection and attribution (D&A) exercises evaluate whether
aspects of human or natural systems are changing in response to the impetus of climate
change. Detection and attribution of impacts has evolved within a framework originating from physical
climate science, which uses concepts and methods established for detection of a change in climate, and
its attribution to anthropogenic forcing (IPCC 2010). Studies explicitly attributing observed impacts to
anthropogenic forcing are very rare, and limited to freshwater resources (e.g., Barnett et al., 2008; Hidalgo et al. 2009; Min et al. 2011), and ecosystems (e.g., Parmesan and Yohe 2003; Rosenzweig et al. 2008;
Poloczanska et al. 2013). The latter mostly rely on spatial pattern analysis based on a wide range of regional and local impact studies that document responses to observed climate trends (see Rosenzweig et
al. 2007).
In order to extend D&A analysis to other impact systems, particularly those directly involving humans,
manifold challenges remain at a conceptual level, including terminology, the consistency and transferability of metrics, types of evidence, the treatment of confounding drivers and the interpretation of event

1
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attribution. The following discussion will focus on D&A in the context of human and managed systems,
and adopt the definitions of detection and attribution proposed in Stone et al. (2013),
x

Detection addresses the question of whether a system is changing beyond what might be considered normal behavior in the absence of climate change,

x

Attribution addresses the question of whether climate change has contributed substantially to
the detected change in a system.

Note that in practice, detection and attribution may not be mutually separable, given that both detection of a change, and the evaluation of cause and effect must be based on explicit examination of all
drivers of change in the system.

2

Non-stationary baselines and expected system behavior: Detection

In the context of human and managed systems normal system behavior is mostly non-stationary, and can
be measured in the form of changing means (e.g. trends) or changes in variability (e.g. changing variances). In order for an impact to be detected in such changing environments, the outcome of interest has
to have departed from expected “normal” behavior in a way consistent with a response to climate
change (see figure 1). For many natural systems, the question arises if normal behavior is defined as an
idealized pristine state, or includes alterations due to human influence.

Figure 1 Illustrative example of a time series of a climate sensitive outcome, with red area representing the de-
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velopment of that outcome under stationary climatic conditions, and the blue and green areas representing the
change in the outcome due to recent climate change. The onset of deviation from normal system behavior can
be clearly identified in the absolute outcome.

In order to identify “normal behavior” in the absence of climate change, substantial system process understanding is required, specifically that of the relative and joint roles of climate drivers and other, confounding drivers. No change from baseline in a (constant or trending) variable could still imply a detected
change, if process knowledge indicates that (e.g. due to management changes, policy measures, introduction of a predator) there should have been a change (see Fig. 2).

Figure 2 Illustrative example of a time series of a climate sensitive outcome, with red area representing the development of that outcome under stationary climatic conditions, and the blue and green areas representing the
change in the outcome due to recent climate change. While the baseline conditions (red area) shows a dramatic
change (e.g. due to a policy measure) from a trending to a constant outcome in the middle of the century, the
overall outcome does not show any change, thus masking the existing climate change effect.

For example, it has been argued that changes in vulnerability (e.g. due to improved disaster risk management, or better building codes) are not properly represented in studies examining trends in normalized losses due to extreme weather events, although a systematic bias has not been found (Bouwer
2011). This also implies the question whether active adaptation resulting in no change in the observed
variable constitutes detection (see section 8).

3

Relative contribution in a multi-driver context: Attribution

3
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Attribution needs to examine all drivers of change that influence the system, and evaluate their relative
contribution to the detected change. Attribution implies the testing of a hypothesis: stating attribution
to climate change implies that the role of climate change cannot be excluded as the cause of an observed
effect. Assessing the magnitude of climate contribution to an impact is a separate, but equally important
matter in an attribution exercise.
Following from the above, an attribution statement needs a qualifier describing the relative importance
of climate change to an observed impact. This involves either simply an ordinal statement (e.g. climate is
the main influence responsible for a change) or a cardinal statement, which of course requires estimation of the exact relative magnitude of the contribution of climate change in relation to other drivers. A
key challenge for all attribution exercises consists in accounting for non-additive effects of several interacting drivers.

4

Climate trends or anthropogenic forcing - to what are we attributing?

A fundamental issue for D&A concerns the appropriate end-point of attribution. For understanding current impacts in the context of future climate change, including calibration of estimates of future impacts,
one needs to consider attribution to anthropogenic climate forcing. Given the impetus of D&A research
originating from the United Nations Framework Convention on Climate Change, this end-point has often
been considered the main goal (Zwiers and Hegerl 2008). However, another motivation for D&A research
is to improve understanding of vulnerabilities to long-term climatic trends, informing decisions selecting
adaptive measures for reducing vulnerability and increasing resilience. The tendency for these trends to
continue in the future is certainly of interest, however it is not central to "bottom-up" adaptive planning
(Hulme et al. 2011), while understanding interactions and non-additive effects of multiple drivers is a key
concern (Parmesan et al. 2013). The implications of this distinction are reflected in conflicting viewpoints
about the priorities for attribution research in the context of ecological impacts (see Brander et al. 2011;
Hoegh-Guldberg et al. 2011; Parmesan et al. 2011).

5

How can we use existing observed evidence?

The signal of global (anthropogenic) climate change has emerged from the natural variability of the climate system over the past few decades. At the regional scale, evidence of climatic trends is less clear cut,
and more difficult to attribute to anthropogenic forcing (Stone et al. 2009; Stott et al. 2010), though pro4
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gress is being made in linking local temperature changes to climate change, and understanding their perception (e.g., Howe et al. 2012; Ruddell et al. 2012).
The impact of a comparatively weak climate signal is often concealed by the effects of other anthropogenic drivers, such as land use, pollution, or economic development (e.g., Nicholls et al., 2009; Bouwer
2011; Hockey et al. 2011). Also, autonomous or planned adaptation offset a share of the adverse effects,
thereby masking impacts of climate change (see section 8).
Key challenges for current assessments therefore include the limited knowledge on processes and mechanisms involved in environmental systems undergoing change from multiple stressors, limited understanding of causality within complex networks of social systems, and how climate drivers and their perception influence those, as well as the limited availability of long-term observations. The need for longterm monitoring has been highlighted frequently (e.g., Rosenzweig et al. 2007; Rosenzweig and Neofotis
2013). Even if the monitoring is stable through time, the nature of the outcome being monitored may
have changed, for instance through technological innovations.
Many complex systems lack clarity of the existence or nature of discrete components, or of rules governing behavior, particularly when humans are involved. Consequently, some research in the social sciences
focuses on qualitative observations and descriptive, non-numerical understanding of how systems behave and interact. Given that “evidence-based strategies must not ignore the evidence” (Piontek et al.
2013), any comprehensive D&A framework will need to be able to accommodate both qualitative and
quantitative evidence.
It follows that statistical signal detection methods using univariate time series data often provide an insufficient toolset for D&A. D&A of impacts must be a fundamentally cross-disciplinary effort, involving
concepts, terms, and standards spanning the varied requirements of various disciplines.

6

Do Not Confuse Climate Sensitivity with Detection of Impacts

There is a large literature statistically estimating the sensitivity of human and natural systems to climate.
This usually involves correlating outcomes with climate for observations across space and/or time. It is
important to recognize that these studies do not necessarily estimate an impact of climate change.
There are cases where data are insufficient for quantitative measurement of an impact, while given climate trends and known sensitivity strongly suggests that climate change will have affected the system.

5
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Another important issue is the treatment of the impacts of climate variability. In the context of human
systems, impacts of extreme weather or climate shocks are the rare occasion where a climate related
signal is emerging from the noise. However, it is important not to confuse such indications of climate
sensitivity with detected impacts of climate change. Also, climate extremes can constitute a necessary
but not sufficient condition for an impact.

7

Is adaptation something we detect, attribute, or adjust for?

Adaptation happens in response to an observed or anticipated change. Autonomous adaptation of species to warmer conditions, such as shifts in distribution or earlier onset of spring phenology events, has
served as measures for detection of climate change.
In human systems, autonomous adaptation may also involve expectations about future developments.
For example, farmers may plant different varieties in response to several dry years, but may decide to
invest in irrigation equipment if they expect those conditions to continue. Generally, in systems where
the precautionary principle is followed, such as the public health sector, any hint of detection will trigger
measures to reduce exposure and/or vulnerability, with the intention of removing any response signal
(Carson et al. 2006).
Planned adaptation may happen independently of any observed effects, or as a response to impacts that
are anticipated to increase. As adaptation planning is becoming more commonplace, the effect of such
measures designed to deal with future climate change will distort the observations of impacts through
reductions in exposure and vulnerability, and increased resilience.
Unless adaptation can be accounted for in an appropriate and consistent way, D&A analysis may never
be able to inform us whether climate change is impacting human systems, or whether our adaptation
measures where successful. This has important implications for the assessment of costs of climate
change, in the form of both adverse impacts, and investments in adaptive measures. Therefore, adequate metrics and a framework that allow for monitoring adaptation, and subsequent adjustment within
impact studies, are urgently needed.

8

Conclusions

D&A of impacts is important to inform the political process, to evaluate scenarios and projections, and to
6
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improve system understanding in a multi-driver context.
Though ultimately, the outcome of D&A studies in human and managed systems may remain limited due
to the challenges described above, such exercises are incredibly useful to improve system understanding,
identify climate sensitivities, and critically evaluate what we know about vulnerability of human systems
to climate change. The consistent treatment of adaptation constitutes a key challenge herein.
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Methodology of flood risk assessment in
Tokyo metropolitan area for climate change
adaptation
Junpei Hirano, Koji Dairaku
National Research Institute for Earth Science and Disaster Prevention
Abstract— Flood is one of the most significant natural hazards in Japan. The Tokyo
metropolitan area has been affected by several large flood disasters. Therefore, investigating
potential flood risk in Tokyo metropolitan area is important for development of new
adaptation strategy for future climate change, and socio-economic changes. We aim to
develop a new method for evaluating flood risk in Tokyo Metropolitan area by considering
effect of historical land use and land cover change, socio-economic change, and climatic
change. Ministry of land, infrastructure, transport and tourism in Japan published “Statistics
of flood”, which contains data for number of damaged houses, area of wetted surface, and
total amount of damage for each flood at small municipal level. Based on these data, we
estimated damage by inundation inside a levee for each prefecture based on a statistical
method. On the basis of estimated damage, we developed flood risk curves in the Tokyo
metropolitan area, representing relationship between damage and exceedance probability of
flood for the period 1976-2008 for each prefecture. Based on the flood risk curve, we
attempted evaluate potential flood risk in each prefecture. By analyzing flood risk curves, we
identified that prefecture with high (low) flood risk roughly corresponds to high (low) property.
However, there are several exceptions. Although, property is relatively low in Saitama
prefecture, flood risk is high. On the other hand, flood risk in Kanagawa prefecture is relatively
low in spite of high property. We found out that both property and ratio of damaged housing
units are high in southeastern part of Saitama prefecture. We indicated that this spatial
consistency between property and ratio of damaged housing units seems to be a reason for
high flood risk. On the contrary, high property area of Kanagawa prefecture is different from
area with high ratio of damaged housing units. This spatial inconsistency seems to cause
relatively low flood risk. We can pointed out that spatial consistency (inconsistency) between
distribution patterns property and flood risk in each prefecture is also an important factor for
explaining regional difference of flood risk.
Index Terms—Flood risk curve, Regionality, Innundation inside a levee, Tokyo metropolitan
area
————————————————————

1

Introduction

Tokyo metropolitan area has been affected by has been affected by several large flood disasters. Consequenlty, investigating potential flood risk is important for the development of a new adaptation strategy for rfuture climate changes , and socio-economic changes; such as land use changes, decreasing
birth rate and aging population. Due to progress in development of river structures, flood caused by river
breach and over flow, scarcely occurred in Tokyo metropolitan area since second half of the 20th century.
Most of the flood events in the Tokyo metropolitan area since the 1950s have been caused by inunduation inside a levee. Ministry of Land, Infrastracture ,Transport and Tourism of Japan(2005) indicated that
1
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80 % of flood damage in Tokyo has been caused by inundation inside a levee in the period from 1993 to
2002 . Consequently, it is important to develop a evaluating method for flood damage in Tokyo metropolitan area by inundation inside a levee. This attempt is important to establish a new adaptation strategy for future climate changes at each prefecture in Tokyo metropolitan area.
To evaluate regional differences of flood risk , it is one of the effective metods to creating a flood risk
curve(Appel et al.,2006). Several studies have attempted to evaluate flood risk based on flood risk curve
(Grinthal et al.,2006; Merz and Thieken 2009). However they focus on a specific period.Fujimi et
al.,(2010) analyzed temporal variations of flood risk in Kumamoto City, southwestern Japan based on a
flood risk curve. However they did not focus on regional difference of flood risk. Kazama(2008) attempted to evaluate flood risk all over Japan. However he did not discuss on regionality of flood risa between
prefectures. In order to develop a new adaptation strategy for future climate changes and change of social economic conditions, we considered it is necessary to develop a new method that can evaluate potential flood risk and their regionality at municipal level.
In the present study, we aim to develop a new method for evaluating potential risk of inundation inside
a levee and their regional differences in Tokyo metropolitan area based on flood risk curves.

2

Data and Methods
Ministry of land, infrastructure, transport and tourism in Japan published “Statistics of flood”, which

contains data for flood causes, number of damaged houses, area of wetted surface, and total amount of
damage for each flood at small municipal level. These flood data is thought to be useful for evaluating
potential flood risk and their regionality in Tokyo metropolitan area.In the present study, we used data
of “Statistics of flood” in our analysis.In the present study, we focus on regional difference in flood risk
between five prefectures in Tokyo metropolitan area(Fig.1).
By using damage data in “Statistics of flood”, we calculated damage by inunduation inside a levee in
each prefecture in Tokyo metropolitan area for the period 1976-2008 base based on “FrequencyDamage(F-D) method”. Basic idea of the F-D method is to caluculate damage by the product of frequency
and damage of event. Annual damage for each housing unit is calculated by the flowing equation.
       

L=F×D×N×E

                                        (1)      
L;Annual damage per one housing unit, F;Annual ratio of damaged housing unit, D;Annual raio of dam2
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age per one housing unit, N;Total number of housing units during study period. E;General prprerty per
one housing unit during the study period.

Ratio of damaged housing unit(F)was calculated as the percentage ratio of number of damaged housing
units against total number of housing units in each prefecture. Ratio of damage per one housing
unit(D)was calculated as the percentage ratio of damage per housing units against general property values per housing unit in each prefecture.In order to evaluate (F) and (D) stochastically , we attempted to
fit functions and selected log normal distribution for (F) and (D).By using this function, we generated
randam numbers of (F)and (D) for 10000years based on Monte Carlo simulation. Then, we caluculated
annual damage(L)for 10000years for each prefecture in Tokyo metropolitan area based on equation(1).
On the basis of annual damage(L) for 10000years, we created flood risk curve, representing relationship
between damage and exceedance probability of flood for each prefecture. Figure2 represents procedure
for creating flood risk curve.

Figure.1 Study area of the present study.

3

Figure.2 Procedure for construction of flood risk curve.

Results

Figure3 represents flood risk curves for each prefecture in Tokyo metropolitan area.We found out relatively high flood risk for Tokyo , and low flood risk in Chiba and Ibaraki Prefecture. Figure 4 represents

3
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total general property values for each prefecture. By comparing Figure 3 and Figure 4,high(low) flood
risk in Tokyo(Chiba and Ibaraki) seems to be relate with high(low)general property. However, total
amount of general property values in can not explain for degree of flood risk in all prefectures .We can
not explain relatiuvely high flood risk in Saitama Prefecture, where general property is relatively
low(Figure4). It is also difficult to explain relatively low flood risk in Kanagawa Prefecture, where general
property is relatively high in Figure4. To explain possible cause of these exceptions, we consider that it is
effective way to investigate detailed spatial distribution of property and flood risk within each prefecture.
Figure 5 and Figure 6 show spatial distribution of general property(E) and ratio of damaged housing
units(F) for Saitama Prefecture and Kanagawa Prefecture, respectively. In Saitama Prefecture, we found
out that both ratio of damaged housing unit(F)(Figure5(a)) and general property(E)(Figure5(b)) is high in
southern east part of prefecture. This indicates that property in Saitama Prefecture is concentrated in
high flood risk area. This facts suggests that consistent distributions between property and flood risk is
one of the reason for high flood damage in Saitama prefecture. On the other hand, general property (E)
in Kanagawa Prefecture is high in northeastern area(Figure6(a)), while flood risk is high in central and
southern area(Figure6(b)).Consequently,we considered that inconsistency between spatial distribution
of housing units(F)and general property(E) is a reason for relatively low flood damage in Kanagawa Prefecture. These results indicates that spatial distribution of flood risk and property values is a important
factor for explaining degree of flood damage .

Figure.3 Flood risk curves

Figure.4 General property for each prefecture

4
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Figure.5 Distribution of general property (a) and ratio of damaged housing units(b) in Saitama Prefecture
for the period 1976-2008.

Figure.6 Distribution of general property (a) and ratio of damaged housing units(b) in Kanagawa Prefecture for the period 1976-2008.

4

Conclusions

In the present study, we developed an new method for evaluating regional difference of flood risk in
the Tokyo metropolitan area, based on flood risk curve. By investigating regional difference of flood risk
curves, we found out that prefecture with high(low) property roughly corresponds to high(low) flood
damage. We also found out that consistency between spatial distribution patterns property and flood
risk in each prefecture is also an important factor for explaining regional differences in estimated flood
damage between prefectures. It is notable that consistency (inconsistency) distribution of high property
area and high flood risk area could increase (decrease) total flood damage for each prefecture. We consider this fact is important for creating future regional planning that can adapt to future climate changes

5
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and changes of social economic conditions, such as land use change, population change. To provide useful scientific knowledge for future climate change adaptation, we consider it is next step to improve our
methodology, that can reflect effects of future precipitation changes . In particular, it is important to consider effects of future changes in precipitation amount and precipitation intensity on flood risk.In the
present study, we analyzed flood risk based on average values of general property(E)and ratio of damaged housing units(F) for the period 1976-2008. We consider further analysis is necessary to evaluate
temporal changes of flood risk in Tokyo metropolitan area. It is also important to evaluate flood risk for
several different spatial scales. In the present study, we created flood risk curves for each prefecture. We
consider our methodology can be applied to evaluation flood risk in small municipal level. We consider
such efforts will provide more detailed spatial-temporal information of flood risk in Tokyo metropolitan
area.
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Abstract
Transport is an economically and socially important sector for which climate change impact research
is in its infancy. This paper uses the experiences gained on the four year FUTURENET project to
discuss key progress in this area and to identify important research gaps. FUTURENET has assessed
the potential impact of climate change on a multimodal route corridor between London and
Glasgow in the UK. A multidisciplinary assessment framework has been created within which the
FUTURENET project has: (i) determined relationships between observed weather and transport
failure (ii) projected these relationships on to future climates using a journey resilience model (ii)
extrapolated these impacts on to future climates using statistically downscaled climate projections
and (iii) modified these impacts with future scenarios for transport use. Large ensembles of
simulated journeys along the route corridor under present and projected future climates are
subjected to synthetic weather and associated weather-related delays including those caused by
infrastructure failure and behavioural change on the part of the driver, producing probabilistic
projections for the future performance of the route for surface transport.
The project has identified a range of requirements for future research spanning the disciplines of
civil engineering, transport studies, geography, future studies and climatology. Key amongst these is
the creation of spatially-coherent weather generator output derived from overlying climate
projections, essential for a network which is vulnerable to spatial hazards. Moreover, the handling
of daily and hourly extremes by current generators is insufficient for many modes of infrastructure
and transport failure. Comment is made on the current availability and suitability of transport data
and how this should be improved to meet the requirements of impact assessment.
Index Terms – climate change impact assessment, transport, weather generator use, data quality,
research gap identification

1. Introduction
1.1.

Background

Compared to other economically important sectors such as energy, water resources and agriculture,
the assessment of the potential impacts of climate change on transport is an area of research very
much in its infancy. The increased demand for personal mobility (Banister, 2011), the dependence
on reliable movement of goods and components in the supply chain (Hesse and Rodrigue, 2004) and
the observed disruption that weather causes to these (Koetse and Rietveld, 2009) makes the study
of current and future transport resilience essential. As such it has been noted that significant effort
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is required in developing novel and rigorous quantitative methods for climate change impact
assessments (Koetse and Rietveld, 2009; Jaroszweski et al, 2010).
When assessing the current progress in understanding the potential impact of climate change on any
system or sector it is useful to consider the conceptual frameworks within which climate change
impact assessment (CIA) should ideally take place. Here we take the fundamental components of
CIA to be those arising from Tol’s (1998) conceptual framework. From this the process of CIA can be
divided into three main tasks: (i) determination of relationships between weather and the sector or
system in question (ii) extrapolation of these relationships onto future climate using climate
projections (iii) modification of the projected impacts with reference to scenarios for development
within the sector.
When viewed in this way transport reveals a decreasing base level of understanding from
components (i) to (iii). Although the effect of weather on transport has been quantified in previous
empirical studies (as reviewed by Thornes, 1992, Koetse and Rietveld, 2009 and Baker et al, 2010),
the relationships are usually determined in isolation for a single mode of transport or type of
infrastructure. Such relationships include those between high temperatures and rail bucklingrelated train delays (Dobney et al, 2009) and the effect of precipitation on railway embankments (Liu
et al 2012). These often identify meteorological thresholds beyond which physical failure occurs.
Below the threshold of physical failure exist many relationships between weather and transport that
determine the efficiency and level of safety with which its operations are conducted. These often
reveal a strong behavioural element such as the observed effect of rain on road traffic speeds
(Hooper et al, 2012) and accident rates (Qiu and Nixon, 2008).
Similarly, where assessment of climate change impacts on transport has been made, this has often
focused on a single type of impact such as weather-related road accidents (Hambly et al, 2013;
Andersson and Chapman, 2012), heat-related rail buckling (Dobney et al, 2010) or engineered slopes
(Clarke and Smethurst, 2010). These studies have direct relevance to stakeholders involved with
these particular components, such as local infrastructure managers.

However, from a policy

perspective, assessment of the potential impact on transport’s wider social and economic functions
such as the maintenance of spatially extended social networks (Banister, 2011) and the
transportation of freight (McKinnon, 2007) requires a holistic approach that considers transport as a
system. In this way the effect weather has on the various infrastructural components within the
system as well as the effect on driver behaviour (such as driving speed) must be handled
simultaneously in order to determine the effect on transport’s functions. Moreover, from this
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perspective the resilience of a transport system is not only quantified by the effect weather has on
the physical infrastructure, but also on whether transport meets user’s needs in terms of journey
time and reliability. This perspective also implies that the definition of resilience varies between
users and depends on the type of activity that they wish to carry out. This can be viewed as a
longitudinal concept, with user expectations of transport potentially changing due to the
development of the overlying socio-economic environment.

This consideration, along with

concurrent changes to the network that will affect transport’s vulnerability to weather events has
been absent from transport-based CIA work.

1.2.

The FUTURENET approach

The FUTURENET project sought to address the identified gaps by developing a wide variety of
quantitative and qualitative approaches to specific aspects of the impact of climate change on
transport. FUTURENET indentified a number of potential stakeholder perspectives of resilience, and
sought not only to meet the needs of network owners and operators, but also those of higher-level
policy makers and travellers. To achieve this a framework was formulated within which a multitude
of stand-alone physical process models and behavioural relationships could be combined to simulate
journeys in the presence of weather to determine the impact of climate change on user-defined
journey resilience.
Key to this was the selection of a multimodal route corridor along which the potential impact of
climate change could be assessed. The Glasgow to London route corridor was used due to its
economic importance to the UK and the climatic and geological variety it contains. The project
included the following components:
x

The development of a modelling framework using a standard systems engineering approach.

x

A methodology for the development of social and transport scenarios to use in the model
framework, that draw upon future social scenario development and a thorough study of
current and likely future stakeholder requirements.

x

The inclusion of traveller choices and perspectives, which were obtained from a major travel
survey of the London-Glasgow route.

x

The development of a number of specific physical process models to predict resilience, in
terms of loss of capacity and route closure, for specific route sections. For example landslip
models, pluvial and fluvial flood models, bridge scour models and track buckling models.

x

The determination of transport behaviour relationships between weather and traffic speed
and flow.
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x

The generation of weather time series for both specific localities along the route and for the
complete route as whole. These were based on the UK Climate Impacts Programme climate
scenarios and weather generator.

x

The integration of the physical process models and the generated weather events to enable
the resilience of an individual journey from London to Glasgow to be assessed in terms of
the overall probability of delay or failure of the journey. This is termed the ‘journey
resilience’ model.

The journey resilience model combines the physical and behavioural relationships between weather
and transport with climate change projections in order to calculate delays on simulated journeys
(both rail and road). In order to do this the road and rail routes between Glasgow and London were
segmented into links, either between junctions for road or between stations for rail. The model uses
the UKCP09 climate change projections (downscaled into synthetic weather) to determine whether a
given threshold has been breached and will then modify the speed of the vehicle accordingly. If no
threshold has been reached then the vehicle will travel at a normal speed. A journey will have been
deemed to have failed if the total delay minutes at the end of the journey exceeds a pre-defined
threshold (informed by a behavioural study carried out on residents in London and Glasgow). The
model is designed to incorporate both catastrophic failure of infrastructures such as weather-related
slope failure, as well as speed reduction relationships. Several hundred thousand journeys were
simulated for each time step (baseline, 2050s, 2080s) and emission scenario (low, medium, high)
using probabilistic synthetic weather. Development of the idealised framework was the primary
objective of the project, although examples of simplified versions of the model for single modes and
failure types were produced. For example Figure 1 contains journey failure projections based on the
relationships between rainfall and driver behaviour, and displays diverging trends for summer and
winter. In this case a failure threshold of 30 minutes delay has been set, based on results of the
behavioural survey. It must be noted that these projections do not include the impact of flooding.

2. What is still missing?
The experience of the FUTURENET project helped to elicit a variety of methodological requirements
necessary for a more realistic future impact assessment. These relate to observations about the
spatial and temporal resolution of climate change projections and the quality of transport data.
Recommendations are also made for further study on interdependencies between infrastructure,
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behavioural response to climate change and the use of climate change impact assessments in the
transport sector.

2.1.

Transport data

In forming relationships between weather and transport failure the FUTURENET project identified
several shortcomings in both the availability and suitability of transport data. For example, the
STATS19 road accident police reports were used with UK Meteorological Office surface stations to
form relationships between weather and traffic accidents. However, it was apparent that the data
contain a lag of variable length between the time of the incident and the time of report, which has
an influence on the accuracy of the resulting relationships. Also, when forming relationships
between rainfall and road traffic speed and flow it was observed that periods of low traffic speeds
are not recorded or are substituted with historical data. Again, this makes forming accurate
relationships difficult. Reliable asset data are also extremely important for calculating future
resilience. However, these are not primarily recorded for this purpose, and as a result their
suitability is often questionable. For example, the accuracy of road elevation data and drainage
capacity are both essential for assessing flood risk. Unfortunately, data gaps and inaccuracies were
found with both of these data types. Problems also arise in locations which include several types of
infrastructure. For instance discrepancies are often apparent where road and rail infrastructure
intersect.
Some of the required improvements to data collection would incur no or negligible costs. For
example, the removal of post-collection modifications to road speed data would likely be fairly
simple to implement. Failing this, access to the raw data should be provided. However, other
improvements would require significant changes to current data collection techniques, and would
require considerable time and resources to implement. Other improvements may incur greater
costs and involve significant investment in new technologies and operating practice. For instance
greater use of lidar would provide the requisite accuracy for flood risk modelling. It is likely that the
trend towards greater sensorisation of infrastructure, the implementation of intelligent transport
systems and the smart cities agenda may provide much greater quantities of accurate transport data
for the assessment of current and future resilience. This trend should also improve the availability of
asset condition data.
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2.2.

Improved synthetic weather

One of the greatest barriers to the implementation of the FUTURENET journey resilience model was
the lack of sufficient reproduction of observed daily and hourly extremes and spatially coherent
weather available through existing climate change impact assessment tools. The reproduction of
high precipitation intensities is important both for behavioural responses such as speed reductions
or traffic accidents (Hooper et al 2012; Hambly et al 2013), as well as the triggering of physical
infrastructure failure (where antecedent conditions are also important). Although the UKCP09
weather generator used in the FUTURENET project produces 30 year time series of hourly synthetic
weather, it does not reproduce daily or hourly extremes at sufficiently long return periods for many
of the failure types of interest in this study (Jones et al, 2009). The lack of variables such as snow
and wind (although a measure of this is available through evapotranspiration; Eames et al, 2011)
also limits the transport failure types available to study.
The impact that weather has transport operations is in part determined by the spatial characteristics
of the weather event in question. Transport is vulnerable to spatial hazards that cause multiple
failures across the network. As a result, transport-based CIA requires spatially coherent weather
generator output that is capable of reproducing the meteorological features that affect the transport
network. The UKCIP09 weather generator used in this study produces weather for single sites, so
realistic difference in weather along a given journey were not possible. The study used a single
weather generator location in the centre of the route and modified this with change factors
between London and Glasgow to account for differences in climatology during a given journey, but
this does not meet the requirements for realistic weather. Spatially coherent weather based using
correlations between observed weather have been developed for regional and city scales (such as
the tool produced for ARCADIA project) but this statistical approach is not feasible over the distances
studied in the FUTURENET project. It is possible that archiving the original regional climate model
(RCM) runs used to inform CIA tools such as UKCIP09 may provide usable weather output at a
national scale, as these runs are resolved at sub-hourly time steps.

2.3.

Behavioural response

The FUTURENET project determined a number of behavioural relationships between weather and
transport for inclusion into the journey resilience model. However, it must be remembered that as
these relationships are based on the human response to a given weather hazard, these relationships
are specific to the locations and populations from which they are derived. An important and underresearch behavioural response arises from this in the context of climate change, that of autonomous
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adaptation. As the ability of a driver to cope in a given weather condition is partly determined by
the frequency with which they experience this hazard (Elvik, 2006), any increase in the frequency of
a hazard in future climates will have associated with it a reduction in the relative impact for a given
event. Under this reasoning the opposite would be true for weather hazards that reduce in
frequency. The inclusion of such considerations in future models will be important in achieving
more realistic impact projections.

2.4.

Use in the sector

Finally, further research is required to determine how probabilistic climate change projections are
received and used in the transport sector. This is important as transport, unlike other sectors such
as energy and water, has little experience using probabilistic projections. From the results presented
in Figure 1 it is possible to see a wide range in the magnitude (and sometimes sign) of potential
outcomes for transport when looking within the 10th and 90th percentiles. Although probabilistic
projections are in part intended to utilise the full range of ensemble-based climate change
approaches and provide much greater information on risk and certainty (Murphy et al, 2009),
feedback from stakeholders suggested that the inclusion of several probability levels around the
central estimate was confusing, especially when confronted with several emission levels. It was
suggested by several stakeholders that either the central estimate alone should be used, or that the
extremes could be seen as faming points, such as using the 90th percentile under the highest
emission scenario as the criteria to build ‘no-regret’ adaptation policies to. Both approaches provide
options for simplification, but both fail to utilise the full range of data available. It is possible that
better communication of experiences with stakeholder engagement with probabilistic projections
may help frame dissemination of projections more effectively.

3. Conclusions
Through the experiences involved in creating a multidisciplinary framework for the assessment of
the potential impact of climate change on the transport sector several important methodological
and data barriers have been identified which currently limit the success of transport-based climate
change impact assessments. As well as modes excluded from the FUTURENET analysis such as
aviation, cycling and walking, future research should centre around improving the climate
projections available for impact assessments, understanding how improved transport data can be
collected and further researching interdependencies between infrastructure. The creation of better
spatially-coherent weather generator output is especially important. Much work is still required on
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how probabilistic impact projections are understood within the transport sector, with greater
communication of experiences of stakeholder engagement with such projections being
recommended.
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Figures

Figure 1. Projected rain-related road journey failures (30 minute threshold)
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#25+#52A??F5&$ %# $+%)&%60#+*&#)6*#&)*++ &%5 %
 ! !$ 2@?C9@E:2'5EDD?5
 +1255+#52A?@A5# $+%* + - +0&+&$$,% +0# $+0*+$&#2)* &%C5 "
!2AD9H:2''5B?DB7B?F?5
&%%252A??G5&)*+*%# $+%4&) %*2"*2%+# $+% +*&&)*+*5
2BA?9DGGA:2''5@CCC7@CCH5
      






  

&%#025 52 $)(,2 55; ++252A?@A52+&&#&)+ %&* *&) + -&) %5%
 ! #!2D2''5AEGF7AF?C5
%+255+#52A?@@5&$$,% +0# $+0*+$&#)* &%C5 "!2AC9@H:2
''5CHFB7CHH@5
&%*255+#52)%&,**'&#  * %#,%# $+-  )++*&#%,*%5 
!9 %')**:5
$2 55+#52A??E5&!)$.&)"&) %+)+****$%+4 0) &# %&)%*'&)6
++ &%5$ "2 0) &# %9' # **,<A:2''5EB7HA5
2 56 5+#52A??D5&.)*% %+)+#%,*+*&)**** %+'&+%+ #&))%6
&,**$ + + &%5   2'5AE5
 +##2552A??B5++)%*# %4%/$ %+ &%&+,)0&++% (,&)*)  %,6
+,)# $+*5!2E?9B:2''5A@F7ACA5
&%)252$%",++025; )+#2552A??H5#&#) ,#+,)##%,*+&)# $+%
%#0* *5 %4$  " !$2'5BB5
&**25 5+#52A?@?5%/+%)+ &%&*%) &*&)# $+%)*)%****$%+5
!"2CEB9FAGA:2''5FCF7FDE5
 #"252)+#52A??A5 %#,%&#%6,*%%#%*'0%$ *&%+# $+*0*6
+$4)#-%+&# $+6%'&# 00&%+) + -+&)%&,***5 %
 ! !$!$2BE?2''5@F?D7@F@H5
 +$%25+#52A??H5%)+ %+ * %# $+)*'&%**+&'*+#%&-)%4 )*+)*,#+*)&$
+   %+)&$') *&%*+,05$   !! 2BE9@C:2'5 @CG@C5
 &$2 5+#52A?@A5%+# %) + - +0&# $+&) %6)*'&%*)#+ &%* '*+#&#%
&%+ %%+#*#*5!! "!$5
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0#&)2 552+&,)25 5;#2552A?@A5%&-)- .& D%+/') $%+* %5"%
!! !!$2HB9C:2''5CGD7CHG5
-%,,)%255+#52A?@@5)')*%++ -&%%+)+ &%'+.0*4%&-)- .5!2
@?H9@6A:2''5D7B@5
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ĂƌƌŝĞƌƐ ƚŽ ƚŚĞ ƵƉƚĂŬĞ ŽĨ ĂĐƚŝŽŶƐ ŽŶ ĐůŝŵĂƚĞ
ĐŚĂŶŐĞĂĚĂƉƚĂƚŝŽŶŝŶĚĞǀĞůŽƉŝŶŐĐŽƵŶƚƌŝĞƐ͗ƚŚĞ
ĐĂƐĞŽĨdĂŶǌĂŶŝĂ

ZŽďĞƌƚ<ĂƚŝŬŝƌŽ
ϭ>ĞŝďŶŝǌĞŶƚƌĞĨŽƌDĂƌŝŶĞdƌŽƉŝĐĂůĐŽůŽŐǇ;DdͿ'ŵď,͕&ĂŚƌĞŶŚĞŝƚƐƚƌĂƐƐĞϲ͕ͲϮϴϯϱϵƌĞŵĞŶ
ϮDŶĂǌŝͲĂǇZƵǀƵŵĂƐƚƵĂƌǇDĂƌŝŶĞWĂƌŬ;DZDWͿ͕W͘K͘ŽǆϴϰϱDƚǁĂƌĂ͘dĂŶǌĂŶŝĂ
ŬĂƚŝŬŝƌŽΛƵŶŝͲďƌĞŵĞŶ͘ĚĞ


ďƐƚƌĂĐƚ
ůŝŵĂƚĞ ĐŚĂŶŐĞ ŝƐĐŽŶƐŝĚĞƌĞĚ ĂƐ ŽŶĞ ŽĨƚŚĞŵŽƐƚ ƐĞƌŝŽƵƐ ŐůŽďĂů ƚŚƌĞĂƚƐ ƚŽƐƵƐƚĂŝŶĂďůĞ ĚĞǀĞůŽƉŵĞŶƚ͘
ƵƌƌĞŶƚůǇ͕ ŬŶŽǁůĞĚŐĞ ŽŶ ŚŽǁ ƚŽ ĂĚĂƉƚ ƐŽĐŝĂů ĂŶĚ ŶĂƚƵƌĂů ƐǇƐƚĞŵƐ ƚŽ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ĂŶĚ ďƵŝůĚ
ƌĞƐŝůŝĞŶĐĞ ĂŐĂŝŶƐƚŝƚƐŝŵƉĂĐƚƐŝƐƉůĞŶƚŝĨƵů͘,ŽǁĞǀĞƌ͕ƉƵƚƚŝŶŐƚŚĂƚĞǆƉĞƌƚŝƐĞŝŶƚŽƉƌĂĐƚŝĐĞƌĞŵĂŝŶƐĂƉƌŽďͲ
ůĞŵĂƌŽƵŶĚƚŚĞǁŽƌůĚ͕ĞƐƉĞĐŝĂůůǇŝŶƚŚĞůĞĂƐƚĚĞǀĞůŽƉĞĚĐŽƵŶƚƌŝĞƐ͘ ^ĐŝĞŶƚŝĨŝĐƌĞƉŽƌƚƐĐŽŶĨŝƌŵůĞĂƐƚĚĞͲ
ǀĞůŽƉĞĚ ĐŽƵŶƚƌŝĞƐ ďĞŝŶŐ Ăƚ ŚŝŐŚ ƌŝƐŬ ŽĨ ƐƵĨĨĞƌŝŶŐ ƐĞƌŝŽƵƐůǇ ĂƐ Ă ƌĞƐƵůƚ ŽĨ ĐůŝŵĂƚĞ ƉŚĞŶŽŵĞŶĂ͘ dŚŝƐ
ƐƚƵĚǇĂŝŵƐƚŽĐŽŶƚƌŝďƵƚĞƚŽĞŵƉŝƌŝĐĂůĞǀŝĚĞŶĐĞŽŶƚŚĞďĂƌƌŝĞƌƐƚŚĂƚĐŽŶƐƚƌĂŝŶĂƐŵŽŽƚŚĚĞƉůŽǇŵĞŶƚŽĨ
ĂŶĚƵƉƚĂŬĞŽĨĂĚĂƉƚĂƚŝŽŶĂĐƚŝŽŶƐŝŶĚĞǀĞůŽƉŝŶŐĐŽƵŶƚƌŝĞƐ͘dŚĞƉƵƌƉŽƐĞŝƐƚŽŝĚĞŶƚŝĨǇƉƌĂĐƚŝĐĂůĞǆĂŵƉůĞƐ
ŽŶ ƚŚĞ ŐƌŽƵŶĚ ƚŽ ƐƵƉƉŽƌƚ ŝŶƚĞƌŶĂƚŝŽŶĂů ŝŶŝƚŝĂƚŝǀĞƐ ŽŶ ĂĚĂƉƚĂƚŝŽŶ ŝŶ      ĚĞǀĞůŽƉŝŶŐ ĐŽƵŶƚƌŝĞƐ ǁŝƚŚ
ĂƉƉƌŽƉƌŝĂƚĞ ĂĐƚŝŽŶƐƚŚĂƚĂƌĞƐƵĐĐĞƐƐĨƵů͘dŚĞƐƚƵĚǇƵƐĞĚŝŶͲĚĞƉƚŚƐĞŵŝͲƐƚƌƵĐƚƵƌĞĚŝŶƚĞƌǀŝĞǁƐǁŝƚŚϭϱ
ĞǆƉĞƌƚƐŽĨĞŶǀŝƌŽŶŵĞŶƚĂůŵĂŶĂŐĞŵĞŶƚ͕ŶĂƚƵƌĂů ƌĞƐŽƵƌĐĞƐ͕ ĐůŝŵĂƚŽůŽŐǇ͕ŵĞƚĞŽƌŽůŽŐǇ͕ĂŶĚ ĐŽŵŵƵŶŝƚǇ
ĚĞǀĞůŽƉŵĞŶƚ ĨƌŽŵdĂŶǌĂŶŝĂ͘dŚĞŝŶƚĞƌǀŝĞǁƐĨŽĐƵƐĞĚŽŶƚŚĞŝŶǀĞƐƚŝŐĂƚŝŽŶŽĨƚŚĞĐŽƵŶƚƌǇ͛Ɛ ďĂƌƌŝĞƌƐ ĂŶĚ
ŚŽǁ ƚŚĞ ŐŽǀĞƌŶŵĞŶƚ ĂƚƚĞŵƉƚĞĚ ƚŽ ŽǀĞƌĐŽŵĞ ƚŚĞŵ͘ tŚŝůĞ ĂĚĂƉƚĂƚŝŽŶŝƐ ƌĞĐŽŐŶŝǌĞĚ ĂƐ ĂŶŝŵƉŽƌƚĂŶƚ
ĐůŝŵĂƚĞƌŝƐŬŵĂŶĂŐĞŵĞŶƚƐƚƌĂƚĞŐǇ͕ƚŚĞĨŝŶĚŝŶŐƐŝŶĚŝĐĂƚĞƚŚĂƚŽŶƚŚĞŐƌŽƵŶĚƚŚĞƌĞŝƐŶŽĐůĞĂƌŐƵŝĚĂŶĐĞ
ĂƐƚŽǁŚĂƚƐĐĂůĞĂĚĂƉƚĂƚŝŽŶĂĐƚŝŽŶƐǁŽƵůĚďĞ͕ǁŚĂƚĨŽƌŵĂĚĂƉƚĂƚŝŽŶĂĐƚŝŽŶǁŽƵůĚƚĂŬĞ͕ĂŶĚǁŚĂƚ
ƚŚĞǇǁŽƵůĚĂŝŵĨŽƌ͘dŚĞ ĞǆƉĞƌƚƐ ĂƌĞ ĂŐĂŝŶƐƚ ůĂƌŐĞͲƐĐĂůĞ ĂĐƚŝŽŶƐǁŚŝĐŚ ƐĞĞŵ ƚŽ ŽƌŝŐŝŶĂƚĞ ĨƌŽŵ ƚ Ś Ğ 
ĚĞǀĞůŽƉĞĚ ǁŽƌůĚ ǁŝƚŚ ůŝƚƚůĞ ƐƵƉƉŽƌƚ ĨƌŽŵ ůŽĐĂů ŐŽǀĞƌŶŵĞŶƚ͖ƚŚĞǇ ĂƌĞ ĚŝĨĨŝĐƵůƚǇ ƚŽ ŽƉĞƌĂƚŝŽŶĂůŝƐĞ ŝŶ
ƚŚĞ ůŽĐĂů ĐŽŶƚĞǆƚ͘ dŚĞǇƉƌĞĨĞƌ ƐŵĂůůͲƐĐĂůĞ ĂĐƚŝŽŶƐ͕ ƐƵĐŚ ĂƐƵƐĞ ŽĨŝŶĚŝŐĞŶŽƵƐ ŬŶŽǁůĞĚŐĞ ƚŽĂĚĂƉƚ ƚŽ
ĚƌŽƵŐŚƚ ĂŶĚĨŽŽĚĐƌŝƐŝƐĂƐƚŚĞƐĞ ĐĂŶ ĞĂƐŝůǇ ďĞ ŝŵƉůĞŵĞŶƚĞĚ ǁŝƚŚŝŶ ƚ Ś Ğ  ůŽĐĂů ĐĂƉĂĐŝƚǇ ĂŶĚ ŚĂǀĞ Ă 
ƐŚŽƌƚ ƚƵƌŶŽǀĞƌ ƉĞƌŝŽĚ͘ dŚĞƐĞ ĨŝŶĚŝŶŐƐŚĂǀĞŝŵƉůŝĐĂƚŝŽŶƐŽŶŚŽǁƚŽďĞƚƚĞƌŝŶƚĞŐƌĂƚĞĚĞǀĞůŽƉŝŶŐĐŽƵŶͲ
ƚƌŝĞƐŝŶƚŽĂĚĂƉƚĂƚŝŽŶĂĐƚŝŽŶƐ͘

<ĞǇǁŽƌĚƐ͗ĂĚĂƉƚĂƚŝŽŶ͕ďĂƌƌŝĞƌƐ͕ĐůŝŵĂƚĞĐŚĂŶŐĞ͕ĚĞǀĞůŽƉŝŶŐĐŽƵŶƚƌŝĞƐ
ͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶ











ϭ
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ϭ

/ŶƚƌŽĚƵĐƚŝŽŶ
ĚĂƉƚĂƚŝŽŶ ŝƐ ĐƵƌƌĞŶƚůǇ ŐŝǀĞŶ ƵƚƚĞƌŵŽƐƚ ŝŵƉŽƌƚĂŶĐĞ ĨƌŽŵ ŐůŽďĂů ƚŽ ůŽĐĂů ůĞǀĞůƐ͕ ŶŽƚ ŽŶůǇ

ďĞĐĂƵƐĞ ŽĨ ŶĞǁ ĐŚĂůůĞŶŐĞƐ ŝŶƚƌŽĚƵĐĞĚ ďǇ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ͕ ďƵƚ ĂůƐŽ ĨŽƌ ƐƵƉƉŽƌƚŝŶŐ ƐƵƐƚĂŝŶĂďůĞ
ĚĞǀĞůŽƉŵĞŶƚ;&ƺƐƐĞůϮϬϬϳͿ͘dŚĞ ĐŚĂůůĞŶŐĞŽĨ ĂĚĂƉƚĂƚŝŽŶŝƐ ŶŽƚ ŶĞǁ͘,ƵŵĂŶƐ ŚĂǀĞ ďĞĞŶ ĂĚĂƉƚŝŶŐƚŽ
ƚŚĞŝƌ ĞŶǀŝƌŽŶŵĞŶƚƐƚŚƌŽƵŐŚŽƵƚ ŚŝƐƚŽƌǇ;^ŵŝƚΘtĂŶĚĞůϮϬϬϲ͖ŽǀĞƌƐϮϬϬϵͿ͕ďǇĚĞǀĞůŽƉŝŶŐƉƌĂĐƚŝĐĞƐ͕
ĐƵůƚƵƌĞƐĂŶĚůŝǀĞůŝŚŽŽĚƐƐƵŝƚĞĚƚŽůŽĐĂůĐŽŶĚŝƚŝŽŶƐ;^ƚƌŝŶŐĞƌĞƚĂů͘ϮϬϬϵͿ͘ƵƌƌĞŶƚůǇ͕ĂĚĂƉƚĂƚŝŽŶƉƌĂĐƚŝĐͲ
ĞƐĂƌĞŵĂŝŶƐƚƌĞĂŵĞĚĂůůŽǀĞƌƚŚĞǁŽƌůĚŝŶĚĞǀĞůŽƉŵĞŶƚƉƌĂĐƚŝĐĞƐ;,ĂůƐŶčƐΘdƌčƌƵƉϮϬϬϵͿ͕ŵŽƚŝǀĂƚĞĚ
ďǇŽŶŐŽŝŶŐŐůŽďĂů ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŶĞŐŽƚŝĂƚŝŽŶƐ Ăƚ ŝŶƚĞƌŶĂƚŝŽŶĂů ůĞǀĞůƐ ůĞĚďǇ hŶŝƚĞĚ EĂƚŝŽŶƐ &ƌĂŵĞͲ
ǁŽƌŬ ŽŶǀĞŶƚŝŽŶŽŶůŝŵĂƚĞŚĂŶŐĞ;hE&Ϳ͘ƚƉƌĞƐĞŶƚ͕ĂĚĂƉƚĂƚŝŽŶĂĐƚŝŽŶƐ͕ƉĞƌĨŽƌŵĂŶĐĞĂŶĚƐƵĐͲ
ĐĞƐƐ ŝŶ ĚĞǀĞůŽƉŝŶŐ ĐŽƵŶƚƌŝĞƐ͕ ĞƐƉĞĐŝĂůůǇ ƚ Ś Ğ  ů Ğ Ă Ɛ ƚ  Ě Ğ ǀ Ğ ů Ž Ɖ Ğ Ě  Đ Ž Ƶ Ŷ ƚ ƌ ŝ Ğ Ɛ ͕ ŚĂƐ ďĞĞŶ ǀĞƌǇ
ůŝŵŝƚĞĚ ;<Ğƌƌ ϮϬϭϭͿ͘ Ɛ ŶŽƚĞĚ ďǇ DĞƌƚǌ Ğƚ Ăů͘;ϮϬϬϵͿ͕ĂĚĂƉƚĂƚŝŽŶŝŶĚĞǀĞůŽƉŝŶŐĐŽƵŶƚƌŝĞƐƐŽĨĂƌŚĂƐ
ďĞĞŶĚŽŶŽƌĚƌŝǀĞŶďĞĐĂƵƐĞƚŚŽƐĞĐŽƵŶƚƌŝĞƐĚŽŶŽƚĐŽŶƐŝĚĞƌĐůŝŵĂƚŝĐĐŚĂŶŐĞĂƐŽŶĞŽĨƚŚĞŝƌŐƌĞĂƚĞƐƚ
ĐŽŶĐĞƌŶƐ͘

tŚŝůĞ ƚŚĞƌĞ ŝƐ Ă ƐŝŐŶŝĨŝĐĂŶƚ ƉƵƐŚ Ăůů ĂƌŽƵŶĚ ƚŚĞ ǁŽƌůĚ ĨŽƌ ĂĚĂƉƚĂƚŝŽŶ ƉƌŽĐĞƐƐĞƐ Ăƚ ůŽĐĂů ĂŶĚ
ŶĂƚŝŽŶĂůůĞǀĞůƐ͕ŝŵƉůĞŵĞŶƚĂƚŝŽŶŚĂƐďĞĞŶƐŚŽƌƚŽĨƚŚĞƉŽƚĞŶƚŝĂůĚƵĞƚŽĂŶƵŵďĞƌŽĨŝŵƉůŝĐŝƚďĂƌƌŝĞƌƐŝŶ
ĚĞǀĞůŽƉŝŶŐĐŽƵŶƚƌŝĞƐ͘ǀĞŶǁŚĞƌĞƚŚĞƌĞŝƐŝŵƉůĞŵĞŶƚĂƚŝŽŶ͕ƐƵĐĐĞƐƐŝƐĐŽŶƚƌĂƌǇƚŽƚŚĞĞǆƉĞĐƚĞĚŽƵƚĐŽŵĞƐ
ďĞĐĂƵƐĞŽĨůĂĐŬŽĨďĂƐŝĐŬŶŽǁůĞĚŐĞ͕ďŽƚŚƚĞĐŚŶŝĐĂůĂŶĚĨŝŶĂŶĐŝĂů͕ĂŶĚƚŚĞŝŶŚĞƌĞŶƚůǇĐŚĂůůĞŶŐŝŶŐŶĂƚƵƌĞ
ŽĨƐŽůǀŝŶŐĞŶǀŝƌŽŶŵĞŶƚĂůĐƌŝƐĞƐ͘>ŝƚƚůĞƌĞƐĞĂƌĐŚŚĂƐĞǆĂŵŝŶĞĚĞŵƉŝƌŝĐĂůĞǀŝĚĞŶĐĞŽŶƚŚĞƐůŽǁƉƌŽŐƌĞƐƐŽƌ
ĞǀĞŶ ĨĂŝůƵƌĞ ƚŽ ƵƉƚĂŬĞ ĂĚĂƉƚĂƚŝŽŶ ĂĐƚŝǀŝƚŝĞƐ ŝŶ ĚĞǀĞůŽƉŝŶŐ ĐŽƵŶƚƌŝĞƐ͘ DŽƐƚ ŝŵƉŽƌƚĂŶƚůǇ͕ ǁŽƌŬ ŽŶ
ĂĚĂƉƚĂƚŝŽŶƐŽĨĂƌŚĂƐĂĚĚƌĞƐƐĞĚƚŚĞŝŵƉĂĐƚƐŽĨĐůŝŵĂƚĞĐŚĂŶŐĞǁŝƚŚƐƚƌŽŶŐĐŽǀĞƌĂŐĞĂŶĚĨŽĐƵƐŝŶĚĞǀĞůͲ
ŽƉĞĚƌĞŐŝŽŶƐĐŽŵƉĂƌĞĚƚŽĚĞǀĞůŽƉŝŶŐŽŶĞƐ;'ƌŽƚŚŵĂŶŶΘWĂƚƚϮϬϬϱͿ͘

dŚĞŵĂŝŶŝŵƉĞƚƵƐŽĨƚŚŝƐƉĂƉĞƌŝƐƚŽŝĚĞŶƚŝĨǇĂŶĚĚŝƐĐƵƐƐƚŚĞĚŝƐĐŽƵƌƐĞŽĨĐůŝŵĂƚĞĐŚĂŶŐĞĂĚĂƉƚĂͲ
ƚŝŽŶŝŶĚĞǀĞůŽƉŝŶŐĐŽƵŶƚƌŝĞƐ͕ƵƐŝŶŐdĂŶǌĂŶŝĂĂƐĂĐĂƐĞƐƚƵĚǇ͘/ŶƉĂƌƚŝĐƵůĂƌ͕ƚŚŝƐǁŽƌŬƐĞĞŬƐƚŽĐŽŶƚƌŝďƵƚĞƚŽ
ĂĚĂƉƚĂƚŝŽŶ ŬŶŽǁůĞĚŐĞ ĨŽƌ ƉŽůŝĐǇ ŵĂŬĞƌƐ ŽŶ ŚŽǁ ƚŽ ƌĞŵŽǀĞ ďĂƌƌŝĞƌƐ ĂŶĚ ƐĐĂůĞ ƵƉ ĂĚĂƉƚĂƚŝŽŶ ĂĐƚŝŽŶƐ͘
tŚŝůĞ ƚŚĞ ŐůŽďĂů ƉŽůŝƚŝĐĂů ƉƌŽĐĞƐƐ ŚĂƐ ďĞĞŶ ƐůŽǁ ŝŶ ŵĂŬŝŶŐ ŵĞĂŶŝŶŐĨƵů ƉƌŽŐƌĞƐƐ ŝŶ ƚĂĐŬůŝŶŐ ĐůŝŵĂƚĞ
ĐŚĂŶŐĞŽǀĞƌƚŚĞǇĞĂƌƐ͕ƚŚŝƐƉĂƉĞƌĂƌŐƵĞƐƚŚĂƚƚŚĞƌĞǁĂƐĂůĂĐŬŽĨŽƉƚŝŽŶƐŽŶƚŚĞƚǇƉĞŽĨĂĚĂƉƚĂƚŝŽŶĂĐͲ
ƚŝŽŶƐĂŶĚƐĐĂůĞƚŚĂƚŶĞĞĚĞĚƚŽďĞŝŵƉůĞŵĞŶƚĞĚŝŶĂƉĂƌƚŝĐƵůĂƌĐŽŶƚĞǆƚ͕ĚĞƐƉŝƚĞŵĂƐƐŝǀĞŶĞŐŽƚŝĂƚŝŽŶƐĂŶĚ
ůŽďďǇŝŶŐĂƚŝŶƚĞƌŶĂƚŝŽŶĂůƉůĂƚĨŽƌŵƐ͘
Ϯ
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Ϯ

DĞƚŚŽĚŽůŽŐǇ


dŚŝƐƉĂƉĞƌŝƐďĂƐĞĚŽŶƋƵĂůŝƚĂƚŝǀĞĞǆƉĞƌƚŝŶƚĞƌǀŝĞǁƐ;DŽƌŐĂŶĞƚĂů͘ϮϬϬϲͿǁŝƚŚϭϱƉĞŽƉůĞǁŚŽŚĂǀĞĚĞĞƉ
ŬŶŽǁůĞĚŐĞŽĨƚŚĞƉŚĞŶŽŵĞŶĂŽĨĐůŝŵĂƚĞĐŚĂŶŐĞŝŶdĂŶǌĂŶŝĂ͘dŚĞǁŽƌĚ͚ĞǆƉĞƌƚ͛ĚĞŶŽƚĞĚŝŶĚŝǀŝĚƵĂůǁŝƚŚ
ƐƉĞĐŝĂůŝǌĞĚŬŶŽǁůĞĚŐĞ͕ĂŶĚĨŽƌƚŚŝƐƌĞƐĞĂƌĐŚŽŶŝƐƐƵĞƐƌĞůĂƚŝŶŐƚŽŵĂŝŶƐƚƌĞĂŵŝŶŐĐůŝŵĂƚĞĐŚĂŶŐĞĂĚĂƉƚĂͲ
ƚŝŽŶĂĐƚŝǀŝƚŝĞƐ͕ǁŝƚŚƌĞƉƵƚĂďůĞĞǆƉĞƌŝĞŶĐĞŝŶĐůŝŵĂƚĞĐŚĂŶŐĞͲĂĐƚŝǀŝƚŝĞƐ͕ƉƌŽũĞĐƚƐĂŶĚͬŽƌƉƵďůŝĐĂƚŝŽŶƐ;dĂďůĞ
ϭͿ͘/ŶŐĞŶĞƌĂů͕ƚŚĞǇǁĞƌĞƉƵƌƉŽƐŝǀĞůǇĐŚŽƐĞŶ͕ĂŶĚǁĞƌĞŝŶƚĞƌǀŝĞǁĞĚƵƐŝŶŐƐĞŵŝͲƐƚƌƵĐƚƵƌĞĚƋƵĞƐƚŝŽŶƐƚŽ
ĞůŝĐŝƚƚŚĞŝƌĞǆƉĞƌƚŬŶŽǁůĞĚŐĞŽŶƚŚĞĐŽƵŶƚƌǇ͛ƐĂďŝůŝƚǇƚŽƌĞŵŽǀĞďĂƌƌŝĞƌƐĂŶĚĐƌĞĂƚĞŽƉƉŽƌƚƵŶŝƚŝĞƐĨŽƌŝŶͲ
ƚĞŐƌĂƚŝŶŐĐůŝŵĂƚĞĐŚĂŶŐĞĂĚĂƉƚĂƚŝŽŶŝŶƚŽŝƚƐĚĞǀĞůŽƉŵĞŶƚƉůĂŶŶŝŶŐ ĂŶĚĚĞĐŝƐŝŽŶͲŵĂŬŝŶŐƉƌŽĐĞƐƐĞƐ͘ǆͲ
ƉĞƌƚĞůŝĐŝƚĂƚŝŽŶǁĂƐĂƉƉƌŽƉƌŝĂƚĞĨŽƌƚŚŝƐƐƚƵĚǇďĞĐĂƵƐĞŽĨƚŚĞŝŶƚĞƌĞƐƚƐŝŶƚŚĞǀŝĞǁƐŽĨĞǆƉĞƌƚƐŽŶƚĞĐŚͲ
ŶŝĐĂůƚŽƉŝĐƐ;ƉŽƚĞŶƚŝĂůďĂƌƌŝĞƌƐƚŽƐůŽǁƵƉƚĂŬĞŽĨĂĚĂƉƚĂƚŝŽŶĂĐƚŝŽŶƐͿ͘
dĂďůĞϭ͘KǀĞƌǀŝĞǁŽĨŝŶƚĞƌǀŝĞǁĞĚĞǆƉĞƌƚƐ
'ĞŶĚĞƌ

ĚƵĐĂƚŝŽŶ

ƌĞĂŽĨĞǆƉĞƌƚŝƐĞ

DĂůĞ

ĐŽůŽŐŝƐƚ

,ƵŵĂŶĞĐŽůŽŐǇ

DĂůĞ

ŐƌŝĐƵůƚƵƌĂůĞŶŐŝͲ
ŶĞĞƌ
&ŝƐŚĞƌŝĞƐĂŶĚ
ĂƋƵĂƚŝĐŵĂƌŝŶĞ
ĐŽŶƐĞƌǀĂƚŝŽŶ
ŽŵŵƵŶŝƚǇĚĞͲ
ǀĞůŽƉŵĞŶƚ

/ƌƌŝŐĂƚŝŽŶ

DĂůĞ
&ĞŵĂůĞ

&ĞŵĂůĞ

DĂůĞ
DĂůĞ
DĂůĞ
DĂůĞ
DĂůĞ

&ĞŵĂůĞ

ĨĨŝůŝĂƚŝŽŶ
^ƚĞůůĂDĂƌŝƐhŶŝͲ
ǀĞƌƐŝƚǇŽůůĞŐĞͲ
DƚǁĂƌĂ
'ŽǀĞƌŶŵĞŶƚ

tĂƚĞƌƋƵĂůŝƚǇĂŶĚ
ĐŽƌĂůƌĞĞĨŚĞĂůƚŚ E'K
>ŝǀĞůŝŚŽŽĚ
'ŽǀĞƌŶŵĞŶƚ

ŶǀŝƌŽŶŵĞŶƚĂů
ŝŵƉĂĐƚĂƐƐĞƐƐͲ
ŵĞŶƚ
ŚĞŵŝĐĂůĂŶĚĞŶͲ
ŚĞŵŝĐĂůŶŐŝŶĞĞƌ ǀŝƌŽŶŵĞŶƚĂůƌĞͲ
ŵĞĚŝĂƚŝŽŶ
tĂƚĞƌŵĂŶĂŐĞͲ
tĂƚĞƌƋƵĂůŝƚǇĂŶĚ
ŵĞŶƚ
ƐĂĨĞƚǇ
&ŽƌĞƐƚĂŶĚƌĂŶŐĞ
&ŽƌĞƐƚƌǇ
ĞĐŽůŽŐǇ
EĂƚƵƌĂůƌĞƐŽƵƌĐĞƐ tŝůĚůŝĨĞĂŶĚĨŽƌͲ
ŵĂŶĂŐĞŵĞŶƚ
ĞƐƚŵĂŶĂŐĞŵĞŶƚ
sĂůƵĂƚŝŽŶŽĨŶĂƚƵͲ
ĐŽŶŽŵŝƐƚ
ƌĂůƌĞƐŽƵƌĐĞƐ
tĞĂƚŚĞƌĞǀĞŶƚƐ
ƌĞĐŽŶƐƚƌƵĐƚŝŽŶ
DĞƚĞŽƌŽůŽŐŝƐƚ
ĂŶĚĨŽƌĞĐĂƐƚƐ

ŶǀŝƌŽŶŵĞŶƚĂů
^ĐŝĞŶĐĞƐ

'ŽǀĞƌŶŵĞŶƚ

hŶŝǀĞƌƐŝƚǇŽĨĂƌĞƐ
ƐĂůĂĂŵ
ZĞŐŝŽŶĂůŽƌŐĂŶŝǌĂͲ
ƚŝŽŶ

^ŽŬŽŝŶĞhŶŝǀĞƌƐŝƚǇ
E'K

'ŽǀĞƌŶŵĞŶƚ
ϯ
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DĂůĞ

ŶŝŵĂůƐĐŝĞŶĐĞ

DĂůĞ
ůŝŵĂƚŽůŽŐǇ
ĞǀĞůŽƉŵĞŶƚ
DĂůĞ

^ƚƵĚŝĞƐ

DĂůĞ

ůŝŵĂƚŽůŽŐŝƐƚ

>ŝǀĞƐƚŽĐŬĚĞǀĞůͲ
ŽƉŵĞŶƚ

E'K

ZĞŐŝŽŶĂůŽƌŐĂŶŝǌĂͲ
ůŝŵĂƚĞŵŽĚĞůůŝŶŐ ƚŝŽŶ
sƵůŶĞƌĂďŝůŝƚǇĂŶĚ ^ŽŬŽŝŶĞhŶŝǀĞƌƐŝƚǇ
ƉŽǀĞƌƚǇƌĞĚƵĐƚŝŽŶ
ĐŽƐǇƐƚĞŵͲ
ŚǇĚƌŽůŽŐǇĐůŝŵĂƚĞ
ŝŶƚĞƌĂĐƚŝŽŶƐ
'ŽǀĞƌŶŵĞŶƚ



ϯ
ϯ͘ϭ

&ŝŶĚŝŶŐƐĂŶĚĚŝƐĐƵƐƐŝŽŶƐ
KǀĞƌǀŝĞǁŽĨĂĚĂƉƚĂƚŝŽŶĞĨĨŽƌƚƐ

dŚĞŐŽǀĞƌŶŵĞŶƚŽĨdĂŶǌĂŶŝĂ͕ǁŝƚŚƐƵƉƉŽƌƚĨƌŽŵĚĞǀĞůŽƉŵĞŶƚƉĂƌƚŶĞƌƐĂŶĚEŽŶͲ'ŽǀĞƌŶŵĞŶƚĂůKƌŐĂŶŝƐĂͲ
ƚŝŽŶƐ;E'KƐͿ͕ŚĂƐŝŶǀĞƐƚĞĚƚŽŵĂŶĂŐĞĐůŝŵĂƚĞŝŵƉĂĐƚƐ͘dŚĞƐĞŝŶǀĞƐƚŵĞŶƚƐŝŶĐůƵĚĞĚĂŶĚĂƌĞďĂƐĞĚŽŶƚŚĞ
ŝŶƐƚŝƚƵƚŝŽŶĂůƐĞƚͲƵƉ͕ĂĚĂƉƚĂƚŝŽŶƉƌŝŽƌŝƚŝĞƐĂŶĚŵĂŝŶƐƚƌĞĂŵĂĐƚŝǀŝƚŝĞƐ͘dĂďůĞϮďĞůŽǁƉƌŽǀŝĚĞƐĂŶŽǀĞƌǀŝĞǁ
ŽĨƐŽŵĞĂĚĂƉƚĂƚŝŽŶĞĨĨŽƌƚƐŝŶdĂŶǌĂŶŝĂĂƐŵĞŶƚŝŽŶĞĚďǇƚŚĞŝŶƚĞƌǀŝĞǁ͛ƐƌĞƐƉŽŶĚĞŶƚƐ͘
dĂďůĞϮ͘^ŽŵĞĂĚĂƉƚĂƚŝŽŶĞĨĨŽƌƚƐŝŶdĂŶǌĂŶŝĂ
ĂƚĞŐŽƌǇ
WŽůŝĐǇ

^ĞĐƚŽƌƐ

ĚĂƉƚĂƚŝŽŶĞĨĨŽƌƚ

ŶƚŝĐŝƉĂƚĞĚďĞŶĞĨŝƚƐ

/ŵƉůĞŵĞŶƚĂƚŝŽŶ
ĐŚĂůͲ
ůĞŶŐĞƐ
/ŶĐŽƌƉŽƌĂƚŝŽŶ ŽĨ ĐůŝŵĂƚĞ ĞǀŝƐĞ ĂƉƉƌŽƉƌŝĂƚĞ ĐůŝͲ ůŝŵĂƚĞ ĐŚĂŶŐĞ ĂĐƚŝǀŝƚŝĞƐ
ĐŽŽƌĚŝŶĂƚĞĚ ŽŶůǇ ďǇ ƚŚĞ
ĐŚĂŶŐĞ ŝƐƐƵĞƐ ŝŶƚŽ ƉŽůŝͲ ŵĂƚĞƌŝƐŬŵĞĂƐƵƌĞƐ
ĞƉĂƌƚŵĞŶƚ ŽĨ ŶǀŝƌŽŶͲ
ĐŝĞƐ ĂŶĚ ƉůĂŶŶŝŶŐ ƉƌŽͲ
ŵĞŶƚ͕ ĂŶĚ ůŝƚƚůĞ ĨƵŶĚ ƚŽ
ĐĞƐƐĞƐ
ƐĞĐƚŽƌ ŵŝŶŝƐƚƌŝĞƐ ƚŽ ŝŵͲ
ƉůĞŵĞŶƚ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ
ĂŐĞŶĚĂ
ĞǀĞůŽƉŝŶŐĨƵŶĐƚŝŽŶĂů
ZĂƚŝĨŝĐĂƚŝŽŶŽĨĐůŝŵĂƚĞ
ƐǇƐƚĞŵĨŽƌĐůŝŵĂƚĞ
ĐŚĂŶŐĞďĂƐĞĚĐŽŶǀĞŶͲ
ĐŚĂŶŐĞƵŶĚĞƌƚŚĞŝŶƚĞƌͲ >ĂĐŬŽĨƚĞĐŚŶŝĐĂůĐĂƉĂĐŝƚǇ
ƚŝŽŶƐƐƵĐŚĂƐ͕hEͲ
ŶĂƚŝŽŶĂůĨƌĂŵĞǁŽƌŬ
ĂŶĚŬŶŽǁͲŚŽǁ
&͕hE



ĂŶĚ >ĂĐŬ ŽĨ ĐŽŽƌĚŝŶĂƚŝŽŶ
ƐƚĂďůŝƐŚĞŵĞŶƚ ŽĨ Ă EĂͲ ,ĂƌŵŽŶŝǌĂƚŝŽŶ
ƚŝŽŶĂů ůŝŵĂƚĞ ŚĂŶŐĞ ŵĂŝŶƐƚƌĞĂŵŝŶŐ ŽĨ ĐůŝͲ ĂŵŽŶŐ ůĞĂĚ ƐĞĐƚŽƌƐ ĂŶĚ
ĐŽŶĨůŝĐƚŝŶŐŝŶƚĞƌĞƐƚƐ
^ƚĞĞƌŝŶŐ ŽŵŵŝƚƚĞĞ͕ EĂͲ ŵĂƚĞŝƐƐƵĞƐ
ƚŝŽŶĂů ĚĂƉƚĂƚŝŽŶ ^ƚƌĂƚĞͲ
ŐǇ͕ĂZƚĂƐŬĨŽƌĐĞ
/ŶĐŽƌƉŽƌĂƚŝŽŶŽĨĐůŝŵĂƚĞ ĐŚŝĞǀŝŶŐƐƵƐƚĂŝŶĂďůĞ
>ĂĐŬŽĨƐƚƌŽŶŐŝŶƚĞƌͲ
ĐŚĂŶŐĞŝŶƚŽĂŐƌŝĐƵůƚƵƌĂů
ƌĞƐŽƵƌĐĞĚĞǀĞůŽƉŵĞŶƚ
ƐĞĐƚŽƌŝĂůĐŽŽƌĚŝŶĂƚŝŽŶƌĞͲ
ϰ




473
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ƉŽůŝĐǇ

/ŶĨƌĂƐƚƌƵĐƚƵƌĞ

WƌŽƚĞĐƚŝŽŶŽĨůŝǀĞůŝͲ
ŚŽŽĚƐ
ŝŽĚŝǀĞƌƐŝƚǇĂŶĚ
ĞŶǀŝƌŽŶŵĞŶƚ


ϯ͘Ϯ

ĂŶĚŵĂŶĂŐĞŵĞŶƚ

ƐƉŽŶƐĞ͕ŚĞŶĐĞĚƵƉůŝĐĂƚŝŽŶ
ŽĨĞĨĨŽƌƚƐĂŶĚĐŽŶĨůŝĐƚŝŶŐ
ƉŽůŝĐŝĞƐ
^ĞĂ ǁĂůůƐ ĐŽŶƐƚƌƵĐƚŝŽŶ WƌŽƚĞĐƚŝŶŐ ĐŽĂƐƚĂů ĐŽŵͲ >ĂĐŬŽĨĨƵŶĚ
ĂŐĂŝŶƐƚƐĞĂůĞǀĞůƌŝƐĞ
ŵƵŶŝƚǇĂŶĚƐƚƌƵĐƚƵƌĞƐ
,ĞĂǀǇƌĞůŝĂŶĐĞŽŶŶĂƚƵƌĂů
ŶŚĂŶĐĞƌĞƐŝůŝĞŶĐĞŽĨ
/ŵƉƌŽǀĞŵĞŶƚŽĨĨŽŽĚ
ĐƌŽƉĨĂƌŵŝŶŐƐǇƐƚĞŵƐďǇ ůŝǀĞůŝŚŽŽĚƐĂŶĚƉŽǀĞƌƚǇ ƌĞƐŽƵƌĐĞƐďĂƐĞĚůŝǀĞůŝͲ
ŚŽŽĚƐ
ƌĞĚƵĐƚŝŽŶ
ƚƌĂĚŝƚŝŽŶĂůŵĞƚŚŽĚƐ
WƌŽƚĞĐƚĂŐĂŝŶƐƚƐƚŽƌŵ
ƐƵƌŐĞƐĂŶĚĐŽĂƐƚĂůŝŶƵŶͲ /ůůĞŐĂůŵĂƌŬĞƚŝŶŐŽĨŵĂŶͲ
ŐƌŽǀĞƐƉŽůĞƐ
ZĞƐƚŽƌĂƚŝŽŶŽĨŵĂŶŐƌŽǀĞƐ ĚĂƚŝŽŶ

ĂƌƌŝĞƌƐƚŽĂĚĂƉƚĂƚŝŽŶ
ǆƉĞƌƚƐŝĚĞŶƚŝĨŝĞĚĂŶƵŵďĞƌŽĨďĂƌƌŝĞƌƐǁŚŝĐŚĂĨĨĞĐƚĂĚĂƉƚĂƚŝŽŶĂĐƚŝŽŶƐŝŶdĂŶǌĂŶŝĂ͘/ŶĨĂĐƚ͕ƚŚĞŝƌ

ŐĞŶĞƌĂůŽƉŝŶŝŽŶǁĂƐƚŚĂƚĂĚĂƉƚĂƚŝŽŶĐĂŶďĞŝŵƉĞĚĞĚďǇŽŶĞďĂƌƌŝĞƌŽƌŝŶƚĞƌĂĐƚŝŽŶŽĨŵƵůƚŝƉůĞďĂƌƌŝĞƌƐ͘
dĂďůĞϯďĞůŽǁƐƵŵŵĂƌŝƐĞƐƐŽŵĞŽĨƚŚĞďĂƌƌŝĞƌƐŝĚĞŶƚŝĨŝĞĚ͘
dĂďůĞϯ͘^ĞůĞĐƚĞĚďĂƌƌŝĞƌƐƚŽĂĚĂƉƚĂƚŝŽŶĂĐƚŝŽŶƐ
dǇƉĞ
WŽůŝĐǇ

ǆĂŵƉůĞ
ǆŝƐƚŝŶŐƉŽůŝĐŝĞƐĞƐƉĞĐŝĂůůǇƚŚŽƐĞŽŶŶĂƚƵƌĂůƌĞƐŽƵƌĐĞƐŚĂǀĞƌĞŐƵůĂƚŝŽŶƐǁŚŝĐŚŚŝŶͲ
ĚĞƌĂĚĂƉƚĂƚŝŽŶƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ
'ŽǀĞƌŶĂŶĐĞ ĂŶĚ /ŶĨůĞǆŝďůĞƉůĂŶŶŝŶŐƐǇƐƚĞŵƐĞ͘Ő͘ŝĨĐŽĂƐƚĂůĞƌŽƐŝŽŶĂĨĨĞĐƚƐůĂŶĚďŽƵŶĚĂƌŝĞƐ
ŝŶƐƚŝƚƵƚŝŽŶĂů
ĞŚĂǀŝŽƵƌ

>ŽĐĂůĐŽŵŵƵŶŝƚŝĞƐƉůĂĐĞƉƌŝŽƌŝƚǇŽŶƐŚŽƌƚƚĞƌŵŐĂŝŶƐĂŶĚŵĂŬĞĚĞĐŝƐŝŽŶƐĐŽŶƚƌĂƌǇ
ƚŽƚŚĞŝƌůŽŶŐƚĞƌŵďĞŶĞĨŝƚƐ͖
WĞŽƉůĞƉƌŽĐĞƐƐĐůŝŵĂƚĞĐŚĂŶŐĞŝŶĨŽƌŵĂƚŝŽŶďĂƐĞĚŽŶƚŚĞŝƌĞǆŝƐƚŝŶŐĂƚƚŝƚƵĚĞƐ

/ŶĂĚĞƋƵĂƚĞ ĂĚĂƉͲ WĞŽƉůĞĨŝŶĚŝƚŵŽƌĞĚŝĨĨŝĐƵůƚƚŽŝĚĞŶƚŝĨǇĐůŝŵĂƚĞƌŝƐŬƐƚŚĞǇĨĂĐĞďĞĐĂƵƐĞŽĨŵƵůƚŝƉůĞ
ƚŝǀĞĐĂƉĂĐŝƚǇ
ǀƵůŶĞƌĂďŝůŝƚŝĞƐ


ϯ͘ϯ

WŽƚĞŶƚŝĂůĞůĞŵĞŶƚƐŽĨůŽĐĂůĐŽŶĚŝƚŝŽŶƐĨŽƌƐƵĐĐĞƐƐĨƵůĂĚĂƉƚĂƚŝŽŶƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ
dŚĞŵĂũŽƌŝƚǇŽĨƚŚĞŝŶƚĞƌǀŝĞǁĞĞƐ;ϳϴƉĞƌĐĞŶƚͿŵĞŶƚŝŽŶĞĚĐůĞĂƌůǇƐŽŵĞůŽĐĂůĐŽŶĚŝƚŝŽŶƐǁŚŝĐŚĨĂͲ

ǀŽƵƌĂĚĂƉƚĂƚŝŽŶďƵƚĂƌĞŶĞŐůĞĐƚĞĚďǇĚŽŶŽƌƐĂŶĚŝŶƚĞƌŶĂƚŝŽŶĂůĂŐĞŶĐŝĞƐǁŽƌŬŝŶŐŽŶĐůŝŵĂƚĞĐŚĂŶŐĞ͘&Žƌ
ĞǆĂŵƉůĞ͕ƚŚĞǇŵĞŶƚŝŽŶĞĚĂŶƵŵďĞƌŽĨŝƐƐƵĞƐŵĂŝŶůǇŶĞŐůĞĐƚĞĚŝŶĂĚĂƉƚĂƚŝŽŶĂĐƚŝŽŶƐĂůƌĞĂĚǇŝŵƉůĞŵĞŶƚͲ
ĞĚŝŶdĂŶǌĂŶŝĂƚŽŝŶĐůƵĚĞůŽĐĂůƉŽǁĞƌĚŝĨĨĞƌĞŶĐĞƐ͕ůŽĐĂůƐƚƌƵĐƚƵƌĞŝŶĞƋƵĂůŝƚŝĞƐ͕ůŽĐĂůŶĞƚǁŽƌŬƐĂŶĚĂƐƐŽĐŝĂͲ
ƚŝŽŶƐ͕ĂŶĚĚŝǀĞƌŐĞŶƚŝŶƚĞƌĞƐƚƐŝŶƚŚĞĐŽŵŵƵŶŝƚǇ͘
DŽƐƚĞǆƉĞƌƚƐĞĐŚŽĞĚƚŚĞƐƵŝƚĞŽĨĐƵƌƌĞŶƚĐŽƉŝŶŐƐƚƌĂƚĞŐŝĞƐ ƐƵĐŚĂƐǁĂƚĞƌƐƚŽƌĂŐĞ ĨĂĐŝůŝƚŝĞƐĂŶĚ
ϱ
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ƵƐĞŽĨĚƌŽƵŐŚƚƌĞƐŝƐƚĂŶƚƐĞĞĚƐ͖ĂŶĚƐĂŝĚƚŚĂƚŝƚǁŽƵůĚďĞďĞƚƚĞƌƚŽĨĂĐŝůŝƚĂƚĞƚŚŽƐĞƐƚƌĂƚĞŐŝĞƐƌĂƚŚĞƌƚŚĂŶ
ŝŵƉŽƐŝŶŐŶĞǁŽŶĞƐ͕ǁŚŝĐŚŝŶŵŽƐƚĐĂƐĞƐĂƌĞĚĞĐŝĚĞĚĂƚƚŚĞŶĂƚŝŽŶĂůůĞǀĞůǁŝƚŚŽƵƚĐŽŶƐƵůƚŝŶŐůŽĐĂůƐƚĂŬĞͲ
ŚŽůĚĞƌƐ͕ ƚŚƵƐ ŵŝƐƐŝŶŐ ůŽĐĂů ďƵǇ ŝŶ ĨŽƌ ŝŵƉůĞŵĞŶƚĂƚŝŽŶ ƚŽ ǁŽƌŬ͘ dŚĞƐĞ ĨŝŶĚŝŶŐƐ ƐƵŐŐĞƐƚ ƚŚĂƚ ĂĚĂƉƚĂƚŝŽŶ
ĂĐƚŝŽŶƐĂƌĞŶĞĐĞƐƐĂƌŝůǇƐŝƚĞͲƐƉĞĐŝĨŝĐ͘ĞƐƉŝƚĞĂĚĂƉƚĂƚŝŽŶĂĐƚŝŽŶƐďĞŐŝŶŶŝŶŐƚŽďĞŵĂŝŶƐƚƌĞĂŵĞĚŝŶĚĞǀĞůͲ
ŽƉŵĞŶƚƉŽůŝĐŝĞƐĨŽƌĚĞǀĞůŽƉŝŶŐĐŽƵŶƚƌŝĞƐ;^ƚƌŝŶŐĞƌĞƚĂů͘ϮϬϬϵ͖^ŽǀĂĐŽŽůĞƚĂů͘ϮϬϭϮͿ͕ĂƐŝŶdĂŶǌĂŶŝĂ;'W
ϮϬϭϭͿ͕ƚŚĞƌĞƐŚŽƵůĚďĞĂďĞƚƚĞƌƵŶĚĞƌƐƚĂŶĚŝŶŐŽĨƚŚĞĨƵŶĚĂŵĞŶƚĂůƉƌŽĐĞƐƐĞƐƵŶĚĞƌůǇŝŶŐĂĚĂƉƚĂƚŝŽŶŽŶ
ƚŚĞŐƌŽƵŶĚ͘

ϯ͘ϰ

/ƐƐƵĞƐŵŽƚŝǀĂƚŝŽŶŐƉĞŽƉůĞƚŽĂĚĂƉƚƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ
/ŶĐŽĂƐƚĂůĂƌĞĂƐĨŽƌĞǆĂŵƉůĞ͕ĨŝƐŚĞƌŵĞŶĞǆƉĞƌŝĞŶĐĞĚĂĚĞĐůŝŶĞŝŶƚŚĞŝƌĐĂƚĐŚĚƵĞƚŽŝŶĐƌĞĂƐŝŶŐƐĞĂ

ƚĞŵƉĞƌĂƚƵƌĞƐ;'W͕ϮϬϭϭͿ͘KǀĞƌϵϬƉĞƌĐĞŶƚŽĨƌĞƐƉŽŶĚĞŶƚƐƐĂŝĚƚŚĂƚƚŚĞŽŶŐŽŝŶŐĐŚĂŶŐĞƐŝŶůŽĐĂůĐůŝͲ
ŵĂƚŝĐ ĐŽŶĚŝƚŝŽŶƐ ĂƌĞĞǆƉŽƐŝŶŐŝŶĚŝǀŝĚƵĂůƐ ĂŶĚĐŽŵŵƵŶŝƚŝĞƐƚŽĞǀĞƌŝŶĐƌĞĂƐŝŶŐ ƌŝƐŬĂŶĚ ƚŚƌĞĂƚĞŶŝŶŐƚŚĞ
ǀĞƌǇƐŽƵƌĐĞƐ ŽĨůŝǀĞůŝŚŽŽĚ͖ ůĞĂĚŝŶŐ ƚŽĨŽŽĚƐĞĐƵƌŝƚǇƉƌŽďůĞŵƐĂŶĚĂƌŝƐĞŝŶƉŽǀĞƌƚǇůĞǀĞůƐ͘/ŶƚĞƌĞƐƚŝŶŐůǇ͕
ĞǆƉĞƌƚ ŽƉŝŶŝŽŶƐ ƐŚŽǁĞĚ ƚŚĂƚ ƚŚĞ ůĞǀĞů ŽĨ ĂǁĂƌĞŶĞƐƐ ĂŶĚ ŬŶŽǁůĞĚŐĞ ŚĞůĚ ďǇ ŝŶĚŝǀŝĚƵĂůƐ ŽŶ ĐůŝŵĂƚŝĐ
ĐŚĂŶŐĞŝƐƐƚŝůůůŽǁĂŶĚƌƵĚŝŵĞŶƚĂƌǇ͖ĂƚůĞĂƐƚŝŶĐŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶƵƌďĂŶĂŶĚƌƵƌĂůĂƌĞĂƐĂƐĨŽƵŶĚďǇ
ŚŵĞĚĞƚĂů͘;ϮϬϭϭͿ͘&ŝŶĚŝŶŐƐĨƌŽŵƚŚŝƐƐƚƵĚǇĐŽŶĐƵƌǁŝƚŚĞǀŝĚĞŶĐĞƚŚĂƚƉĞŽƉůĞŚĂǀĞĚŝǀĞƌƐĞŵĞĂŶŝŶŐƐ
ĂŶĚĂƚƚĂĐŚŶƵĂŶĐĞƐƚŽƐƉĞĐŝĨŝĐĂƐƉĞĐƚƐŽĨƚŚĞŝƌǁĂǇŽĨůŝĨĞ;tŽůĨĞƚĂů͘ŝŶƉƌĞƐƐͿ͕ǁŚŝĐŚŚĂǀĞŝŵƉůŝĐĂƚŝŽŶƐ
ĨŽƌĂĚĂƉƚĂƚŝŽŶ͘/ŶĚĞĞĚ͕ƐĞǀĞƌĂůƌĞƐƉŽŶĚĞŶƚƐŚŝŐŚůŝŐŚƚĞĚƚŚĞŶĞĞĚĨŽƌĞŶŚĂŶĐĞĚƉƌŽǀŝƐŝŽŶĂŶĚĂĐĐĞƐƐƚŽ
ŝŶĨŽƌŵĂƚŝŽŶĂŶĚŬŶŽǁůĞĚŐĞŽŶĐůŝŵĂƚĞĐŚĂŶŐĞ͕ŝŶĐůƵĚŝŶŐŽŶďĞƐƚůĞƐƐŽŶƐĨƌŽŵƐŝŵŝůĂƌƐŝƚƵĂƚŝŽŶƐĂŶĚƚŚĞ
ĚĞŵŽŶƐƚƌĂƚĞĚďĞŶĞĨŝƚƐ͘

ϯ͘ϱ

^ůŽǁƵƉƚĂŬĞŽĨŵĞĂƐƵƌĞƐƚŽĂĚĂƉƚƚŽĐůŝŵĂƚŝĐŝŵƉĂĐƚƐ
EĞĂƌůǇƚǁŽͲƚŚŝƌĚƐŽĨƌĞƐƉŽŶĚĞŶƚƐĂŐƌĞĞĚƚŚĂƚŵĞŵďĞƌƐŽĨůŽĐĂůĐŽŵŵƵŶŝƚŝĞƐĂƌĞƋƵŝƚĞĂǁĂƌĞŽĨ

ĐůŝŵĂƚŝĐĐŚĂŶŐĞƐƚŚĂƚŚĂǀĞƚĂŬĞŶƉůĂĐĞ͕ĂŶĚƚŚĞǇŚĂǀĞďĞĞŶƚƌǇŝŶŐƚŽĂĚĂƉƚĂĐĐŽƌĚŝŶŐůǇ͘,ŽǁĞǀĞƌ͕ƚŚĞǇ
ĞŵƉŚĂƐŝǌĞĚƚŚĂƚŝƚŝƐŽŶůǇĂĨĞǁŝŶĚŝǀŝĚƵĂůƐƚŚĂƚĐůĂŝŵƚŽďĞĨĂŵŝůŝĂƌǁŝƚŚĐůŝŵĂƚĞĐŚĂŶŐĞ;ŵĂďĂĚŝůŝŬŽǇĂ
ƚĂďŝĂŶĐŚŝͿ ĂŶĚĂĚĂƉƚĂƚŝŽŶ;ŬƵŚŝŵŝůŝŵĂĚŚĂƌĂǇĂƚŽŬĂŶĂǇŽŶĂŵĂďĂĚŝůŝŬŽǇĂƚĂďŝĂŶĐŚŝͿŝŶ ŶĂƚŝŽŶĂůůĂŶͲ
ŐƵĂŐĞ ĨƌĂŶĐĂ ĚĞƐƉŝƚĞ ĞĨĨŽƌƚƐ ŵĂĚĞ ďǇ ƚŚĞ ŐŽǀĞƌŶŵĞŶƚ ƚŽ ƚƌĂŶƐůĂƚĞ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ƚĞĐŚŶŝĐĂů ƚĞƌŵƐ ŝŶ
^ǁĂŚŝůŝ;ŶĂƚŝŽŶĂůůĂŶŐƵĂŐĞͿ͘
dŚĞŽƉŝŶŝŽŶƐŽĨĞǆƉĞƌƚƐǁĞƌĞƚŚĂƚ͕ĐůŝŵĂƚĞĐŚĂŶŐĞĚŝƐĐŽƵƌƐĞŚĂĚďĞĞŶ^ǁĂŚŝůŝǌĞĚďƵƚŶŽƚůŽĐĂůͲ
ŝǌĞĚ͘ zĞƚ͕ĞǆƉĞƌƚƐĞǆƉƌĞƐƐĞĚƚŚĞŝƌĚŝƐƐĂƚŝƐĨĂĐƚŝŽŶŽŶ ĨĞǁƉŽůŝĐǇŝŶŝƚŝĂƚŝǀĞƐĨŽƌ ĂĚĂƉƚĂƚŝŽŶ͘^ŽĨĂƌ͕ĐůŝŵĂƚĞ
ĂĚĂƉƚĂƚŝŽŶƐ ĂĐƚŝŽŶƐ ĂƌĞ ŵĂƌƌĞĚ ďǇ ĂďƐĞŶĐĞ ŽĨ ƐƉĞĐŝĨŝĐ ŝŶĨŽƌŵĂƚŝŽŶ ŶĞĞĚƐ ŝŶ ƌĞŐĂƌĚ ƚŽ Ă ďĞƚƚĞƌ ƵŶĚĞƌͲ
ƐƚĂŶĚŽĨĐůŝŵĂƚĞĐŚĂŶŐĞŝŶĂůŽĐĂůůĂŶŐƵĂŐĞ͘ŽŶĞƋƵĞŶƚůǇ͕ƉĞŽƉůĞƉĞƌĐĞŝǀĞĂĚĂƉƚĂƚŝŽŶĂƐďŽƌƌŽǁĞĚŝĚĞĂ͕
ϲ
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ĐŽŵŝŶŐǁŝƚŚďŝŐƐĐĂůĞŽďũĞĐƚŝǀĞƐĐŽŶƚƌĂƌǇƚŽƚŚĞƐŵĂůůŽŶĞƐƚŚĞǇĂƌĞƵƐĞĚƚŽ͘

ϯ͘ϲ

'ŽǀĞƌŶŵĞŶƚƌŽůĞŝŶĂĚĂƉƚĂƚŝŽŶĂĐƚŝǀŝƚŝĞƐƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ
dŚĞŐŽǀĞƌŶŵĞŶƚŝƐďĂƐŝĐĂůůǇŵŽƚŝǀĂƚĞĚďǇƚŚĞĐůŝŵĂƚĞĚŝƐĐŽƵƌƐĞĞůƐĞǁŚĞƌĞŝŶƚŚĞǁŽƌůĚ͕ůĞĂĚŝŶŐ

ŝƚƚŽĨƌĂŵĞĐůŝŵĂƚĞĐŚĂŶŐĞĂƐĂŶƵƌŐĞŶƚĂŶĚŐĞŶĞƌĂůŝǌĞĚƚŚƌĞĂƚƚŽƚŚĞŶĂƚŝŽŶĂůĚĞǀĞůŽƉŵĞŶƚŝŶŝƚƐEĂͲ
ƚŝŽŶĂůĚĂƉƚĂƚŝŽŶWƌŽŐƌĂŵŵĞŽĨĐƚŝŽŶ;EWͿ;hZdϮϬϬϳͿ͘,ŽǁĞǀĞƌ͕ƚŚĞEWŝƐŶŽƚĂƐƚƌĂƚĞŐŝĐƉŽůŝĐǇ
ĚŽĐƵŵĞŶƚ͕ĂŶĚŚĂƐŶŽƚďĞĞŶĂďůĞƚŽŵŽƚŝǀĂƚĞŽƌŐƵŝĚĞŶĂƚŝŽŶĂůĞĨĨŽƌƚƐƚŽĂĚĚƌĞƐƐĐůŝŵĂƚĞĐŚĂŶŐĞ͘ZĞͲ
ƐƉŽŶĚĞŶƚƐǁĞƌĞĚŝƐŐƵƐƚĞĚďǇƚŚĞĂďƐĞŶĐĞŽĨŶĂƚŝŽŶĂůĐůŝŵĂƚĞĐŚĂŶŐĞƉŽůŝĐǇƉŽůŝĐǇĂƐǁĞůůĂƐĂŶĂƚŝŽŶĂů
ĂĚĂƉƚĂƚŝŽŶƉůĂŶŽĨĂĐƚŝŽŶ͘tŚĞŶĐŽŵƉĂƌĞĚǁŝƚŚŽƚŚĞƌĞƋƵĂůůǇŝŵƉŽƌƚĂŶƚĂŶĚƉƌĞƐƐŝŶŐŝƐƐƵĞƐ͕ĚĞǀĞůŽƉͲ
ŵĞŶƚŽĨĐůŝŵĂƚĞĐŚĂŶŐĞƉŽůŝĐǇŚĂƐƚĂŬĞŶƐŽůŽŶŐ͘&ŽƌĞǆĂŵƉůĞĞŵĞƌŐĞŶƚŝƐƐƵĞƐƐƵĐŚĂƐŶĂƚƵƌĂůŐĂƐŚĂǀĞ
ƌĞĐĞŝǀĞĚƵƌŐĞŶĐǇĂƚƚĞŶƚŝŽŶĂƐŝŵŵĞĚŝĂƚĞĂƐƉŽƐƐŝďůĞŝŶƉŽůŝĐǇĂŶĚŶĂƚŝŽŶĂůĚŝĂůŽŐƵĞĂƐĐŽŵƉĂƌĞĚƚŽĐůŝͲ
ŵĂƚĞĐŚĂŶŐĞ͕ǁŚŝĐŚƐĞĞŵƐƚŽďĞĂĐĐĞƉƚĞĚďƵƚǁŝƚŚŽƵƚďĞŝŶŐĞŵďƌĂĐĞĚ͘

ϰ

ŽŶĐůƵƐŝŽŶ
dŚĞĞŵƉŝƌŝĐĂůĨŝŶĚŝŶŐƐŽĨƚŚŝƐƐƚƵĚǇƐĞƌǀĞƚŽƵŶĚĞƌƐĐŽƌĞƚŚĞĐŽŵƉůĞǆŝƚǇŽĨƚŚĞĂĐƚŝŽŶƐƚŽĂĚĂƉƚƚŽ

ĐůŝŵĂƚŝĐĐŚĂŶŐĞƐŝŶƚŚĞĐŽŶƚĞǆƚŽĨĂĚĞǀĞůŽƉŝŶŐĐŽƵŶƚƌǇ͘dŚĞƐƚƵĚǇŚŝŐŚůŝŐŚƚƐƚŚĞŶĞĞĚƚŽďƵŝůĚŽŶĞǆŝƐƚͲ
ŝŶŐƉƌĂĐƚŝĐĞƐ ĂŶĚůŽĐĂůŬŶŽǁůĞĚŐĞ͕ĂŶĚƚŽĨƵƌƚŚĞƌĞŶŐĂŐĞǁŝƚŚůĂƌŐĞƐĐĂůĞ ĂĚĂƉƚĂƚŝŽŶĂĐƚŝǀŝƚŝĞƐƐƵĐŚĂƐ
ƚŚŽƐĞ ƐƵƉƉŽƌƚĞĚ ďǇ ƚŚĞ ĚĂƉƚĂƚŝŽŶ &ƵŶĚ ĂŶĚ ŽƚŚĞƌ ĨƵŶĚŝŶŐ ĐŽŵŵŝƚŵĞŶƚƐ ďǇ ƚŚĞ hE&͘ dŚŝƐ ƐƚƵĚǇ
ƉƌŽƉŽƐĞƐ ĨƵƌƚŚĞƌ ƌĞƐĞĂƌĐŚ ŽŶ ƌĞĨŽƌŵƐ ƚŚĂƚ ǁŽƵůĚ ĂĚĚƌĞƐƐ ďĂƌƌŝĞƌƐ ƚŚĂƚ ƌĞĚƵĐĞ ƚŚĞ ĂďŝůŝƚǇ ŽĨ ƚŚĞ ůŽĐĂů
ĐŽŵŵƵŶŝƚǇƚŽĚĞĂůǁŝƚŚĐƵƌƌĞŶƚĞǆƚƌĞŵĞǁĞĂƚŚĞƌĞǀĞŶƚƐĂŶĚƚŚŽƐĞƚŚĂƚǁŽƵůĚƉƌĞƉĂƌĞƚŚĞĐŽŵŵƵŶŝƚǇ
ĨŽƌĨƵƚƵƌĞĐůŝŵĂƚĞĐŚĂŶŐĞ͘

ϱ

ĐŬŶŽǁůĞĚŐĞŵĞŶƚƐ

&ƵŶĚŝŶŐĨŽƌ ƚŚŝƐǁŽƌŬǁĂƐƉƌŽǀŝĚĞĚďǇƚŚĞ/ŶƚĞƌŐŽǀĞƌŶŵĞŶƚĂů WĂŶĞůŽŶůŝŵĂƚĞŚĂŶŐĞ ;/WͿƐĐŚŽůĂƌͲ
ƐŚŝƉƉƌŽŐƌĂŵŵĞĨŽƌĚŽĐƚŽƌĂůƐƚƵĚĞŶƚƐŚŝƉŝŶĐůŝŵĂƚĞƐĐŝĞŶĐĞƐƚƵĚŝĞƐƚŚƌŽƵŐŚƚŚĞWƌŝŶĐĞůďĞƌƚ//ŽĨDŽŶĂͲ
ĐŽ&ŽƵŶĚĂƚŝŽŶ͘




ϳ
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ϲ

ZĞĨĞƌĞŶĐĞƐ


ŚŵĞĚ͕^͘͘ĞƚĂů͕͘ϮϬϭϭ͘ůŝŵĂƚĞ ǀŽůĂƚŝůŝƚǇĂŶĚƉŽǀĞƌƚǇǀƵůŶĞƌĂďŝůŝƚǇŝŶdĂŶǌĂŶŝĂ͘ 'ůŽďĂůŶǀŝƌŽŶŵĞŶƚĂů
ŚĂŶŐĞ͕Ϯϭ;ϭͿ͕ƉƉ͘ϰϲʹϱϱ͘
ŽǀĞƌƐ͕^͕͘ϮϬϬϵ͘EŽƌŵĂůŝǌŝŶŐĂĚĂƉƚĂƚŝŽŶ͘'ůŽďĂůŶǀŝƌŽŶŵĞŶƚĂůŚĂŶŐĞ͕ϭϵ;ϭͿ͕ƉƉ͘ϰʹϲ͘
&ƺƐƐĞů͕,͘ͲD͕͘ϮϬϬϳ͘ĚĂƉƚĂƚŝŽŶƉůĂŶŶŝŶŐĨŽƌĐůŝŵĂƚĞĐŚĂŶŐĞ͗ĐŽŶĐĞƉƚƐ͕ĂƐƐĞƐƐŵĞŶƚĂƉƉƌŽĂĐŚĞƐ͕ĂŶĚŬĞǇ
ůĞƐƐŽŶƐ͘^ƵƐƚĂŝŶĂďŝůŝƚǇ^ĐŝĞŶĐĞ͕Ϯ;ϮͿ͕ƉƉ͘ϮϲϱʹϮϳϱ͘
'ůŽďĂůůŝŵĂƚĞĚĂƉƚĂƚŝŽŶWĂƌƚŶĞƌƐŚŝƉ͕'͕͘ϮϬϭϭ͘dŚĞĞĐŽŶŽŵŝĐƐŽĨĐůŝŵĂƚĞĐŚĂŶŐĞŝŶƚŚĞhŶŝƚĞĚZĞƉƵďůŝĐ
ŽĨdĂŶǌĂŶŝĂ͕'ůŽďĂůůŝŵĂƚĞĚĂƉƚĂƚŝŽŶWĂƌƚŶĞƌƐŚŝƉĂŶĚƉĂƌƚŶĞƌƐ͘
'ƌŽƚŚŵĂŶŶ͕d͘ΘWĂƚƚ͕͕͘ϮϬϬϱ͘ĚĂƉƚŝǀĞĐĂƉĂĐŝƚǇĂŶĚŚƵŵĂŶĐŽŐŶŝƚŝŽŶ͗dŚĞƉƌŽĐĞƐƐŽĨŝŶĚŝǀŝĚƵĂůĂĚĂƉͲ
ƚĂƚŝŽŶƚŽĐůŝŵĂƚĞĐŚĂŶŐĞ͘'ůŽďĂůŶǀŝƌŽŶŵĞŶƚĂůŚĂŶŐĞ͕ϭϱ;ϯͿ͕ƉƉ͘ϭϵϵʹϮϭϯ͘
,ĂůƐŶčƐ͕<͘ ΘdƌčƌƵƉ͕ ^͕͘ϮϬϬϵ͘ĞǀĞůŽƉŵĞŶƚĂŶĚůŝŵĂƚĞŚĂŶŐĞ͗DĂŝŶƐƚƌĞĂŵŝŶŐƉƉƌŽĂĐŚĨŽƌƐͲ
ƐĞƐƐŝŶŐ ĐŽŶŽŵŝĐ͕ ^ŽĐŝĂů͕ ĂŶĚ ŶǀŝƌŽŶŵĞŶƚĂů /ŵƉĂĐƚƐ ŽĨ ĚĂƉƚĂƚŝŽŶ DĞĂƐƵƌĞƐ͘ ŶǀŝƌŽŶŵĞŶƚĂů
DĂŶĂŐĞŵĞŶƚ͕ϰϯ͕ƉƉ͘ϳϲϱʹϳϳϴ͘
<Ğƌƌ͕ Z͕͘͘ ϮϬϭϭ͘ dŝŵĞ ƚŽ ĚĂƉƚ ƚŽ Ă tĂƌŵŝŶŐ tŽƌůĚ͕ Ƶƚ tŚĞƌĞ͛Ɛ ƚŚĞ ^ĐŝĞŶĐĞ͍ ^ĐŝĞŶĐĞ͕ ϯϯϰ;ϲϬϱϵͿ͕
ƉƉ͘ϭϬϱϮʹϭϬϱϯ͘
DĞƌƚǌ͕K͘ĞƚĂů͕͘ϮϬϬϵ͘ĚĂƉƚĂƚŝŽŶƚŽůŝŵĂƚĞŚĂŶŐĞ ŝŶĞǀĞůŽƉŝŶŐŽƵŶƚƌŝĞƐ͘ŶǀŝƌŽŶŵĞŶƚĂůDĂŶĂŐĞͲ
ŵĞŶƚ͕ϰϯ;ϱͿ͕ƉƉ͘ϳϰϯʹϳϱϮ͘
DŽƌŐĂŶ͕ '͕͘ ĚĂŵƐ͕ W͘ Θ <ĞŝƚŚ͕ ͕͘ ϮϬϬϲ͘ ůŝĐŝƚĂƚŝŽŶ ŽĨ ĞǆƉĞƌƚ ũƵĚŐŵĞŶƚƐ ŽĨ ĂĞƌŽƐŽů ĨŽƌĐŝŶŐ͘ ůůŝŵĂƚĞ
ŚĂŶŐĞ͕ϳϱ͕ƉƉ͘ϭϵϱʹϮϭϰ͘
^ŵŝƚ͕ ͘ Θ tĂŶĚĞů͕ :͕͘ ϮϬϬϲ͘ ĚĂƉƚĂƚŝŽŶ͕ ĂĚĂƉƚŝǀĞ ĐĂƉĂĐŝƚǇ ĂŶĚ ǀƵůŶĞƌĂďŝůŝƚǇ͘ 'ůŽďĂů ŶǀŝƌŽŶŵĞŶƚĂů
ŚĂŶŐĞ͕ϭϲ͕ƉƉ͘ϮϴϮʹϮϵϮ͘
^ŽǀĂĐŽŽů͕͘<͘ĞƚĂů͕͘ϮϬϭϮ͘/ŵƉƌŽǀŝŶŐĐůŝŵĂƚĞĐŚĂŶŐĞĂĚĂƉƚĂƚŝŽŶŝŶůĞĂƐƚĚĞǀĞůŽƉĞĚƐŝĂ͘ŶǀŝƌŽŶŵĞŶƚĂů
^ĐŝĞŶĐĞ Θ WŽůŝĐǇ͕ Ϯϭ;ϬͿ͕ ƉƉ͘ϭϭϮʹϭϮϱ͘^ƚƌŝŶŐĞƌ͕ >͘͘ Ğƚ Ăů͕͘ ϮϬϬϵ͘ ĚĂƉƚĂƚŝŽŶƐ ƚŽ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ͕
ĚƌŽƵŐŚƚ ĂŶĚ ĚĞƐĞƌƚŝĨŝĐĂƚŝŽŶ͗ ůŽĐĂů ŝŶƐŝŐŚƚƐ ƚŽ ĞŶŚĂŶĐĞ ƉŽůŝĐǇ ŝŶ ƐŽƵƚŚĞƌŶ ĨƌŝĐĂ͘ ŶǀŝƌŽŶŵĞŶƚĂů
^ĐŝĞŶĐĞΘWŽůŝĐǇ͕ϭϮ;ϳͿ͕ƉƉ͘ϳϰϴʹϳϲϱ͘
hZd͕dŚĞhŶŝƚĞĚZĞƉƵďůŝĐŽĨdĂŶǌĂŶŝĂ͕ϮϬϬϳ͘EĂƚŝŽŶĂůĂĚĂƉƚĂƚŝŽŶƉƌŽŐƌĂŵŽĨĂĐƚŝŽŶ͕ĂƌĞƐƐĂůĂĂŵ͗sŝĐĞ
WƌĞƐŝĚĞŶƚ͛ƐKĨĨŝĐĞ͘
tŽůĨ͕:͕͘ůůŝĐĞ͕/͘ΘĞůů͕d͕͘ϮϬϭϮ͘sĂůƵĞƐ͕ĐůŝŵĂƚĞĐŚĂŶŐĞ͕ĂŶĚŝŵƉůŝĐĂƚŝŽŶƐĨŽƌĂĚĂƉƚĂƚŝŽŶ͗ǀŝĚĞŶĐĞĨƌŽŵ
ƚǁŽ ĐŽŵŵƵŶŝƚŝĞƐ ŝŶ >ĂďƌĂĚŽƌ͕ ĂŶĂĚĂ͘ 'ůŽďĂů ŶǀŝƌŽŶŵĞŶƚĂů ŚĂŶŐĞ͘ ǀĂŝůĂďůĞ Ăƚ͗
ŚƚƚƉ͗ͬͬǁǁǁ͘ƐĐŝĞŶĐĞĚŝƌĞĐƚ͘ĐŽŵͬƐĐŝĞŶĐĞͬĂƌƚŝĐůĞͬƉŝŝͬ^ϬϵϱϵϯϳϴϬϭϮϬϬϭϯϴϬ͘
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6

Abstract — Two misconceptions on the adaptive potential of forests occur in climate change

7

impact assessments. The first is that forests would be unable to adapt genetically, as climate change

8

occurs within the lifespan of trees. However, selection takes place continuously in the regeneration

9

phase of the forest when the number of individuals are reduced from many thousands seedlings to

10

several hundred trees per hectare. Thus, although an individual tree might face century or more

11

changing climate, the population where this tree dies may already strongly deviate in its genetic makeͲ

12

up compared to the population in which the tree germinated. The second misconception is that

13

differences between tree species or woody plant functional types are more important for climate

14

change assessments than differences within a tree species. However, there is ample evidence that

15

provenances have adapted to their local environment and consequently differ in their response to

16

climate change. The ForGEM model attempts to accommodate for both misconceptions by combining a

17

classical processͲbased individualͲtree model with a quantitative genetic model. The model parameters

18

can be characterized by the genetic model and result in local adaptation. KeyͲresults of the application

19

of the ForGEM model in climate change assessment are that genetic adaptation is indeed possible

20

within a few generations for important adaptive traits such as phenology and water use, and that the

21

rate of response of adaptive traits to climate change is strongly affected by forest management. We

22

argue that, based on: 1) observational findings of different responses of populations of the same species

23

to climate change due to local adaptation, 2) the simulated findings of adaptive responses within the

24

time frame of climate change, and 3) the vast technological development in genome wide association

25

studies, it is necessary and feasible to include genetic adaptive processes in crossͲsectorial climate

26

change assessment studies.

27

IndexTerms— adaptation, adaptive capacity, climate change, extreme events, genetic diversity
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1

Introduction

2
3

Genetic diversity is the ultimate source based on which species adapt to climate change (Geburek and

4

Turok, 2005). Evolution resulted in the adaptation of plant species to local climatological conditions and

5

consequently they respond differently to climate change. Also within plant species, local adaptation has

6

occurred over time. Transplantation trials of tree species throughout Europe have shown that

7

provenances, transferred within the geographic range of the species, differ in degree and even in sign of

8

their response to changes in precipitation and temperature (Mátyás, 1996). This genetic diversity within

9

a species, as a result of adaptation to local environmental conditions, is important at the limits of species

10

distributions (Hampe and Petit, 2005). Genetic diversity is typically lowest at the expanding front of the

11

species’ distribution and highest at the retreating limit, thereby affecting the survival of the individual

12

trees and thus the rates of expansion and retreat, respectively (Petit and Hampe, 2006). In the centre of

13

the species distribution, it is particularly the vulnerability to extreme events and the capacity to recover

14

from these events, where genetic diversity within a species plays an important role (Parmesan et al.,

15

2000, Bengtsson et al., 2000). Management can have a major impact on the genetic diversity of

16

perennial plant species (Valladares, 2008). Selection aiming at maximization of productivity of forestͲ

17

and fruit trees and nutͲbearing trees reduces genetic diversity. Also management measures to mitigate

18

climate change impacts by means of assisted migration outside the existing species range, may decrease

19

the capacity of the species to adapt to onͲgoing climate changes because of a too low initial genetic

20

diversity (Leech et al., 2011, McLachlan et al., 2007).

21

Current climate change assessment modelling ignores local adaptation of long living perennial

22

plant species, such as trees. In this paper we argue that genetic diversity is an important issue that needs

23

to be included in crossͲsectorial climate change impact assessment studies. We indicate how adaptive

24

capacity and adaptation, in a genetic sense, can be included in climate change assessment models to

25

attain more useful local predictions.

26

2
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2

Modellingadaptivecapacityandadaptation

2
3

2.1

Quantitativegenetics

4
5

Adaptation is the dynamic evolutionary process that leads to a trait becoming adapted to local

6

environmental conditions by means of natural selection, i.e. differential survival as a consequence of

7

differences in values of the trait under selection. Adaptive capacity in its genetic sense is potential of a

8

population to respond to an environmental change by having its genetic composition modified and, as a

9

consequence, also the phenotypic expression of functional traits. The population thereby becomes

10

better adapted to the new environmental conditions.

11

Quantitative genetics is the part of genetics that studies polygenic traits, i.e. traits that are under

12

the influence of many loci (i.e. the location of the genetic information of a trait on the DNA string), each

13

locus with two to many alleles (i.e. variation in the genetic information for that locus in the population).

14

As there are many loci and potentially many alleles, the contribution of a single locus and allele on the

15

phenotypic expression of the trait is only small. The contribution of the alleles and loci to the phenotypic

16

values of a trait can be partitioned into additive, dominance (allele x allele interactions), epistasis (locus x

17

locus interactions) and a remaining nonͲgenetic component (Falconer and Mackay, 1996). Quantitative

18

genetic studies are often restricted to additive effects because this is the component being inherited,

19

and the determination of dominances and epistasis requires extensive experimental designs. As the

20

additive allelic effects are considered constant, a particular combination of alleles over the loci

21

determine the genotypic value of the traits, which, enlarged with the environmental component, defines

22

the phenotypic value of a trait for an individual organism. Differential survival as a consequence of

23

climate change, results in changes in the frequency of the alleles and thereby a change of the

24

distribution of phenotypic values of a population. Thus, the population adapts to local environmental

25

conditions. As a consequence of adaptation, some alleles will be lost from the population, either

26

because these allelic effects are unfavourable under the new conditions or because of genetic drift. This

27

loss in genetic diversity results in a reduced adaptive capacity to future environmental changes. Genetic

28

processes to increase genetic diversity of adaptive traits are immigration of genetic material by gene

29

flow from other populations, and mutation. In case of perennial plants, gene flow means input of pollen

3
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1

and seeds, or planting of new genetic material. Considering mutation, the low natural rate of mutation

2

makes that this is in a time frame of a few generations relevant only for very large randomly mating

3

populations.

4
5

2.2

BridgingecoͲphysiologyandquantitativegeneticsinplantmodels

6

Dynamic global vegetation models assume a unique set of parameter values to characterise a plant

7

functional type. At the global scale, the interest is in predicting shifts of the boundaries between plant

8

functional types. It is unlikely that genetic processes determine the rate of change of boundaries

9

between major vegetation zones under the influence of climate change, however, it is affected by

10

adaptive capacity of the species. Also in the centre of the species area, adaptive capacity may have an

11

important effect on the rate of adaptation of resource acquisition and therefore competitive ability of

12

the species, and on the response to extreme events.

13

An individualͲplant model in which processͲbased modelling is connected to a quantitative

14

genetic representation of ecoͲphysiological parameters is the ForGEM model (Kramer et al., 2008,

15

Kramer and van der Werf, 2010). In principle each of the model parameters can be characterized by the

16

genetic model and evolved due to environmental change. The genetic system can be initialised

17

(determining initial allele frequencies and assigning allelic effects) either by taking a statistical approach

18

or by using observed allele frequencies and allelic effects for Quantitative Trait Loci (QTLs) or Candidate

19

Genes (CGs) determined in experimental populations (Brendel et al., 2008). As the initial distribution of

20

allele frequencies has a strong effect on the simulated rate of the adaptive response, we currently

21

assume on theoretical considerations that initially the allele frequency distribution follows a UͲshaped

22

beta distribution, phi. (Fig 1.) The allele frequency distribution is a function of the heterozygosis of the

23

traits (H) and the number of alleles (k) (Nei, 1987). Inverting the cumulative distribution of phi leads to

24

the initial allele frequencies (Fig. 2, see (Kramer et al., 2008) for details). Reasonable values for

25

quantitative traits are: number of loci, nLoci =10, H=0.25 and k=2 (Kramer et al., 2008).

4
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Fig. 3. Normalised additive allelic effects assigned to diͲallelic multiͲlocus traits, under the constraint of

4

the distribution of allelic frequencies as indicated in Figs. 1 and 2 with k=2 and H=0.25. With a low

5

number of loci (nLoci < 7) two symmetric allelic effects are attained. At higher values for the number of

6

loci per trait, all alleles have virtually the same effect on the genotype.

7
8

Currently all information is available to initialise the ForGEM model at the European scale, though such

9

model runs have yet to be made. Daily meteorological parameters are obtained from the ISIͲMIP

10

database. The initialisation of forest stands is based on a database containing the abundance of 20 tree

11

species at a 1x1 km resolution over Europe (Brus et al., 2012). Using species abundance at a location, a

12

plot with observed stand information from a National Forest Inventories (NFI) database is selected with

13

approximately the same species abundance. The statistics of the NFI plot are then used to generate a

14

forest stand with statistically the same characteristics (Fig. 4). Soil characteristics required are those to

15

determine water availability according to pedotransfer functions (Wösten et al., 1999, Wösten et al.,

16

2001). For forest management, we follow the classification of Forest Management Approach (Table 1,

17

(Duncker et al., 2012)), projected to the European scale (Fig. 5, (Hengeveld et al., 2012)). This approach

18

can accommodate scenario assumptions on changes in forest management due to policy and market
7

484

Modelling genetic adaptive responses

1

developments. As simulations at the European scale for each km2 grid cell is too calculation intensive, a

2

stratified sampling scheme is used based on the Global Environmental Stratification (Metzger et al.,

3

2005, Metzger, in press).

4

5
6

Fig. 4. Visualisation of a stand used to initialise the ForGEM model. Spatial distribution of trees and

7

diameter distribution of observed plot with individually measured trees and the same representation of

8

a generated plot based on stand statistics (density per species, mean and coefficient of variation of

9

height and diameter at breast height) of the observed plot. Note that spatial structure is not accounted

10

for in the generated plot. Yellow trees – Quercus robur; Orange trees – Fagus sylvatica; Green trees –

11

Fraxinus excelsior. Visualized with Stand Visualisation System SVS, (McGaughey, 1997).

12

8
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Table 1. Characterisation of Forest Management Approaches (FMAs) (Duncker et al., 2012).
FMA

title

management

objective





intensity



1

unmanaged forest /

passive

nature reserve
2

closeͲtoͲnature

to allow natural processes and natural disturbance regimes
to develop without management intervention

low

to manage a stand with the emulation of natural processes
as a guiding principle; any management intervention in the

forestry

forest has to enhance or conserve the ecological functions
of the forest
3

combined objective

medium

a mix of different objectives, additional objectives to timber
production can be water and soil protection, mushroom

forestry

production, habitat protection, avalanche prevention, game
management and nature protection, fire prevention and/or
recreation, and are adapted to the local situation
4

intensive evenͲaged

high

to produce timber

forestry
5

short rotation
forestry

intensive

to produce the highest amount of merchantable timber or
wood biomass

2

9
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1

3

Fig. 5. Distribution of Forest Management Approaches (FMAs) over Europe (Hengeveld et al., 2012). See
Table 1 for a characterisation of the FMAs.

4

.

2
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1

3

DiscussionandConclusions

2
3

The overall conclusions based on applications of the ForGEM model for climate change assessment

4

studies at stand level are, firstly, that genetic adaptation of forest trees is possible within two to three

5

rotations for important adaptive traits as phenology and water use; secondly, that the rate of response

6

of adaptive traits to climate change is strongly affected by forest management (Kramer et al., 2010). The

7

currently onͲgoing whole genome studies will vastly increase the rate at which associations between

8

QTLs and CGs and functional traits are found. Therefore,, a large amount of directly useable genetic

9

information is likely to emerge in the near future for many economically important tree species (Neale

10

and Kremer, 2011). That will improve the initialisation of the genetic system in ForGEM for local

11

populations and thereby increase the accuracy of the adaptive responses to climate change. In

12

combination with the observed findings that different provenances of the same species of trees can

13

strongly differ in their response to a similar change in the climate (Mátyás, 1996), this means that it is

14

necessary and feasible to include genetic processes in climate change assessment studies. IndividualͲ

15

based models are essential for such analyses, as both climate envelop models and processͲbased models

16

that include parameters that can only be determined at the population level, may predict local extinction

17

even if growing conditions improve (Kramer et al., 2012).(Kramer et al., 2012).

18

CrossͲsectorial analyses can be performed with less uncertainty by including genetic processes in

19

existing individualͲ, processͲbased climate change assessment models. In particular market sectors such

20

as forestry, agroͲforestry, and agricultural systems with fruit trees and nutͲbearing trees can only

21

respond with adaptation and mitigation measurements if uncertainties for alternatives of local trees are

22

reduced. Overall, a stable environment in terms of perennial plant species is an essential requirement for

23

human wellͲbeing, health, survival, migration and social stability. Genetic diversity of these species is an

24

important aspect of environmental sustainability (Kremer, 2006) and resilience (Kramer, 2007) in the

25

face of climate change, and needs to be taken account in crossͲsectorial analyses and modelling interͲ

26

comparisons.

27
28
29

11
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Abstract— Despite climate change impacts of -21% to +3% in vegetal production by 2050, the
food system could keep pace with an increasing demand for agricultural products at
reasonable prices, thanks to a large number of autonomous adjustments in the food system.
However, uncertainty about the future climate change impacts could reduce their effective
occurrence or their adequacy. Using the EPIC-GLOBIOM model, we evaluate resilience
properties of the food system and the required adaptations under various climate change
scenarios. Due to the high dispersion of biophysical impacts between crops, regions, and
climate change scenarios, we diagnose non-marginal and significantly uncertain changes in
the location and specialization of production systems, which may thus present rigidities, or
reveal adequate to a limited part of potential climate change trajectories. In such cases, the
assumption of a climate change-resilient food system does not hold as prices are significantly
affected, with various adverse impacts, contrasted among actors (consumer vs. producer) or
regions. Our results suggest that building a climate change-resilient food system under an
uncertain climate change remains an underestimated challenge, requiring dedicated research
efforts and policy implication towards robust solutions for production systems.
Index Terms—Climate change impact, Uncertainty, Adaptation, Food system, Resilience
————————————————————

1

Introduction

Recent results confirm potential yield losses over low latitude areas even under a local increase in temperature below 3°, and global-wide losses under higher local temperature increase (Gornall et al. 2010;
Rosenzweig et al. 2013; Iglesias et al. 2011). These impacts should not hamper the ability of the food
system to keep pace with growing demand by 2050, with a small induced increase in food prices
(Godfray et al. 2010; Fischer et al. 2005; Parry et al. 2004). Such resilience relies on a large number of

1
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adjustments assumed to occur autonomously, and ranging from adoption of alternative crop management practices, to market-driven adjustments in the location and specialization of production, in trade
flows, and to targeted research and development efforts (Antle & Capalbo 2010; Smit & Skinner 2002;
Easterling et al. 2007).
However, it has also been recognized that the uncertainty concerning climate change impacts and adaptations implies a higher probability for both reduced and inadequate adaptations in the food system,
(Antle & Capalbo 2010; Adger et al. 2007; Howden et al. 2007; J. M. Reilly & Schimmelpfennig 2000; M.
Reilly & Willenbockel 2010; Tol et al. 1998; Adger et al. 2012; Barnett & O’Neill 2010). Firstly, uncertainty
in the impacts of a single climate change scenario could threaten the design of adequate adaptations,
due to either significant uncertainty in local impacts, or significant changes in the local economic value of
production associated with regionally heterogeneous impacts across the globe, as mediated through
markets. Secondly, even if adequate adaptation measures are clearly identified under a specific change
in climate, they could vary substantially among climate change projections. These uncertainties could (i)
form a barrier to adaptation by requiring substantial awareness and learning (e.g., adaptation of production orientation), (ii) delay the implementation of long-lived adaptation that require substantial investment (e.g., relocation of agricultural activities and processing chains, or building basin-scale water resource management structures) due to the option value to information, (iii) alter the nature of adequate
adaptation by enhancing the range of potential climate conditions a climate-ready food system need to
cope with.
In this paper we set out to investigate the potential for and the consequences of both reduced and inadequate response of the food system to climate change. We use a modelling framework coupling the EPIC
crop model and the GLOBIOM bottom-up partial equilibrium model of the agricultural sector, under a
wide range of climate change projections provided under the ISI-MIP project. This analysis enables us to
answer the following questions: what is the range of climate change impacts and adequate adaptations
at the scale of production systems? What are the implications of disregarding rigidities impeding full adaptation, or non-robust adaptations, and can we identify adverse lock-in situations to be avoided?

2

Methodology

In addition to a no climate change reference, we considered 9 scenarios for the future climate, as estimated by a range of five different climate models (GCMs) under a single perturbation trajectoriy RCP 8.5

2
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(Van Vuuren et al. 2011)), and four RCPs for one GCM (HadGEM2-ES). Their biophysical impacts on crop
productivity and input requirements have been estimated for 18 crops using the EPIC crop model
(Izaurralde et al. 2006), accounting the effect of CO2 on crops, under three crop management systems
(irrigated and rain-fed high fertilization systems, and rain-fed low fertilization systems). We assume a limited adaptation of crop management practices, e.g., moderate shifts in crop calendar, and in water and
fertilizer application rate (within crop management system boundaries). The global recursive dynamic
partial equilibrium model Global Biosphere Management Model GLOBIOM (Havlík et al. 2011) was used
to derive the consequences of such biophysical impact for the agricultural sector up to 2050. Implicit
product supply functions are based on detailed, geographically explicit Leontieff production functions,
while demand is included explicitly through CES functions. Prices and international trade flows are endogenously determined for the respective 30 aggregated world regions. The reference projections of the
agricultural sector’s driving forces, affecting the demand for food, feed and bioenergy uses, and the production possibilities (e.g., technological progress) are based on the quantitative projections of the ‘Middle of the Road’ Shared Socio-Economic Pathway SSP2 (O’Neill et al. 2011). More details on the modelling framework are provided in the appendix.

Modelled adaptations of agricultural systems rely on endogenous variables: the share of cropland and
grassland within available heterogeneous land categories, and its allocation to various types of production (crops and livestock) and management systems. We considered 3 different adaptation assumptions:
(i) producers have full reactivity, with prefect knowledge of the actual consequences of a specific climate
change scenario (FULL ADAPT scenario); (ii) producers face constrains that prevent any adaptation relative to climate change consequences (BARRIER scenario, producers’ behavior constrained to the optimal
solution under no climate change reference, full adaptation in trade and consumption); (iii) producers
misinterpret the on-going climate change, and adapt proactively to a climate change scenario different
from the one materializing (MALADAPT scenario, producers’ behavior constrained by the optimal solution under another climate change scenario, full adaptation in consumption and trade).

3
3.1

Results
Biophysical impacts

By 2050, the biophysical impact on global vegetal production ranges from -11% to +3% for various climate change scenarios (Fig.1, -21% if no CO2 effects), which is comparable to previous estimates. The
3
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impact is more sensitive to the choice of the GCM than to the choice of the RCP, significantly sensitive to
CO2 effects, and significantly variable aross crops (Sup. Table1 in appendix). The range of local impact
across crops is superior to 30% in many places, while it is lower than 15% across crop management systems across in most places (Sup. Fig.1). Lastly, there are significant differences across GCMs in the local
averaged impact (Sup. Fig.1), whose sign can be opposite between scenarios for large regions.

Fig.1: Decomposition of climate change and full adaptation impacts on world vegetal calorie production, in percentage of change relative to the reference without climate change in 2050, into biophysical effects on productivity (CC Shock), changes in the allocation of crop management systems (MGMT Adpt), and production relocation
(REAL Adpt) summing up to global change cropland productivity (EFFECT Yield). Global cropland extent (EFFECT
Area) is further adapted to provide the final impact (TOTAL). Bars present GCM HadGCM2-ES under RCP 8.5, while
error bars denote the range for 4 other GCMs under the same RCP (dotted) or 3 other RCP under the same GCM
(solid). Stars represent values under the HadGCM2-ES GCM and RCP 8.5 without CO2 effects.

4
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3.2

Autonomous adaptation and food system resilience

Under FULL ADAPT, the final impact on production is much smaller than the biophysical impact (-5% to
+1%, last column in Fig.1), food consumption is weakly affected (-3% to +0%), while effects on world
price indices range from -1% to +5% (for crop products) and from -1% to +3% (for livestock products).
These results are consistent with earlier findings that by 2050 the final climate change impact on global
food consumption would not decrease more than a few percent with limited price increases, if accounting for adjustments in the food system (Easterling et al. 2007).
Using a decomposition method, we estimated the effects of different adaptation mechanisms on global
vegetal calorie production (Fig.1), as:
ͻ

Adjustment of global cropland productivity (assuming reference cropland by 2050, 4th column,

YIELD effect), through changes in crop management (2nd column, MGMT), and reallocation of cropland
across crops and agricultural land units (3rd column, REAL), in contrary to reallocations (from -1% to
+6%), which rely twice as much on intra-region than inter-region reallocations.
ͻ

Adjustment of global cropland extent (assuming reference productivity by 2050, 5th column, AR-

EA effect). Both beneficial and detrimental yield effects are compensated: for almost all GCMs under RCP
8.5, cropland is reduced (up to -5%) due to yield gains, while for HadGEM2-ES cropland is increased (up
to +6% without CO2 effects).

3.3

Potential for and consequences of reduced or inadequate adaptation

The range across GCMs under RCP 8.5 of required adjustments in the area allocated to the dominant
crop (Figure 2a) represent by 2050 more than two thirds of local reference cropland extent in many parts
of the world. The range of regional-scale changes in total cropland is also significant (Figure 2b), in contrary to adaptations in crop management systems. There is consequently a high potential for reduced or
inadequate adaptation concerning the adjustment in the location and specialization of production systems, due to the uncertainty concerning future climate.
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Fig. 2: Spread of optimal land allocation adjustments across climate change scenario. a) Spread of optimal
change in the area allocated to the major crop by 2050, i.e. difference between maximum and minimum change in
area allocated to the major crop by 2050 across 5 GCMs under RCP 8.5 (in percentage of reference cropland). b)
Spread of optimal change in total cropland by region and GCM, computed by 2050 as the relative difference between reference and GCMs specific values of the total regional cropland values (under RCP 8.5).

If considering reduced adaptation (BARRIER scenario), final changes in vegetal production follow the biophysical effect (-11% to +3%), and world price indices significantly deviate (from -32% to +28% for crop
products). If adapting to a climate change different from the one materializing (MALADAPT), changes in
vegetal production range from -15% to +9%, while crop price indices range from -40% to +63%. In both
cases, the food system cannot be considered as resilient to climate change anymore, and asymmetric
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impacts appear between producers and consumers (Fig.3): food consumption losses occur if not adapting to a pessimistic climate change (e.g., HadGEM2-ES under RCP 8.5, -6%, or -13% if no CO2 effects), or if
anticipating a climate change scenario more optimistic than the one materializing (e.g., anticipating
GFDL-ESM2M under RCP 8.5 while another one materializes, -1% to -9%), while it is the opposite for
producers’ revenue. Locking into the adaptation to a wrong climate change trajectory is always worse
than not adapting for either producers or consummers: from the producer (resp. consumer) point of
view, it is worse (rep. better) to anticipate a pessimistic climate change scenario than not adapting, and
the way around if anticipating an optimistic scenario.

Fig. 3: Consequences of various adaptation scenarios for producers and consumers. Circles (respectively triangles)
display the change at world level in producers’ revenue (resp. calorie consumption) for a specific (climate change x
adaptation) scenario compared to the reference. Vertical dashed lines separate the different adaptation assumptions. Colors tag the actual climate change scenario occurring (except MALADAPT), or the anticipated climate
change scenario (MALADAPT).
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4

Concluding remarks

We show that by 2050 climate change impacts on vegetal production are significant but uncertain: while
global potential losses range from -21% to +3%, the impacts are locally particularily variable across crops,
and show large regional differences across climate models. The adequate adaptations at the scale of
production systems are consequently both non-margnial and widely uncertain by 2050, with significantly
climate model-dependent changes in the location and specialization of production, and a more robust
rise in irrigated systems.
The optimal path of adaptation will be difficult to embark upon under such uncertainty, and our results
suggest a potential for reduced or inadequate adaptation. Under such assumptions, the commonly
acknowledge resilience of the food system to climate change by 2050 appear overly optimistic, as production levels and prices are widely affected. Adverse consequences can be expected between regions or
actors of the food system (producers vs. consumers), meaning that it is not possible to identify a reduced
part of potential changes in climate to which anticipated adaptation would reveal robust for everyone.
Indeed, such strategy would even always be worse than not adapting for either producers or consumers
at the world level.
On the basis of our results, it is our firm opinion that building a climate change-resilient food system has
been an underestimated challenge, which requires larger and adequate policy and research efforts. Firstly, lowering the potential for reduced or inadequate adaptations through climate impact research is
needed, but achievements could be limited (Roe & Baker 2007), and designing robust systems under uncertainty requires the mobilization of appropriate concepts (S. Hallegatte 2009). Secondly, our understanding of adaptation is limited, and significant research is needed to identify and overcome barriers to
adaptation (Biesbroek et al. 2013), and move towards an understanding of dynamic adaptation pathways
(Downing 2012). Lastly, food system resilience need to be evaluated under wider assumptions (e.g., socio-economic pathways, or the achievement of environmental targets), alltogether challenging our understanding and ability to sustainably manage the biosphere (Rounsevell et al. 2012).
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6

Appendix
Spread GCMs (RCP8p5)
with CO2 effects

All scenarios
with CO2 effects

CEREALS
Barley
Corn(‡)
Wheat
Rice
Millet(‡)
Sorghum(‡)
ROOTS
Cassava
Potato
Sweet potato
PULSES
Dry beans
Chick peas
OIL. OTHER
Cotton
Groundnut
Oilpalm (§)
Rapeseed
Sunflower
Soya bean
SUGAR
Sugarcane(‡)
C3 CROPS
C4 CROPS
ALL
DVPD
DVPG

m.
-5
13
-11
3
-5
-14
-18
-6
-13
-4
5
1
5
-17
-9
-17
-22
-26
16
4
-5
-21
-21
-1
-14
-6
-8
-4

mi.
-9
6
-21
0
-9
-27
-28
-8
-17
-10
1
-4
3
-28
-15
-28
-32
-34
6
-4
-14
-37
-37
-4
-23
-11
-24
-11

ma.
7
26
8
10
3
9
-1
7
6
2
16
10
17
-5
-2
-4
-15
-17
23
22
4
-11
-11
5
0
3
17
1

R
(*)
16
20
29
10
12
36
27
15
23
12
15
14
15
23
13
24
17
17
17
26
18
26
26
9
23
`14
41
12

S
(†)
x
x

x

x
x
x
x
x
x
x
x

x
x

m.
-2
21
-9
3
-2
6
-15
2
-2
-4
7
1
8
-17
-5
-16
-17
-25
17
13
-2
-26
-26
2
-14
-4
-2
-4

mi.
-9
9
-21
0
-9
-27
-28
-8
-17
-10
1
-4
3
-28
-15
-28
-32
-34
6
-4
-14
-37
-37
-4
-23
-11
-24
-11

ma.
7
26
8
10
3
9
-1
7
6
2
16
10
17
-8
-2
-4
-15
-17
23
22
4
-20
-20
5
0
3
17
1

R
(*)
16
20
29
10
12
36
27
15
23
12
15
14
15
20
13
24
17
17
17
26
18
17
17
9
23
14
41
12

CO2 effect
(HadGEM2ES; RCP8p5)

Spread RCPs (HadGEM2-ES)
with CO2 effects
S
(†)
x
x

x

x
x
x
x
x
x
x

x
x

m.
-6
11
-14
3
-6
-19
-20
-7
-16
-5
5
-1
4
-14
-11
-19
-25
-27
16
-2
-8
-16
-16
-3
-15
-7
-18
-5

mi.
-9
6
-21
1
-9
-22
-28
-8
-17
-8
4
-3
3
-19
-15
-28
-32
-34
10
-4
-14
-26
-26
-4
-23
-11
-24
-8

ma.
-4
15
-11
6
-4
-11
-17
-6
-14
-3
7
2
5
-5
-9
-13
-19
-23
23
2
-5
-11
-11
-1
-12
-6
-10
-3

R
(*)
5
9
10
5
5
11
11
2
3
5
3
5
2
14
6
15
13
11
12
6
9
15
15
3
11
5
14
5

S
(†)
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

yes
-9
15
-21
3
-9
-22
-28
-8
-17
-8
7
-3
3
-19
-15
-28
-32
-34
23
-4
-14
-26
-26
-4
-23
-11
-24
-8

no
-19
-6
-27
-7
-22
-31
-30
-21
-29
-21
-8
-19
-14
-31
-21
-24
-28
-39
11
-19
-22
-32
-32
-16
-28
-21
-33
-18

(*) The Range (R) is defined as (max – min).
(†) The Sign (S) is noted as ‘x’ if and only if the sign is the same for all scenarios.
(‡) Crops having a C4 photosynthesis pathway; all remaining crops have a C3 photosynthesis pathway.
(§) Oilpalm is not simulated by EPIC, and was computed in each (spatial x management) unit as the mean impact over groundnut, soybean,
rice, and wheat.

Sup. Table 1 – Biophysical impact on crop yields by 2050, for 18 vegetal products, in percentage of change relative
to the reference scenario by 2050. The first 5 columns of figures provide the median (m.), minimum (min), maximum (max), range (R), and sign (S) values, for all scenarios considered except the no CO2 experiment under HadGEM2-ES and RCP8p5 (All scenarios). The two next groups of 5 columns provide the median (m.), minimum (mi.),
maximum (ma.), Range (R) and Sign (S) values for respectively the 5 different GCM under RCP8p5 (Spread GCMs),
and for the 4 RCPs under HadGEM2-ES (Spread RCPs). The last two columns displays the effect of not accounting for
CO2 effects on plant growth (no), in the case of climate change scenario HadGEM2-ES x RCP8p5, in comparison
with its accounting (yes). Values are globally (or over developed and developing countries for 2 last rows) aggregated values (over crops and space) from EPIC derived shifters, and weighted by the distribution of yields in 2050 under the no climate change scenario in kCal/ha over land units, crops and crop management systems (and thus embedding the effect of technological change).
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Sup. Fig.1 – Maps of climate change impacts on crop productivity by 2050, under RCP8.5 as seen by GCMs HadGEM2-ES (left panels) and GDFL-ESM2M (right panels): (upper panels) averaged climate change impact on crop
productivity (averaged over reference distribution of yields across crops and management systems within cropland,
by 2050 in kCal/ha); (middle panels) dispersion of the impact across crop management systems, i.e. local difference between maximum and minimum impact across management systems (aggregated over crops); (lower panels) dispersion of the impact across crops, i.e. local difference between maximum and minimum impact across
crops (averaged over management systems). The resolution used here is an aggregation of cropland simulation
units over the intersection of country boundaries and a 0.5 x 0.5 degree latitude-longitude grid. Grey color indicates non-agricultural land for all panels.
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Simulating climate change impact on crops with EPIC
EPIC simulates geo-referenced and management-related impacts of global climate change on crop parameters
(yield, N-fertilizer input, P-fertilizer input, and irrigation water input) for 17 crops, representing more than 80% of
the 2007 harvested area as reported by FAO (barley, cassava, chickpeas, corn, cotton, dry beans, grain sorghum,
millet, groundnuts, potatoes, rapeseed, rice, soybeans, sweet potatoes, sugarcane, sunflower, and wheat). These
impacts have been simulated for three mutual exclusive input systems: rain fed automatic nitrogen fertilization
(automatic N-fertilization rates allowing N-stress free days in 90% of the vegetation period, with crop specific
thresholds, and up to 200 kgN/ha/y), automatic nitrogen fertilization and irrigation (in addition to automatic fertilization the irrigation rates allows water-stress free days in 90% of the vegetation period, with crop specific thresholds, and up to 500 mm/y), and subsistence farming (no N fertilization, and no irrigation).
EPIC uses the daily climate input data of solar radiation, tmax, tmin, precipitation, relative humidity, and wind
speed. The Penman-Monteith potential evapotranspiration equation is used to account for the full CO 2-fertlizer
effect. The accounting for nutrient constraints does not have a direct impact on CO 2 fertilization. EPIC selects the
most limiting stress out of temperature, nitrogen, phosphorus, water, and aeration stresses on each day to lower
the potential biomass accumulation. Therefore, the accounting for nutrient constraints has an effect on the sensitivity of EPIC for climate stresses, but not for CO2. Hence, it can be expected that adverse impacts of CC on crop
yields are larger in non-nutrient limited environments, than under sufficient nutrient inputs.
In addition to possible crop management system specific adjustments in input use, annual planting and harvesting
dates are automatically triggered, when a certain fraction (crop specific and constant over time) of total heat units
is attained. It should thus be clear that the impact simulated by EPIC already include basic adaptation of crop management practices, such as adjustments in crop calendar, and in input use (within crop management system specific
boundaries).

Modeling adaptations in the food system
The Global Biosphere Management Model (GLOBIOM) is a global recursive dynamic partial equilibrium bottom-up
model integrating the agricultural, bio-energy and forestry sectors. Prices and international trade flows are
endogenously determined for the respective 30 aggregated world regions. Product supply functions are included
implicitly and are based on detailed, geographically explicit Leontieff production functions. Demand is included
explicitly in the form of constant elasticity of substitution functions of time dependant parameters. The supply of
modeled products needs to meet final demands for human consumption, livestock production, and bio-fuel
production. Endogenous variables related to the agricultural sector include the share of cropland within available
land, its allocation to various types of production and management, and its repartition across biophysically heterogeneous land categories, as well the animal capital detailed by category, and their repartition across management
systems. Land use change possibilities are limited through explicit constraints on conversion from one land use to
another.
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GLOBIOM thus integrates endogenous adaptive behaviors in the agricultural sector. Consumers can modify their
consumption volume by type of product. Producers adapt to changes in local production possibilities and costs (affected by climate change through inputs from EPIC), and to all other changes in final demand and trade possibilities, transmitted by markets.

GLOBIOM-EPIC integration
Basic cropland spatial units in GLOBIOM are delineated at the level of 5 arcminutes pixels by the intersection of
administrative boundaries, classes of soil, altitude and slope information, and of a regular 0.5 x 0.5 degree latitudelongitude grid. In addition to the delineation of such spatial units, the model considers 4 main types of crop management systems, corresponding to subsistence systems, rain fed low fertilization systems, rain fed high fertilization
systems, and irrigated high fertilization systems (see Skalský et al., 2008). For each of the 18 crops modeled, we use
EPIC outputs Y to alter 4 input parameters for GLOBIOM: yields [tDM/ha], N-fertilization rate [kgN/ha], P3

fertilization rate [kgP/ha], and irrigation rate [1000m /ha]. It has to be noticed that in EPIC, management related
parameters are identical under subsistence and rain-fed low fertilization systems (subsistence farming mentioned
above).
The mean value of each output averaged across the 5 GCMs as simulated by EPIC for the historical period (average
over 1980-2010) is implemented as initial value for year 2000,

, for each output Y, pixel p, man-

agement system m, and crop C, after a national-scale correction accounting the deviation to FAO data.
Under each climate change scenario (i.e., GCM x RCP combination), outputs Y were then computed by EPIC for
each spatial unit x management combination, for 3 time periods (2005-2035, 2035-2065, 2070-2099). For each
output, crop, climate change scenario, management system, and time horizon, the relative output value is divided
by the historical value, and averaged for each time horizon. We then linearly interpolated at a 10 year time-step
these values, to generate shifters

for each crop C, climate change scenario s, pixel p, management

system m, and 10-year time step t. These shifters were limited by a factor 10 (i.e. an increase of 900%).
These relative climate change impact were cumulated multiplicatively with the effect of technological progress
, to generate final GLOBIOM values:
for each crop C, climate change scenario s, pixel p, management m, and time step t,

^ŬĂůƐŬǉ͕Z͕͘dĂƌĂƐŽǀŝēŽǀĄ͕͕͘ĂůŬŽǀŝē͕:͕͘^ĐŚŵŝĚ͕͕͘&ƵĐŚƐ͕D͕͘DŽůƚĐŚĂŶŽǀĂ͕͕͘<ŝŶĚĞƌŵĂŶŶ͕'͕͘ĞƚĂů͘;ϮϬϬϴͿ͘
GEO-BENE global database for bio-physical modeling v. 1.0 (Concepts, methodologie and data). The GEOBENE database report, International Institute of Applied System Analysis, Laxenburg (Austria), available at
http://www.geo-bene.eu/files/Deliverables/Geo-BeneGlbDb10(DataDescription).pdf
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Reference socio-economic assumptions
The reference projections of the agricultural sector’s driving forces, affecting the demand for agricultural goods for
food, feed and bioenergy uses, and the production possibilities (e.g., technological progress) are based on the
quantitative projections of the ‘Middle of the Road’ Shared Socio-Economic Pathway (SSP2, (36)), whose quantification lead to a forecasting of a 9.2 billion population by 2050, and more than a doubling of income per capita compared to 2000. These projections were then translated in GLOBIOM into appropriate assumptions (e.g., technological progress, food diets, etc.), and further details can be found here:
https://secure.iiasa.ac.at/web-apps/ene/SspDb/dsd?Action=htmlpage&page=welcome

Analyzing the climate change and adaptation effects
Decomposing effects on global vegetal calorie supply. In figure 1, we use a methodology providing a simple and
approximate decomposition of the difference between a climate change scenario s and the reference scenario b, by
2050, in total vegetal calorie supply V. For a given scenario, V is defined as the product of the total area used to
-1

produce vegetal calorie A and its globally averaged yield Y, expressed in Calorie.ha .
Under the assumption that by 2050 the deviation to the reference b of the global vegetal calorie supply ѐs;ƐͿ induced by a specific climate change scenario s is small enough, and assuming that at the global level A and Y are
independent, we can use a differential form and write:

Under these assumptions, the total change in supply can thus be approximated as the sum of a change in yield assuming reference total cropland (
(

, and a change in total cropland assuming reference yield

). These two effects will hereafter be referred to as the yield and area effects. One can then further in-

vestigate the yield effect by splitting the change in yield in separate into biophysical climate change impact, and
adaptation effects:

where the climate change

term is computed as difference between the reference yield of each spatial unit

and management system, after and before it has been multiplied by the climate change shifter, and aggregated
using reference land use. The adaptation term

corresponds to the effects of subsequent changes in the

share of management systems within a pixel, on climate change affected yields

(computed over pixels

having a non-null area in both reference and s scenarios, and aggregated using reference land use), and the effect
of crop relocations across pixels

, computed as the remaining part of the adaptation term.

We can computed in post-treatment of our simulations five different terms easily interpretable, and providing insight into the impact on the evolution of the total global vegetal calorie supply of climate change, and further separate adaptation mechanisms: a pure biophysical climate change impact metric (
metrics (

,

, and

), 3 adaptation impact

), and finally the total simulated change

. If the
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residue between this last term and the sum of all four other ones remains small, this decomposition provide a
somehow complete description of the climate shock and the modeled adaptation. If not the case, it means that
some of the assumptions insuring equality are violated, and that our decomposition is not so informative because
not able to explain the capture the final model response.

It is thus important to control for the size of the residual term ResTerm(s) for each scenario. Sup Fig.2 below displays the same information as in figure 1, plus a last term which is the exact simulated climate change impact (TOTAL Sim), and allow us to measure the size of the residual term (by a comparison to the sum of total decomposed
effect TOTAL Sum), and thus the interpretability limit to our decomposition method. The residual is always less than
1% of reference global calorie supply in all scenarios considered. While the final decomposed effect seems slightly
underestimating the final supply value (as it can be seen for example for the central scenario RCP8.5 under HadGEM2-ES), it preserves the range and absolute effects of changes in supply due to the consideration of different climate models, RCPs, and no-CO2 sensitivity experiment.

Supplementary Figure S2- Decomposition of change in world per capita vegetal calorie production vs. exact
simulated value. See legend of Fig. 1. The figure is completed by a last bar on the right side (TOTAL Sim.), displaying
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the exact simulated value, to be compared with the total decomposed effect (TOTAL est.), to obtain the residual
term.
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ImpactsWorld2013,InternationalConferenceonClimateChangeEffects,
Potsdam,May27Ͳ30

Adaptationmeasuresfortheimpactofclimate
changeonglobalwaterresources—
Option1:Reducingwateruse
YoshimitsuMasaki,NaotaHanasaki


Abstract—Toreducetheprojecteddamagesofclimatechange,adaptationmeasuresare
necessary.Weconductedaglobalhydrologicalsimulationtoestimatehowmuchwateruse
mustbereducedtoadapttothechangingclimate.Inthisstudy,wemainlyfocusedonthe
world’sirrigatedareaandcropintensitybecausethesearetwokeyfactorsinirrigationwater
consumption.TheresultssuggestthatifbothfactorschangedatarateofͲ0.2%yearͲ1,the
waterͲstressedpopulation(2041Ͳ2070and2071Ͳ2100)wouldbealmoststabilizedatthesame
levelasthebaseyear(2000).Tomeetthefooddemandsofthefuture,thereductionin
irrigatedareawouldneedtobecompensatedbyothermeasurestoincreasecropproduction.
IndexTerms—Adaptation,Climatechange,Food,Water
————————————————————

1. Introduction

Evenifthebestavailablemeasureswereimplementedtoreducegreenhousegasemissions,theglobal
mean air temperature would keep increasing during the 21st century due to the inertia of the climate
system.Therefore,globaladaptationmeasuresarevital.
Hanasakietal.(2012a,b)conductedaglobalwaterscarcityassessmentforthewhole21stcentury.First,
theyprojectedfuturesectorͲwisewaterwithdrawalsandconsumptioncompatiblewiththelatestglobal
socioͲeconomic scenarios, called Shared Socioeconomic Pathways (SSPs; O’Neil et al., 2012). The five
SSPs describe worlds with substantially different socioͲeconomic views. They developed scenarios for
irrigatedarea,irrigationefficiency,cropintensity,industrialwaterwithdrawal,andmunicipalwaterwithͲ
drawal.Theformerthreefactorswereusedtoestimatetheirrigationwaterwithdrawal.Eachscenario
wasdevelopedfromaformulathatcontainsoneparameter (Equations1–5 ofHanasakietal.,2012a).
DifferentparameterswereassignedforeachSSPtoharmonizewithitsnarrativescenario.Second,they
conductedhydrologicalsimulations,includinghumanwaterdynamicsusingH08(Hanasakietal.,2008).
Theyassessedthelocation,timing,andmagnitudeofwaterscarcitygloballyusinganindex,calledthe
CumulativeAbstractiontoDemandratio(CAD),undervariouscombinationsofsocioͲeconomicandcliͲ
matechangescenarios.Theyfoundthatwaterscarcitywouldincreasegloballyineverycombinationof
scenarios, including SSP1ͲRCP2.6, if no adaptation measures were undertaken. Here, we expand their
worktoanalyzehowtoadapttoglobalchangeorhowtokeeptheCADatthesamelevelasatpresent
throughoutthecenturybyreducingwateruse.
1
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2. Methods

For this study, we added adaptation measures to the original simulation performed by Hanasaki et al.
(2012a,b).WefocusedontheirSSP1ͲRCP2.6simulation,whichproducedtheleastchangeinclimateand
wateruse.Althoughthisscenarioshowedthelowestwaterstress,thesimulationsindicatedanincrease
inwaterstresspartlyduetoincreasedirrigationwateruse.Here,wechangetheparametersofirrigated
areaandcropintensitytorepresentadaptationmeasuresbywaterconservation.
Weconductedfoursimulations(Table1).NOADP(shortfor“noadaptation”)isidenticaltotheoriginal
SSP1ͲRCP2.6simulationofHanasakietal.(2012a,b).Theyassumedthatthegrowthrateofirrigatedarea
(a)andcropintensity(i)are+0.06%yearͲ1and+0.2%yearͲ1,respectively.ADP1setstheparameterfor
irrigatedareaatarateofͲ0.2%yearͲ1,andADP2setsthecropintensityatthesamerate.ADP3decreases
bothfactorsbythesamerate.TheratesofADP1andADP2werederivedfromarecentpublicationby
Hayashi et al. (2012). Hanasaki et al. (2012b) used three global climate models. In this study, we only
usedtheresultsofMIROCͲESMͲCHEM.Theirrigatedarea(A)andcropintensity(I)ofyeartisexpressed
as

A0 u 1  a

I

I 0 u (1  i ) t t0 ,



(1)

t t0

A

(2)

whereA0andI0aretheirrigatedareaandcropintensityofthebaseyear(t0=2000),basedonSiebertet
al.(2005)andDöllandSiebert(2002),respectively.Theirrigatedareaofthefirst(Afirst)andsecondcrops
(Asecond)areexpressedas




Table1Simulationnamesandtheirsettingsonfuturegrowthratesofirrigatedareaandcropintensity
(NOADPfornoadaptation,ADP1Ͳ3foradaptation).
Simulationnames

NOADP

ADP1

ADP2

ADP3

Growthrateofirrigatedarea[%yearͲ1]

+0.06

Ͳ0.2

0

Ͳ0.2

Growthrateofcropintensity[%yearͲ1]

+0.2

0

Ͳ0.2

Ͳ0.2

2
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A first
Asec ond

A
®
¯Au I
 Au I 1
®
¯0

I t1
I 1

(3)

I t1
I 1

(4)


Water scarcity was assessed using the Cumulative Abstraction to Demand (CAD) index, which was exͲ
pressedas

CAD

¦a
¦d

DOY
DOY

,

(5)

whereaDOYanddDOYdenotethedailywaterabstractionandDayOfYeardemand,respectively.Notethat
theconditionaDOYчdDOYisalwayssatisfied.єindicatessummationthroughoutasimulationperiod.The
indexrangesbetween0and1.Avalueof1indicatesthatwaterissufficientthroughouttheyear,and0
indicatestheopposite.


3. Results

Table2showsasummaryofthesimulations.Inthebaseyear(2000),theglobaltotalnumberofwaterͲ
stressed people (the population living in the cells where CAD falls below 0.5) was 2147 × 106. In the
NOADPscenario,thenumberincreasedto2804×106(+31%comparedwiththebaseyear)during2041–
2070anddecreasedslightlyto2499×106(+16%)in2071–2100.IntheADP1andADP2scenarios,the
numbersweresmallerthanforNOADPbecausethetotalirrigatedarea(Afirst+Asecond)decreasedatarate
ofͲ0.2%yearͲ1.InthecaseofI< 1,sincethesecondcropwasnotcultivated,theresultsofADP1and
APD2werethesame.InthecaseofI1,underADP1theirrigatedareadecreasedforboththefirstand
second crops at the same rate, whereas under ADP2 only the second crop intensity decreased (Eqs. 3
and4).Thesecondcroprequiresmuchmorewaterthanthefirstcropbecausethefirstcropisrelatively
cultivated in less waterͲstressed seasons. Different irrigation water use makes different projections in
waterstress.ThisexplainswhythewaterͲstressedpopulationunderADP2wassmallerthanthatunder
ADP1.TheresultssuggestthatreducingcropintensityhasalargerimpactthandoesreducingtheirrigatͲ
edareaontheCAD.UnderADP3,althoughthenumberofwaterͲstressedpeopleduring2041–2070exͲ
ceededthatofthebaseyear(2455×106,+14%),itstabilizedthroughoutthecenturytothesamelevelas
thebaseyear.

3
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Table2.Simulationresultsonwaterstressedpopulationandwateramountsforirrigation.ForcompariͲ
son,thecurrentvalues(1971Ͳ2000)arealsoshown.Theupper(lower)linesshowresultsfor2041–2070
(2071–2100).
Simulationnames

1971Ͳ2000

NOADP

ADP1

ADP2

ADP3

Waterstressedpopulation[×106]

2147

2804

2597

2548

2455

2499

2208

2119

2024

1505

1186

1163

1047

1631

1116

1081

908

603

507

505

465

636

485

478

419

40

43

43

44

39

43

44

46

Potentialirrigationwaterdemand(P)[km3yrͲ1]

Actualirrigationwaterabstraction(A)[km3yrͲ1]

Fulfillmentratio(A/P)[%]

1314

568

43




Fig.1(a)Cumulativeabstractiontodemand(CAD)indexofthebaseyear(2000).ChangesinCADwith(b)
NOADP(noͲadaptationscenario)andthreeadaptationscenariosof(c)ADP1,(d)ADP2,and(e)ADP3for
2041–2070arecomparedwiththebaseyear.
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The potential irrigation water demand P (the water needed to fulfill consumptive irrigation water deͲ
mand)sharplydecreasedwhenadaptationmeasuresweretaken.Theactualirrigationwaterabstraction
Adecreasedaccordingly.However,thefulfillmentratioA/P,whichisdefinedastheactualirrigationwaͲ
terabstractionoverthepotentialirrigationwaterdemand,slightlyincreasedwithadaptation.
Fig.1ashowstheglobaldistributionoftheCADofthebaseyear.TheCADissmallinlowerlatitudes.The
NOADPsimulationdecreasedtheCADglobally,exceptinsomepartsofSouthernAmerica(Fig.1b).The
ADP1 and APD2 scenarios increased CAD for many parts of the world (Fig. 1c–d). In India, ADP2 inͲ
creasedtheCADmorethandidADP1,probablybecausethesecondcroprequiresmorewaterthanthe
firstcropinthisregion.Inbothcases,theCADinAfricaincreased.ThiswaspartlyduetothestrongseaͲ
sonalityinrainfallandincreaseinotherwateruses(e.g.,industrialandmunicipal)there.


4. DiscussionandConclusion

Aseriesofsimulationswereconductedtoexamineadaptationtoclimatechangebyreducingwateruse.
TheresultsindicatethatwhenthegrowthrateofirrigatedareaandcropintensitywerebothͲ0.2%yearͲ1,
thewaterͲstressedpopulationcalculatedbytheCADindexalmoststabilizedatthesamelevelofthebase
year.Tomeetfooddemandsinthefuture,thereductioninirrigatedareaneedstobecompensatedby
othermeasurestoincreasecropproduction.
Theaboveconclusionisbasedonsomeimportantassumptions.First,theregionaldifferenceswerenot
taken into account in this study. As clearly shown in Fig. 1, in some regions, the adaptation measures
weretoolittleortoomuchforstabilization.Furthertemporalandspatialdetailisneeded.Second,inthis
study we only used one combination of scenarios (i.e., the socioͲeconomic scenario SSP1, the greenͲ
housegasconcentrationscenarioRCP2.6,andtheglobalclimatemodelMIROCͲESMͲCHEM).Simulations
usingotherscenariosshouldalsobeperformed.Third,theconclusionsweremainlyderivedfromasinͲ
gleindicator,namelythetotalwaterͲstressedpopulationoftheCAD.Otherindicesshouldbeincluded
foramorecomprehensiveassessment.Finally,technical,financial,andsocialfeasibilityshouldbetaken
intoaccounttojudgewhetherthemeasuresdiscussedarepractical.
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Abstract—Simulatedannualcropyieldsoftwoperiods(1975Ͳ2005and2010Ͳ2040)areused
toshowtheimpactsofclimatechangeonAustriancropsupplies.Weconsidertheconversion
of fallow land for the production of protein crops to account for recently announced
discretionary agricultural policy changes and estimate the costs of expanding protein crop
production.Cropsupplybalancesareusedtosingleouttheeffectsofcropoutputchangeson
supply and demand ratios and trade balances. The analysis shows that the expansion of
protein crop production on fallow land could turn Austria from a net importing to a net
exportingcountryforproteincropsapartfromdefattedsoybeanmealusedforlivestockfeed.
Regionalclimatechangeaffectsboth,thelevelsandthevariabilityofcropyieldsimplyingnew
challenges for domestic food supply balance management though to a lesser extent than
policyinducedoutputchanges.
IndexTerms—cropsupplybalanceanalysis,climatechangeimpacts,CommonAgricultural
Policy
————————————————————

1

Introduction

Climate change is likely to impact regional, national, and global food and feed production (Tubiello &
Fischer2007;Misselhornetal.2012)aswellasregionaldisparitiesinfoodandfeedavailability(ZiervoͲ
gel&Ericksen2010).ThelevelandvolatilityoffoodandfeedproductionmainlydependsonbioͲphysical
parameters(e.g.soiltype,elevation,slope),weatherandclimateparameters(e.g.temperature,precipiͲ
tation,solarradiation,relativehumidity),andfarmmanagementandtechniques(e.g.croprotation,tillͲ
age,fertilization,irrigation),whereasfoodandfeedavailabilityalsoincludesdistributionandexchange
(Gregoryetal.2005).InEurope,anincreasingvariabilityofinterͲannualcropyieldsisexpectedbecause
of changes in agroͲmeteorological conditions, and in magnitude and frequency of extreme weather
events(Battisti&Naylor2009;Trnkaetal.2011).Consequently,morevolatilecropyieldsandthussupͲ
pliesareexpectedsuchthattheroleofstorageandtradewillincrease.
Notonlyclimatechangebutalsopolicychangeswillhaveanimpactonagriculturalcommoditysupplies.
Recently,theCounciloftheEuropeanUnionhasagreedonanegotiatingpositionforthereformofthe
CommonAgriculturalPolicy(CAP).Inthefuture,farmerswilleitherhavetosetasideacertainshareof
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agricultural land or use this land for producing protein crops in order to qualify for direct payments
(CounciloftheEuropeanUnion2013).TheregulationisintendedtoincreasedomesticproteincropproͲ
ductionintheEU andthusdecreasethedependenceonproteincropimportsandthevulnerabilityto
worldmarketpricevolatility(EuropeanParliament2011).Currently,Europeanagricultureprovidesabout
30%oftheproteincropsfordomesticuse,withadownwardtrendinthelasttenyearsleadingtoahigh
dependenceonimports(EuropeanParliament2011).ThoughtheAustrianselfsufficiencyrateissignifiͲ
cantly higher (usually exceeding 70%), Austria has been a netͲimporter of protein cropssince decades
(StatisticsAustria2012).
WeperformacomparativestaticanalysisofAustriancropsupplybalancestoquantifytheeffectsofcliͲ
matechangeandagriculturalpolicyandapplyaneconomiclanduseoptimizationmodeltocomputethe
marginalcostsofexpandingproteincropproductiononcropland.Inresponsetotherecentagreement
atEUlevelonstimulatingproteincropproduction,wefocusouranalysisonsoybeanandotherprotein
crops.EvenifAustriaisasmallcountry,itsdomesticsupplybalancehasspillovereffectsoninternational
marketsandthereforeaffectsglobalfoodsecurity.

2

Dataandmethods

Threemajordatasourcesareusedfortheanalysis:
(a)

Historicaldataonpricesandproductioncostsofmajorcropsareusedtoderivethemarginalcosts
ofanexpansionofproteincropsinAustria.Theprice/costscenarioassumesconstantlevelscomͲ
paredtothereferenceperiod2008Ͳ2010inordertofacilitatetheinterpretationoftheresults.

(b)

The second data set is derived from the agricultural supply and feed balances provided by the
Austrian Statistical Office. Supply balances summarize domestic production, domestic use (e.g.
humanconsumption,seeds,animalfeed,industrialuses),storage,andnetimportsandexportsof
agivencommodity.Inourcomparativestaticanalysiswekeepdomesticuseandstorageconstant.
ThuschangingdomesticproductionwillaffectnetimportsandexportsaswellastheselfsufficienͲ
cyrate,i.e.theratioofdomesticproduction(whichisvariableinouranalysis)anddomesticuse
(whichisfixedinouranalysis)afteraccountingforstorageandtradeflows.

(c)

ThethirddatasetisderivedfromclimatechangeimpactsimulationswiththebioͲphysicalprocess
modelEPIC(EnvironmentalPolicyIntegratedClimate;Williams1995).TheEPICmodelhasalready
beenappliedseveraltimesatnationalandregionallevelandvalidatedfortheAustrianconditions
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(e.g.Straussetal.2012;Stürmeretal.2013).EPICwasappliedon1kmcroplandpixelstosimulate
–interalia–annualdrymattercropyields.EPICintegratesinformationonweather,soil,topograͲ
phy,andcropmanagementtosimulatebioͲphysicalprocessessuchasrespiration,mineralization,
nitrification,evapotranspiration,runoff,anderosion.Relevantinputdataarederivedfrom(i)the
digital soil map of Austria, (ii) the digital elevation map, (iii) the Integrated Administration and
Control System, (iv) expert knowledge, and (v) a statistical climate change model for Austria
(Straussetal.2012,2013).TheEPICsimulationshavebeenperformedfora30ͲyearsreferencepeͲ
riod(1975Ͳ2005)andforthreeclimatechangescenarioscoveringtheperiod2010Ͳ2040.
Theclimatechangescenarioshavebeenselectedinordertocoverabroadrangeofthepotentialclimate
changespectruminAustria.AccordingtoStraussetal.(2012,2013),theaveragetemperatureispredictͲ
edtoriseby~0.05°Cperyearuntil2040.TheuncertaintyaboutthelevelsanddistributionsofprecipitaͲ
tioniscapturedbyscenarioassumptionsonannualprecipitationsumsandseasonalpatternssuchas:
x

climate change scenario sc01 assumes similar mean annual precipitation sums as in the referͲ
enceperiod1975Ͳ2005,

x

climate change scenario sc05 assumes an increase in daily precipitation by 20% compared to
sc01, i.e. seasonal precipitation patterns are similar to those in sc01 with increased daily and
thusseasonalandannualprecipitationsums,

x

climate change scenario sc09 assumes a decrease in daily precipitation by 20% compared to
sc01, i.e. seasonal precipitation patterns are similar to those in sc01 with decreased daily and
thusseasonalandannualprecipitationsums,and

HigherCO2ͲconcentrationintheatmosphereanditsfertilizationeffectisaccountedforintheEPICsimuͲ
lations.Inouranalysis,wealsoconsiderthepotentialsupplyofsoybean,horsebean,andfieldpeaon
landthatwaspreviouslysetaside.Accordingly,croprotationsintheEPICmodelhavebeenadaptedand
themodeloutputofexpectedannualdrymattercropyieldswasusedasinputtothespatiallyexplicit
economic land use optimization model for Austria (BiomAT). BiomAT maximizes total gross margins of
cropproductionsubjecttospatialresourceendowmentsconsideringlandqualitiesat1kmgridresoluͲ
tion.Itwasdevelopedtoestimatethemarginalcostsofanexpansionofenergycropproductionunder
climatechangeinAustria(Asameretal.2011;Stürmeretal.2013)andisnowappliedforproteincrops.
Weinvestigatetheisolatedsupplyeffectofclimatechangeandthelatestpolicychangeinacomparative
staticanalysiskeepingalltheothervariablesconstant.Forinstance,demandshifts,progressinbreeding
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orpricechangesinfuturedonotenterouranalysis.Thequantitystructureofthe2008Ͳ2010agricultural
supplybalances ofAustria isused forquantifyingthe impactsofcropyieldchangesonselfsufficiency
rateswithaparticularfocusonproteincrops.
Table1summarisesthedatausedforthecomparativestaticanalysis.Thefirsttwocolumnsreportthe
averagesoftheAustriancropsupplybalancesfortheperiod2008Ͳ2010.SimulatedclimatechangeimͲ
pactsonaveragecropyieldsandstandarddeviations(stdev)formajorcropsinAustriaarereportedin
theothercolumns.Thedatashowthattheselfsufficiencyratesrangedbetween45%and65%forwinter
rape,sunflower,andsoybeanandexceeded85%forgrainsandpotatoesintheperiod2008Ͳ2010.WinͲ
terwheatanddurumwheatevenreachedselfsufficiencyratesabove100%.TheclimatechangescenarͲ
iosc01(similarprecipitation)showsrelativelylittleimpactonmeanannualcropyieldscomparedtothe
period 1975Ͳ2005 except for potatoes (+17%), and winter rape (+7.5%) which is probably due to their
sensitivitytochangesinmeantemperature,growthperiod,andCO2Ͳconcentration.AnincreaseinannuͲ
al precipitation sums (sc05, +20% precipitation) mainly results in increasing mean annual crop yields
(between1.2%forfieldpeasand19.9%forpotatoes)exceptforoatsandsunflowerwhichshowslightly
decreasingcropyields.Decreasingprecipitation(sc09,Ͳ20%precipitation)leadstodecreasingyieldsfor
allcrops.Thehighestyielddeclinesareexpectedfordurumandwinterwheat,fieldpea,andwinterrape.
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Table 1. Self sufficiency rates (SSR) and trade balances for the period 2008Ͳ2010 as well as simulated crop yield
changesbetweentheperiods1975Ͳ2005and2010Ͳ2040forclimatechangescenariossc01,sc05,andsc09inper
cent.


SSR

balance



2008Ͳ2010


winterwheat
durumwheat1
winterrye
barley
oats
maize
triticale
soybean²
horsebean³
fieldpea³
potatoes
sunflower
winterrape

%
107
103
85
94
95
89
99
58
n.a.
92
65
45

mean

stdev

sc01

mean

stdev

sc05

mean

stdev

sc09

1.000t cropyieldchangein%toaveragesoftheperiod1975Ͳ2005
95.6
1.3
Ͳ13.1
9.3
Ͳ42.8
Ͳ15.9
20.3
Ͳ2.0
Ͳ3.9
0.2
8.3
Ͳ25.2
Ͳ28.8
19.4
Ͳ35.5
0.7
15.5
5.1
Ͳ8.8
Ͳ7.7
36.0
Ͳ64.0
Ͳ2.3
14.7
Ͳ0.1
4.6
Ͳ11.6
46.8
Ͳ5.2
Ͳ1.0
15.3
Ͳ2.7
24.3
Ͳ1.5
23.5
Ͳ272.0
Ͳ1.9
13.2
2.6
Ͳ6.0
Ͳ12.1
34.7
Ͳ3.1
1.6
14.6
3.2
8.6
Ͳ2.7
26.4
6.1
6.0
Ͳ2.3
36.5
Ͳ51.6
4.0
17.0
1.0
2.4
4.6
Ͳ12.0
Ͳ8.4
43.4
n.a.
Ͳ2.6
19.1
1.2
8.7
Ͳ13.8
44.5
Ͳ64.9
17.1
Ͳ4.7
19.9
Ͳ15.2
5.1
10.9
Ͳ44.7
Ͳ1.8
30.1
Ͳ3.7
19.4
Ͳ9.7
87.3
7.5
Ͳ20.2
15.5
Ͳ40.7
Ͳ12.3
2.7
Ͳ201.0

Source:StatisticsAustria(2012)andauthors'calculations.
Notes:Apositivetradebalanceimpliesasurplusofexports;anegativetradebalanceimpliesnetimports.1Negative
tradebalanceandSSRgreater100%areduetostorage.²Soybeanisclassifiedas"oilcrop"intheAustriansupply
balance.Neverthelessitisclassifiedasaproteincropinthisanalysis.³Horsebeans,fieldpeasandotherpulsesare
summedupto"pulses"intheAustriansupplybalance.TheSSRofpulsesintheperiod2008Ͳ2010was95%.DefatͲ
tedsoybeanmealusedforlivestockfeedisnotaccountedforinthissupplybalanceanalysis.

3

Results

Usingthedataandtoolspresentedintheprevioussection,wedevelopedtwotypesofresults:
a) marginalopportunitycostswithrespecttoadditionalproteincropproduction;
b) effects of additional protein crop production on land use change, crop management intensity,
andenvironment.
Figure 1 shows the marginal costs of expanding protein crop production on cropland in Austria. The
threelinesindicatethemarginalcostsofproteincropproductioninthethreeclimatechangescenarios
SC01,SC05,andSC09.
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Fig.1:Marginalcostsofproteincropproductiononcroplandforthreeclimatechangescenarios(SC01,SC05,and
SC09)assumingcroppricesobservedintheperiod2008Ͳ2010.




Fig.2.Sharesofcroplandusedforcultivatingproteincrops,i.e.fieldpea,horsebean,andsoybean,inmunicipaliͲ
ties(a)inthe past and(b)when fallow landis made available for proteincrop production; no croplandinwhite
areas.
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Figure2depicts (a) currentand (b)potentialregional characteristics ofproteincrops production.CurͲ
rently,proteincropsareconcentratedonafewsmallregionsintheprovincesofUpperAustria,BurgenͲ
land,LowerAustria,andCarinthia.Iffallowlandwithsimilarcharacteristicsasthelandcurrentlyused
forproteincropproductionwillbeusedforanexpansion,theshareofcroplandusedforcultivatingproͲ
teincropscanbeincreasedto5%ormoreinalargenumberofregions.SuchalandusechangeisrealisͲ
ticbecauseproteincropswereplantedonamuchlargeracreagearound1990comparedtotodaylevels.
Deviations(inpercentagepoints)fromtheselfsufficiencyratesinthereferenceperiodarereportedfor
themeanandmedianofsimulatedcropyieldsofthescenariosinTable2.Intheclimatechangescenario
with similar precipitation (sc01) most crop outputs are slightly lower compared to the past. Self suffiͲ
ciencyratesaresensitivetothechosenparameter,thereforechoosingthemedianofexpectedannual
cropyieldsinsteadofthemeanmakesadifferencewhichisusuallyverysmallbutpronouncedinsome
scenarios.
Ifwerelaxtheassumptiononlanduseandallowproteincropstobeexpandedonfallowlandasrecently
decidedby the EU farm ministers, weexpectthat Austria willbecome a netexporterofprotein crops
(apartfromdefattedsoybeanmealusedforlivestockfeed).Dependingonthescenario,outputalmost
coulddouble.
Table2: Percentagepointchangesofselfsufficiencyratesoftheclimatechangeandpolicychangescenariosusing
themeanandmedianofsimulatedyieldsfrom2010Ͳ2040.


winterwheat
durumwheat
winterrye
barley
oats
maize
triticale
soybean
pulses
cereals
proteincrops
proteincrops

relativeto
ref
Ø2008Ͳ10
Ø2008Ͳ10
Ø2008Ͳ10
Ø2008Ͳ10
Ø2008Ͳ10
Ø2008Ͳ10
Ø2008Ͳ10
Ø2008Ͳ10
Ø2008Ͳ10
Ø2008Ͳ10
Ø2008Ͳ10
Ø2008Ͳ10+fallowland

sc01
1
Ͳ3
1
0
Ͳ1
Ͳ1
2
2
0
1
2
97

mean
sc05
10
6
6
3
Ͳ3
1
3
3
4
5
4
103

sc09
Ͳ18
Ͳ21
Ͳ9
Ͳ6
Ͳ2
Ͳ8
Ͳ3
Ͳ1
Ͳ10
Ͳ12
Ͳ5
81

sc01
2
Ͳ4
Ͳ2
Ͳ1
Ͳ1
0
2
3
0
1
2
97

median
sc05
10
4
6
0
Ͳ3
3
3
4
4
6
4
103

sc09
Ͳ20
Ͳ27
Ͳ11
Ͳ7
0
Ͳ7
Ͳ3
Ͳ2
Ͳ11
Ͳ10
Ͳ4
80

Source:authors'calculations.
Notes:"ref(Ø2008Ͳ10)":acreagesettoobservedaveragesof2008Ͳ2011;"ref(Ø2008Ͳ10)+fallowland":acreage
ofproteincropsexpandedonfallowland.
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4

Conclusionsandoutlook

We present simulation results of crop yield responses of various climate change scenarios for Austria.
Theanalysisisfocusedonproteincropsinordertoshoweconomicimplications.Ourinterestinprotein
cropsismotivatedbyarecentdecisionofagriculturalministers,whichwilllikelystimulatetheproducͲ
tiononlandthatwaspreviouslysetaside.
Wereportsupplyeffectsandtheconsequencesforselfsufficiencyratesofcropcommoditiesassuming
thatdomesticuseandstoragearekeptconstant.Theresultsofourcomparativestaticanalysisindicate
thatadditionalproteincropproductiononfallowlandhasalargerimpactonselfsufficiencyratesthan
climate change will likely have in the next three decades. Thus, the recent agreement on stimulating
proteincropproductionintheEUcouldcontributetoasubstantialreductionofproteincropimports.
Anincreasingshareofproteincropswilllikelychangestheopportunitycostsofproductionaswellasthe
environmentalimpacts.Abenefitofincreasingproteincropproductionnotaccountedforintheanalysis
is that the input of nitrogen fertilizer and the associated emissions of greenhouse gases could be reͲ
duced.Accordingly,suchamitigationeffortcouldreducenegativeenvironmentaleffectsthoughthenet
outcomeswill dependonthe appliedcropmanagementpractice.However, theannouncedchangesin
agriculturalpolicymightreͲignitethediscussiononthecompetitionforlandarisingfromincreasingdeͲ
mandforfoodandfeedaswellasbioenergy,alsoreferredtoasthe‘food,energy,andenvironmenttriͲ
lemma’(Tilmanetal.2009).
Assuminginelasticdemand,highercropyieldvolatilityislikelytoinducehigherpricevolatilityaswell.
Cropyieldvolatilityisaffectedbytemperatureandprecipitationpatterns,wherebytheiruncertainfuture
development – especially of the latter one – impedes predictions of crop yield volatility. The current
knowledge about agricultural production risks emphasizes the importance of further investigations on
domesticcropyieldandsupplyvolatilityaswellastherolesofstorageandtrade.
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Abstract—Climatechangeisinterpretedasoneofthemostseriousenvironmentalproblemsforthe
21stcentury.Changesinclimatearenowgenerallyaccepted.However,therateofchangehas
spatialcharacteristicsandishighlyuncertain.TheHimalayaisexperiencingabruptchange;
vulnerabilityandadaptationstudieshavebecomecrucial.Thispilotstudypresentsinitialfindingsof
theresearchprojectentitled‘HumanEcologicalImplicationsofClimateChangeintheHimalaya.’A
studyofclimatechangeperceptions,vulnerability,andadaptationstrategiesoffarming
communitiesofcoolͲwettemperate(Lumle)andthehotͲwetsubͲtropical(Meghauli)villagesin
CentralNepalhasconducted.Thefindingsarederivedfromtheanalysisoftemperatureand
precipitationdataoflast40years,andprimarydatacollectedinSeptember2012.FocusGroup
Discussions,KeyInformantInterviews,andHistoricalTimelineCalenderwereapplied.Thechanges
perceivedbythecommunitiesarefairlyconsistentwiththemeteorologicalobservationsand
changesarechallengingthesustainabilityofsocialͲecologicalsystemsandcommunities’livelihoods.
Farmingcommunitieshaveadoptedsomestrategiestominimizevulnerability,buttheadopted
strategieshaveproducedbothnegativeandpositiveresults.Strategieslikefloodcontrol,shifting
cropcalendars,occupationalchangesandlabourmigrationhaveproducedpositiveresultsin
livelihoodsecurity.Occupationalchangesandlabourmigrationhavealsonegativelyimpactedlocal
agriculturaleconomies.EarlyͲharvestingstrategiestoreducelossesfromhailstormhavereduced
foodandfoddersecurity.LackofirrigationforriceͲseedlingsisseverelyaffectingtheefficacyof
shiftingthericeͲtransplantationcalendar.Conclusionssuggestthatwhilefarmershavepracticed
strategiestobettermanagefarms,livelihoodstrategiesarereachingthresholdsofefficacydueto
thechangingconditions.
IndexTerms—Adaptation,ClimateChange,HumanEcological,Nepal,Vulnerability
————————————————————
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1

Introduction

1.1

TheContext

Recentandrapidchangesinclimatesystemsarebecomingvitalissuesofsocial,economic,political,
andscientificdiscussion.Climaticchangesarealreadyaffectingecologicalandhumansystems,such
thattheyarenowseenasthemostimportantenvironmentalthreattosocialecologicalsystems.The
implications are most serious in highly climate sensitive environments like the Himalayas, where
climatic exposure coincides with poverty, subsistence agroͲbased livelihoods, and poor levels of
technoͲeconomic and politicoͲinstitutional development. However, studies on implications of
climatechangeonsocialecologicalsystemsarestilllargelyabsentintheNepaliHimalaya.Thisstudy,
‘HumanEcologicalImplicationsofClimateChangeintheHimalaya’examinesthetemperatureand
rainfall trends, seeks to understand the perceived changes and experienced vulnerability, and
exploresadaptationresponses.Thispaperisstructuredintothreesections:theintroductionoutlines
the research context, issues in the literature and the methods and materials applied; the analysis
section discusses upon changes in climate, local vulnerability, and adaptation responses; and the
final,discussionandconclusionelaboratesonmajorfindings.

1.2

TheIssues

Majorglobalreviewsofglobalclimatechangehaveprovidedconsiderableevidenceofrapid,recent
change to climates (Stern 2006; IPCC 2007a; NRC 2012), which are interpreted as environmental
threats to socialͲecological systems (Hare et al. 2011; IPCC 2007b; Urry 2011). Among others, the
Himalaya1isreportedastheregionexperiencingthehighestrateofwarming(NRC2012;Shresthaet
al. 1999) and concentrates many negative impacts (Gentle & Maraseni 2012; Manandhar et al.
2011).
Anyshiftinclimateovertime,whetherduetonaturalvariabilityorasaresultofhumanactivityis
climate change (IPCC 2007a). However, the meaning differs with the society, since climate is a
constructed idea having complex physical and cultural connotations (Hulme et al. 2009; Rayner
2003).Therefore,understandingsocialperceptionsalongwithenvironmentalchangesareimportant
aspectsofclimatechangeresearchthatpromoteadaptationactions(O’Connoretal.1999;Hulmeet
al.2009).

1

TheHimalayaisthemountainsystemsoftheCentralAsia,originatedatPamirͲKnotinthenorthͲwestandextendedover1500milestowardsthe
east(boarderofAasham).ThissystemgenerallyincludesmajorfourdifferentphysiographicfeaturesnamelyOuterHimalaya(theSouthernChuriya
range), Lesser Himalaya (the Middle hill or Mahabharat Lekh), the Greater Himalaya (Northern snow capped mountains), and TransͲHimalaya
(NorthernHimalayanvalleysandfoothills)alongwithrivervalleys,Duns,andTarsinbetweenthemountains.
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Climate change induced vulnerability is not new to human societies, as ancient civilizations like
Mayan,Indus,Mesopotamiawerestronglyaffected(deMenocal2001;Lal2011;Sluyter1997).The
magnitudeofpresentchangesarehoweverbeyondtherangeofthehistoricalchangeandarelikely
to be severe, and nonͲlinear for many socialͲecological systems (Beck 2009; Dovers 2009; IPCC
2007a; Salinger 2005). Also, the impacts interact strongly with local socioͲeconomic and political
structuresandmeansoflivelihoods(Head2010;Fischeretal.2005;Mubayaetal.2012;Thomaset
al.2007);withvitalissuesemergingforHimalayansocialͲecologicalsystems(Chaudharyetal.2007;
Gentle&Maraseni2012;Ghimireetal.2010).Itispossibletoconclude,therefore,theadaptation
responsesintheHimalayaareurgent.
Many scholars have documented a wide range of adaptation strategies adopted in different
societies. These strategies can be grouped in: adaptation through bioͲphysical resource
management(Bardsley&Thomas2005;Grasso&Feola2012;RamirezͲVillegasetal.2012;Schoene
& Bernier 2012;  Wreford et al. 2010); adaptation through social and institutional support (Adger
2000;Adger&Barnett2009;Hanak&Lund2012;Mortimore2010;Onta&Resurreccion2011);and
adaptation through livelihood diversification and migration (Black et al. 2011; Hugo 2011; Hulme
2008; McLeman & Smit 2006; Piguet et al. 2011; Tacoli 2009). The literature reviewed has
demonstrated the emerging complex trends of studying social perceptions, vulnerability and
adaptive responses. In following section, the methods and materials applied in this paper are
presented.

1.3

Methodology

Thisstudyisconductedintwovillagesindifferentecologicalzones(LumleinthetemperateHillsand
MeghauliinthesubͲtropicalTarai)inNepal(Fig.1).LineartrendsandtheCoefficientofVariation(R2)
of annual average temperature and precipitation recorded for the last 40 years (1971Ͳ2010) were
explored. TheMannͲKendall method wasused to evaluatethe trends intemperaturechange. The
results of the meteorological analysis are compared with community perceptions. Perceptions
depend on the memories of the respondents (Adger 2000; Hulme et al. 2009; Nelson & Stathers
2009);sotheperceptionsanalysisfocusedonthepreviousdecade.
TheprimarydatawascollectedasapilotstudyofalargerPhDproject.Thefieldworkwasconducted
in September 2012. Two Focus Group Discussions, 4 Key Informant Interviews, and 2 Historical
TimelineCalendersineachvillagewereundertaken.Despitehavingasmallsamplesize,theresults
cover many aspects of climate change and the interactions with local socioͲecological systems.
Althoughoflimitedscope;scholarshavearguedthattheresultsofpilotstudycanbepublishedwith
dueacknowledgementtoitslimitations(Lanphear2001;Morgan1998;Thabaneetal.2010).
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Fig.1LocationofStudyAreasinNepal

2

AnalysisandResults

2.1

ClimateChangeTrend

Demographically,Meghauliisinhabitedby16252individualswiththesexratioof102malesper100
females and an average household size of 5.8 people (VDC Profile 2068BS). Lumle is inhabited by
5757individualswithasexratioof104malesper100females,and5.1peopleperhousehold(VDC
Profile2067BS).Bothofthevillageshavebeenconsistingpoorfarminghouseholdsmakingupover
90%.TheiragroͲbasedlivelihoodsareassistedbyincomefromwagelabourandremittances.
Analysisofmaximumandextrememaximum2temperaturesofbothplacesshowawarmingtrend,
withhigher warming inLumle (Fig.2). Incaseof minimum and extreme minimumtemperatures, a
higher warming is detected in Rampur3 (Fig.3). The Mann Kendall's estimation demonstrates a
significantconnectionbetweenmeantemperatureincreaseandyearformaximumtemperaturesat
Lumle,butislimitedtothemonsoonandpostmonsoonseasonsinRampur.Inthecaseofminimum

2

Maximum/minimumtemperatureistheannualaverageofdailymaximum/minimumtemperatures,whereasextrememaximum/minimum
temperatureistheannualaverageofmonthlymaximum/minimumtemperatures
RampuristhenearestmeteorologicalstationtoMeghauli,located~10kmawaywithintheTarai

3
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temperatures,warmingthroughouttheyearisobservedinRampur,butislimitedtothemonsoon
periodinLumle(Table1).Annualprecipitationishighlyvariableinbothlocations(Fig.4).


Fig.2Annualaverageofmaximumandextrememaximumtemperatures(1971Ͳ2010)
DataSource:DepartmentofHydrologyandMeteorology,GoN
Note:An.Av.Ex.Mx.standsforAnnualAverageofmonthlyextrememaximumtemperature,An.Av.Mx.standsforAnnualAverageofdailymaximum
temperature


Fig.3Annualaverageofminimumandextrememinimumtemperatures(1971Ͳ2010)
DataSource:DepartmentofHydrologyandMeteorology,GoN
Note:An.Av.Mn.standsforAnnualAverageofdailyMinimumtemperature,An.Av.Ex.Mn.standsforAnnualAverageofmonthlyExtremeMinimum
temperature


Table1MannKendall'sEstimationofTrendsinTemperatureChange(Independentvariable/Time:Yearand
dependentvariable:TemperatureoftheMonths)
Monthly Average of Monthly Average of
MaximumTemperature MinimumTemperature
Months
Correlations
Stations
Stations
January

CorrelationCoefficient

Lumle
0.298**

Rampur Lumle
Ͳ0.032
0.056

Rampur
0.293*

February

CorrelationCoefficient

0.276*

0.191

0.047

0.414**

March

CorrelationCoefficient

0.299**

0.179

Ͳ0.076

0.299*

April

CorrelationCoefficient

0.282

0.038

Ͳ0.108

0.240 

May

CorrelationCoefficient

0.373**

Ͳ0.026

0.016

0.236*

June

CorrelationCoefficient

0.465**

0.134

0.164

0.297*

July

CorrelationCoefficient

0.454**

0.403**

0.431**

0.471**

*

*
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August

CorrelationCoefficient

0.298**

0.277*

0.491**

0.521**

September

CorrelationCoefficient

0.473**

0.560**

0.330**

0.444**

October

CorrelationCoefficient

0.422

0.330

Ͳ0.020

0.326 

November

CorrelationCoefficient

0.467**

0.242*

Ͳ0.050

0.506**

December

CorrelationCoefficient

0.501**

0.173

0.014

0.362**

**

**

**

N=40forLumleand36forRampur
*.significantatthe0.05level(2Ͳtailed).
**.significantatthe0.01level(2Ͳtailed).
*Ͳsignificantatthe0.05level(2Ͳtailed)butNegative



Fig.4Annualprecipitationin(1971Ͳ2011)
DataSource:DepartmentofHydrologyandMeteorology,GoN


ThestudiedcommunitiesperceivedincreasedtemperaturetrendsforwinterandthepreͲmonsoon
season.Lumlehasnotexperiencedsnowfallformanyyears,althoughitwascommoninthepast.At
thesametime,perceivedincidentsofhailstonehaveincreasedandhavebecomeirregular4inLumle.
Increasingirregularitiesinseasonalandannualrainfallwereperceivedinbothplaces.Respondents
reported that the characteristics of monsoon rainfall have also changed: smooth and continuous
rainfalleventsarelacking;erraticrainfallhasincreased;themonsoonisreducedinlengthbyabout
twoweeks;moredryweekswithin theseason;reduced winterandpreͲmonsoonrainfall; and the
stress of drought is increasing. The effects of such changes have observed impacts upon social
ecologicalsystems,leadingtoincreasedlivelihoodvulnerability.

2.2

ClimateChangeInducedVulnerability

Initial findings suggest that climate change is impacting on the social ecological systems of the
villages.FloodsanddroughtinMeghauli,andlandslides,seasonaldrought,heavyrainandhailstorm
4

RespondentsofLumlestatedthatsince1990Ͳ1992theyhaveexperiencedincidentsofhailstormoutsideofspringandautumnseasons,andalso
duringnighttime,whichwascompletelyunusualforthem.Accordingtothemhailsusedtooccuronlyinthedaytimeandinspringandautumn
previously.

6
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inLumlearereportedasmajordriversofvulnerability.About150hectaresoffarmlandinLumlehas
been transformed to waste land due to landslides in the last 40 years. In Meghauli, almost 200
hectaresoffarmlandarebeinglostannuallyduetoerosionbyrivers.Communitiesofbothplaces
claimthatclimaticelementshavebecomemoresevereandthathasbadlyaffectedrurallivelihoods
over last decade. Poor infiltration of monsoon rain had lead to both the dryingͲup of permanent
springs in Lumle and deepening of groundwater in Meghauli. Poor decomposition of compost
manure due to reduced soil moisture has resulted in declining soil fertility. Also, invasive species
(Fig.5) in farmlands and forest are emerging that may be partly due to climatic change. Snails
damagecropqualityinMeghauli;especiallyafterthefloodingof1996.Accordingtoparticipantsof
FocusGroupDiscussioninMeghauliandLumle,alltheseforceshavecontributingtoareductionof
productionby20Ͳ25%inbothplaces.Moreover,duetomaleoutmigrationandscarcityofwaterfor
irrigationareasfallowlandhasincreased.






Fig.5InvasiveSpeciesNiloGandhe(smallblueͲwhiteflowers),BanMara(bunch),andMaratiJhar
(singlestem)
Human casualties over the last 20 years have been reported with one death in Lumle caused by
landslideand3inMeghauliduetoflooding.Theforceddisplacementof25Ͳ30householdsannually
in Meghauli duetoriver erosion is a major challenge. Also, incidentsofviralfever,problems with
mosquitoes, and water borne gastrointestinal health problems have increased. Livestock is the
integral part of farming communities’ livelihoods, death due to flooding, landslides, and thunder
strikeswerealsoreported.Infaceoftheseimplications,farmingcommunitiesaremakingeffortsto
adapttochange.

2.3

AdaptationResponses

The farmers have applied some adaptation responses to reduce the vulnerability of affected
systems.Forexample,thecropͲcalendarhaschangedespeciallyforrice.Farmershavecompressed
the working days for rice transplantation: “rice transplantation usually lasted for a month some
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years before, which is reduced to a week now”5. Reduced and changing patterns of rainfall are
sometimescompensatedbyshallowtubeͲwellirrigationinMeghauli.Nevertheless,thecostofsuch
irrigationissohighitisnotcommonlypracticed.FarmersofMeghaulihaveincreasedtheamountof
chemicalfertilizertofulfiltheminimumrequirementofproductionforhouseholdasparticipantsof
FGDatMeghaulistatedthat:“previously,rainfedwaterusedtobehelpfulinriceproduction,which
is completely dependent on the use of chemical fertilizer in these days”. In Lumle, farmers have
reportedthattheyhaveincreasedtheamountofcompostmanure.InLumle,farmershaverecently
started cultivation of offͲseason vegetables under plastic tunnels, applying more mulch, and using
drip irrigation to maintain soil moisture. Accordingly, the average depth of shallow tubeͲwells has
increasedby3Ͳ5metresinrecentyearsinMeghaulitoensuresteadysupplyofdrinkingwater.
Tomitigatefloodrisk,gabionconstructionalongriverbanks,constructionofshelters,andstructural
changesforhouseshavebeeninitiatedinMeghauli.TheGovernmentisprovidingtechnicalsupport
and construction material, while the community contributes free labour to construct the walls.
Meghauli has Community Based Hazard Management Committees; although its programs are
reactivetohazards.Attheprivatelevel,effortsaremadetoraisehousesbyaboutametretoreduce
theriskoffloodinginMeghauli,althoughpoorlypracticedbecauseoflimitedfinancialresources.
To reduce crop losses from hailstorms, farmers in Lumle are adopting early rice harvesting and
thrashingtechniques.However,thesestrategieshaveaffectedfarmersnegativelyasthequalityof
rice and straw is reduced. Populations of cows, oxen, and buffaloes have reduced, but are
compensatedforincreasednumberofgoatsandpoultryinbothvillages.Beyondtheseadaptation
responses, diversifying income options through labour migration is becoming a vital response in
bothvillages.

3

DiscussionandConclusion

The climate is changing in the Nepali Himalaya. The increase in maximum temperature in Lumle
corresponds with previous studies (Shrestha et al. 1999) and future projections (Agrawala et al.
2003).HoweverthedatafromRampurcontradictstheseearlierstudies,whicharguethatwarming
in the Tarai is lower than in the Hills. There are consistencies between scientific and perceived
climate change in cases of winter rainfall; prolonged drought; increased extreme rainfall events;
warming in winter and preͲmonsoon months; and increased autumn precipitation. However, the
dataarecontradictoryinrelationtothereducedannualrainfallandashifted/reducedmonsoon.The

5

Inpreviousperiod,ricefieldusedtobepreparedbyploughingatleast3times;allowingwaterloggingoveraweektofacilitatedecompositionof
weedsandherbsdecomposedandsupplyorganicmanure.Thecostofploughing,anduncertainrainfallatpresentleadtosingletimeploughingand
transplantingriceimmediately
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consistencies correspond with the findings of Chaudhary et al. (2011); but the contradictions are
newfindings,probablycausedbythedifferentmeaningsgiventomonsoon6bythecommunities.
Climatechangehasimpactedthesystemsofthecommunitiesduetothelossoflivelihoodcapitals,
changing agroͲlivestock conditions and the emergence of invasive species; but perhaps not all
experienced ecological change is driven simply by climate change. The communities have made
someeffortstoadapttothechangesalthoughtheyarenotsufficient.Moreworriesomeisthatthe
adaptation knowledge has not been translated into practice because of the nonͲlinearity in
experiencedchange,andtheencounterswithsocioͲcultural,technoͲeconomic,politicoͲinstitutional,
and financialadaptation limitations. Also, thedeviation ofyoungadults from agricultureto labour
migrationasarelativelyeasyadaptationstrategyhasreducedthescopeofagriculturaladaptation.
Similartothefindingsofpreviousstudies(Bardsley&Hugo2010;Gentle&Maraseni2012;Ghimire
etal.2010;Manandharetal.2011;McDowelletal.2012;Onta&Resurreccion2011),thisstudyhas
foundthatclimatechangeisputtingfurtherpressureonsensitivesocialecologicalsystemsinNepal.
Successful adaptation requires strong institutional support especially from the state, which is
generallylackinginNepal.SocioͲeconomicandtechnoͲpoliticalfactorsinteractwithclimatechange
impactstoleadsocioͲecologicalsystemstothresholdsofvulnerability.Nevertheless,studiesofthe
issues,asarebeginningtobeunwrappedhere,arerequiredtounderstandthecompleximplications
ofclimatechangeandguideresponsesintheHimalaya.
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6

Thoughmeasuredrainfallcouldbenotableintorrentialrainfalleventsthatlastjustforfewminutes,farmingcommunitiesdonotconsideritas
monsoonrain.Themeaningofmonsoonrainforfarmeristhesmoothandcontinuousrainfallforseveralhoursand/ordays,increaseinfiltration,
andnaturalspringssothereissteadysupplyofwaterforseasonalirrigation,andricefieldpreparationandtransplantation.
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Abstract—ForestproductivityanddisturbancesinEuropehaveincreasedinthepastand
thesetrendsmaycontinueinthefuture.Studiesofclimatechangeimpactonforestsusually
onlyconsidereithertheeffectsofchangingproductivityordisturbances.However,
productivityanddisturbancesareintrinsicallylinked.Wepresenthereatheoretical
frameworkofthepossibleinteractionsofchangingproductivityanddisturbancesunder
climatechangeandprovideashort,nonͲexhaustivelistofexamplesfromtheliteraturefor
eachtypeofinteractionofchagingproductivityanddistrubances.Oursynthesisframework
distinguishesbetween:1)Directeffectsofproductivityondisturbances,2)Indirecteffectsof
productivityondisturbances,3)Directeffectsofdisturbancesonproductivityand4)Indirect
effectsofdisturbancesonproductivity.Wedonotyethaveacomprehensivepictureofthe
mechanismthroughwhichchangingproductivityanddisturbancesinteract.Unravelingthese
mechanismsiscrucialforabetterunderstandingandquantificationofclimatechangeimpacts
onforestecosystemsandtheassociatedriskforecosystemfunctionsandservices.
Furthermore,disturbancesareoftennotoccurringinisolationbutinteractandinfluenceeach
otherthroughtimeandspace.Thus,understandingthespatialandtemporalinteractionof
disturbancesandtheirinteractionwithchangingproductivityisanotherresearchchallenge.
IndexTerms—ClimateChangeImpacts,Europe,Forests,Interactionsofproductivityand
disturbances
————————————————————

1

Introduction

Inthe20thcentury,forestproductivityinEuropehasincreased(e.g.Spieckeretal.1996;Boisvenue&
Running2006).Thishaspositiveeffectsonwoodavailabilityandcarbonsequestrationinforests.Atthe
sametimedamagetoforestsfromdisturbanceshasalsoincreased(Schelhaasetal.2003)leadingtoflucͲ
tuating wood prices and carbon release to the atmosphere. Both trends, increasing productivity and
changingdisturbanceregimes,arepartlyassociatedwithachangingclimate(Boisvenue&Running2006;
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Seidletal.2011)andfutureprojectionsmostlyagreeonacontinuationofproductivity(Wamelinketal.
2009; Reyer et al. submitted.) and disturbance changes (e.g. Lindner et al. 2010; Jönsson et al. 2009,
2012)underongoingclimatechange.

2

Whatisstillmissing?

StudiesofclimatechangeimpactonforestsusuallyonlyconsidereithertheeffectsofchangingproducͲ
tivity(e.g.Wamelinketal.2009;Reyeretal.submitted)ordisturbances(Schelhaasetal.2003;Jönsson
etal.2009).However,productivityanddisturbancesarebothdynamicallychangingprocessesoverstand
development(Goweretal.1996;Ryanetal.1997;Urban1987)andintrinsicallylinkedsincedisturbances
areusuallycoupledtoacertainforeststateandproductivitydetermineshowlongaforestremainsina
specificstateandthushowsusceptibleitistoacertaindisturbance(Daleetal.2000;White&Jentsch
2001).Forexample,treeheightdeterminesthesusceptibilitytowinddamage(Cucchietal.2005;GarͲ
dineretal.2010;Albrechtetal.2012)andforestswhicharemoreproductivemayreachcriticalheights
fasterandmayevengrowhigher(e.g.Blennowetal.2010a,b).Conversely,inmanaged,evenͲagedforͲ
ests,younger,denserforeststandsaremoresusceptibletoforestfiresandhigherproductivitymayenͲ
ablethemtogrowoutofthissusceptiblestatefaster(Gonzalezetal.2006).
Thus,inreality,changingproductivityanddisturbancesinteract.Thishasimportantimplicationsforthe
assessmentofclimatechangeimpactsonforestproductsandservices.Ontheonehand,higherproducͲ
tivitymaymeanthatmoredamagecanbedone,i.e.moreisatrisk(Schelhaasetal.2002,2003).Onthe
otherhand,reducedproductivitymaymeanthatlessdamagemayoccurbutalsothatwhatisdamaged
ismorevaluable.Therefore,itisnecessarytointerpretclimatechangeͲinducedproductivityanddisturͲ
bancechangesjointlytocapturethefullrangeofclimatechangeimpactsonforestsandtoplanadaptaͲ
tion(e.g.increaseharvestandshortenrotationstobalanceincreasingrisks).
Tothisend,wepresenthereatheoreticalframeworkofthepossibleinteractionsofchangingproductivͲ
ityanddisturbancesunderclimatechangeandprovideashort,nonͲexhaustivelistofexamplesfromthe
literatureforeachtypeofinteractionofchagingproductivityanddistrubances.

3

Theoreticalframeworkoftheinteractionofproductivityanddisturbances

WedefinedisturbanceassynthesizedbySeidletal.2011fromWhiteandPickett1985;Gunderson2000;
Grime2001;White&Jentsch2001as“adiscreteeventintimethatdisruptsecosystemstructure,comͲ
positionand/orprocessesbyalteringitsphysicalenvironmentand/orresources,causingdestructionof
2
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plant biomass.” This definition is neutral and excludes implicit valuation whether the effects of disturͲ
bancesaregoodorbad.
Weunderstandproductivityinabroadsenseastheaccumulationofphotosyntheticproductsinbiomass
minusautotrophicrespiration.However,forthedescriptionofspecificinteractionsofproductivtityand
disturbancesmorenarrowdefinitionsarenecessary.Forexample,iftheeffectsofdisturbancesaffectthe
allocationofproductivitywithinatree.InsuchcaseswehighlightwhichspecificcomponentofproducͲ
tivity(e.g.stemgrowth)wearereferringto.
Theoretically, disturbances may interact with forest productivity in several ways (Fig. 1). Our synthesis
frameworkdistinguishesbetween:
1.
2.
3.
4.

Directeffectsofproductivityondisturbances.
Indirecteffectsofproductivityondisturbances.
Directeffectsofdisturbancesonproductivity.
Indirecteffectsofdisturbancesonproductivity.

Forest productivity

Climate
change

Forest state

Forest disturbances



Fig. 1 Conceptual model of potential interactions between forest productivity and forest disturbances
underclimatechange.Solidarrowsindicatedirecteffects;dashedarrowsindicateindirecteffectsmediͲ
atedthroughthestateoftheforests.
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4
4.1

Examplesforthedifferenttypesofinteractionsofproductivityand
disturbances
Directeffectsofproductivityondisturbances

Adirecteffectofincreasingproductivityisthattreesmaybeabletobetterresistdisturbances.ForexͲ
ample,trees maybemore vitalandhencebetterableto copewithinsectattacks duetoanincreasing
availability of carbohydrates for defense (Wermelinger 2004). With regard to herbivory by insects,
changingproductivitymayinfluenceleafelementstoichiometryandhenceinfluencethepalbabilityand
nutritionalvalueofleavesforherbovores(Ayres&Lombardero2000;Netherer&Schopf2010).

4.2

Indirecteffectsofproductivityondisturbances

ChangingproductivitymayalterkeystructuralfeaturesofaforestwhichdirectlydetermineitssusceptiͲ
bilitytodisturbances.IncreasingproductivityunderclimatechangeinSwedenleadstoincreasingheight
growthandtreeheightswhichincreasestheprobabilityofwinddamage(Blennowetal.2010a,b).ConͲ
versly,itisalsopossiblethathigherproductivityleadstoalowerheightͲdiamterrationandhenceless
stormdamage.

4.3

Directeffectsofdisturbancesonproductivity

Besideskillingtreeswhichimmediatelydecreasesproductivitytozero,therearealsomoresubtleeffects
of disturbances on the productivity of trees. Insect defoliation for example may reduce the amount of
absorpedphotosyntheticactiveradiation,thecarbonuptake,thestoredcarbohydratesand,inconiferͲ
ous trees, nitrogen remobilization, thus reducing overall productivity (Pinkard et al. 2011) and stem
growthinparticular(Jacquetetal.2012,2013).SimilarlySeidlandBlennow(2012)showedthatimporͲ
tantgrowthreductionsoccurredintreesthatsurvivedastorminSwedenduetorootbreakage.Atthe
landscapelevel,modelsimulationshowthatreductionsinproductivityduetodisturbancesoverlonger
timeframesmaybesmall(Panetal.2009)butotherstudieshighlightthatthisdependsonthedisturͲ
bancetypeandfrequency(Chertovetal.2009).

4.4

Indirecteffectsofdisturbancesonproductivity

IndirecteffectsofdisturbancesonproductivityrefermostlytochangesinforeststructureandcomposiͲ
tion. Disturbances may for example alter the species composition of a forest (Bolte et al. 2009) which
changesitsproductivity.Adisturbancemayalsochangetheagestructureofaforest(oraforestlandͲ
scape) and thus influence its productivity. At the individual tree level, wind damage may limit height
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growth(althoughnotheightgrowthrateseeMencuccinietal.2005)andthuslimitstreeproductivity.In
theexampleofstormdamagetosurvivingtreesinSwedenbySeidlandBlennow(2012),theindirectefͲ
fectofthestormonstemgrowthwassubstantialsincesurvivingtreesallocatedmorecarbontorepair
rootsdamagewhichevenfurtherdecreasedstemgrowth.

5

Conclusionandwhatisstill,stillmissing?

Wehaveshownthattherearenumerouswayshowchangingproductivityanddisturbancesmayinteract.
Ourtheoreticalframeworkprovidesausefulsynthesistoguideobservationalandexperimentalstudies
aswellastoleadmodeldevelopment.Furthermore,oursynthesisshowsthatstudiesontheadaptation
andthemitigationpotentialofforestecosystemsshouldconsidertheinteractionbetweenproductivity
anddisturbancechangestopaintarealisticpictureofclimatechangeimpactsonforestsandthegoods
andservicestheyprovide.
However,oursynthesisalsoshowsthatwearefarfromhavingacomprehensivepictureofthemechaͲ
nism through which changing productivity and disturbances interact. Unraveling these mechanisms is
crucialforabetterunderstandingandquantificationofclimatechangeimpactsonforestecosystemsand
theassociatedriskforecosystemfunctionsandservices.Moreover,thisunderstandingisalsoimportant
toanswerecologicalquestionsregardingthedriversoftreedeath.
Furthermore, disturbances are for example often not occurring in isolation but interact and influence
eachotherthroughtimeandspace(Daleetal.2001;Hanewinkeletal.2008).WindͲblownordroughtͲ
stressedtreesforexampleprovidebreedingmaterialforinsectsthatmayevenattackfullyvigoroustrees
(e.g.SchroederandLindelöw2002;Gaylordetal.2013).Newlycreatedforestedgesafterastormmay
exposeformerlyratherprotectedtreestothesubsequentstorms.Thus,understandingthe spatialand
temporal interaction of disturbances and their interaction with changing productivity seems to be anͲ
otherresearchchallenge.
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ĞƉĂƌƚŵĞŶƚŽĨŐƌŝĐƵůƚƵƌĞĂŶĚĐŽůŽŐǇ͕hŶŝǀĞƌƐŝƚǇŽĨŽƉĞŶŚĂŐĞŶ͕,ƆũďĂŬŬĞŐĊƌĚůůĠϯϬ͕ϮϲϯϬdĂĂƐƚƌƵƉ͕
ĞŶŵĂƌŬ
ϭϯ
dŚĞ:ĂŵĞƐ,ƵƚƚŽŶ/ŶƐƚŝƚƵƚĞ͕/ŶǀĞƌŐŽǁƌŝĞ͕ƵŶĚĞĞϮϱ͕^ĐŽƚůĂŶĚh<
ϭϰ
ŐƌŽƐǇƐƚĞŵƐZĞƐĞĂƌĐŚ͕WůĂŶƚZĞƐĞĂƌĐŚ/ŶƚĞƌŶĂƚŝŽŶĂů;WZ/Ϳ͕tĂŐĞŶŝŶŐĞŶhZ͕ƌŽĞǀĞŶĚĂĂůƐĞƐƚĞĞŐϭ͕ϲϳϬϴW
tĂŐĞŶŝŶŐĞŶ͕EĞƚŚĞƌůĂŶĚƐ
ϭϱ
/EZ͕hDZϭϬϵϱ'ĞŶĞƚŝĐ͕ŝǀĞƌƐŝƚǇĂŶĚĐŽƉŚǇƐŝŽůŽŐǇŽĨĞƌĞƌĂůƐ;'Ϳ͕&ͲϲϯϭϬϬůĞƌŵŽŶƚͲ&ĞƌƌĂŶĚ͕&ƌĂŶĐĞ

ΎŽƌƌĞƐƉŽŶĚŝŶŐĂƵƚŚŽƌ͖ͲŵĂŝůĂĚĚƌĞƐƐ͗ƌĞŝŵƵŶĚ͘ƌŽƚƚĞƌΛŵƚƚ͘Ĩŝ
Ϯ




ďƐƚƌĂĐƚͶDŽĚĞůůŝŶŐƵƌŽƉĞĂŶŐƌŝĐƵůƚƵƌĞǁŝƚŚůŝŵĂƚĞŚĂŶŐĞĨŽƌ&ŽŽĚ^ĞĐƵƌŝƚǇ;D^hZͿ
ŝƐĂŬŶŽǁůĞĚŐĞŚƵďĞǆƉůŽŝƚŝŶŐĂŶĚŝŵƉƌŽǀŝŶŐĚĂƚĂ͕ŵĞƚŚŽĚƐĂŶĚŵŽĚĞůůŝŶŐƚŽŽůƐĨŽƌĂĚĞƚĂŝůĞĚ
ĐůŝŵĂƚĞĐŚĂŶŐĞƌŝƐŬĂƐƐĞƐƐŵĞŶƚ͘dŚĞŚƵďĐŽŵƉƌŝƐĞƐϳϯŝŶƚĞƌĂĐƚŝŶŐĂŐƌŝĐƵůƚƵƌĂů;ĐƌŽƉ͕ůŝǀĞƐƚŽĐŬ͕
ƚƌĂĚĞͿƐĐŝĞŶƚŝĨŝĐĂŶĚŵŽĚĞůůŝŶŐƌĞƐĞĂƌĐŚŐƌŽƵƉƐĨƌŽŵϭϲƵƌŽƉĞĂŶĐŽƵŶƚƌŝĞƐĂŶĚ/ƐƌĂĞů͘dŚĞ
ĐƌŽƉŵŽĚĞůůŝŶŐ;ƌŽƉDͿĐŽŵƉŽŶĞŶƚŽĨD^hZĐŽŶĐĞŶƚƌĂƚĞƐŽŶŽǀĞƌĐŽŵŝŶŐǁĞĂŬŶĞƐƐĞƐŝŶ
ĐƌŽƉŵŽĚĞůůŝŶŐĂƉƉƌŽĂĐŚĞƐĂŶĚƚŽŽůƐǁŝƚŚƐƉĞĐŝĨŝĐĂƚƚĞŶƚŝŽŶƚŽĞǆƉůŽŝƚŝŶŐĚĂƚĂŽŶŝŵƉŽƌƚĂŶƚ
ƵƌŽƉĞĂŶĨŝĞůĚĐƌŽƉƐ͕ĐƌŽƉƌŽƚĂƚŝŽŶƐĂŶĚĨĂƌŵŝŶŐƐǇƐƚĞŵƐ͕ĂŶĚƚŚĞŵŽĚĞůůŝŶŐŽĨĚŝǀĞƌƐĞ
;ŵŝƚŝŐĂƚŝǀĞͿĂĚĂƉƚĂƚŝŽŶŽƉƚŝŽŶƐ͘ƌŽƉDŽƵƚƉƵƚƐĂƌĞƐĐĂůĞĚƵƉƚŽĨĂƌŵ͕ƌĞŐŝŽŶĂůĂŶĚ;ƐƵƉƌĂͲͿ
ŶĂƚŝŽŶĂůůĞǀĞůĂƐƌĞƋƵŝƌĞĚĨŽƌĐŽŶĐĞƌƚĞĚŝŶƚĞŐƌĂƚĞĚƐƚƵĚŝĞƐŽŶƚŚĞƵƌŽƉĞĂŶĂŐƌŝͲĨŽŽĚƐĞĐƚŽƌ
ĂŶĚŝƚƐĐŽŶƚƌŝďƵƚŝŽŶƚŽŐůŽďĂůĨŽŽĚƐĞĐƵƌŝƚǇƵŶĚĞƌĐůŝŵĂƚĞĐŚĂŶŐĞ͘dŚĞƐƉĞĐŝĨŝĐŽďũĞĐƚŝǀĞƐŽĨ
ƌŽƉDĂƌĞ͗;ŝͿƚŽĐŽŶĚƵĐƚĐƌŽƉŵŽĚĞůŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶƐƚŽĚĞƚĞĐƚĚĞĨŝĐŝĞŶĐŝĞƐ͕;ŝŝͿĐŽŵƉŝůĞ
ĚĂƚĂŝŶƐƵƉƉŽƌƚŽĨŵŽĚĞůŝŵƉƌŽǀĞŵĞŶƚƐ͕;ŝŝŝͿĂĚǀĂŶĐĞƐĐĂůŝŶŐŵĞƚŚŽĚƐĂŶĚŵŽĚĞůůŝŶŬĂŐĞƐ͕;ŝǀͿ
ŝŵƉƌŽǀĞĐůŝŵĂƚĞƐĐĞŶĂƌŝŽĚĂƚĂĂŶĚŝŵƉĂĐƚƵŶĐĞƌƚĂŝŶƚǇĂŶĂůǇƐŝƐ͕;ǀͿďƵŝůĚƌĞƐĞĂƌĐŚĐĂƉĂĐŝƚǇŝŶ
ƚŚĞƐĞĂƌĞĂƐ͕ĂŶĚ;ǀŝͿĐŽŵďŝŶĞŶĞǁŬŶŽǁůĞĚŐĞĂŶĚƚŽŽůƐǁŝƚŚƚŚŽƐĞĨƌŽŵůŝǀĞƐƚŽĐŬĂŶĚƚƌĂĚĞ
ŵŽĚĞůůĞƌƐƚŽĂůůŽǁŝŶƚĞƌĚŝƐĐŝƉůŝŶĂƌǇƐƚƵĚŝĞƐĂŶĚŝŶƚĞƌĂĐƚŝŽŶǁŝƚŚĂĚŝǀĞƌƐĞƌĂŶŐĞŽĨ
ƐƚĂŬĞŚŽůĚĞƌƐĨŽƌĐůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚĂƐƐĞƐƐŵĞŶƚƐ͘tĞŝĚĞŶƚŝĨǇƌĞƋƵŝƌĞŵĞŶƚƐĨŽƌŝŵƉƌŽǀŝŶŐ
ŵŽĚĞůƐŝŵƵůĂƚŝŽŶƐ͕Ğ͘Ő͘ĐŽŶĐĞƌŶŝŶŐŝŵƉĂĐƚƐŽĨŚĞĂƚĂŶĚĚƌŽƵŐŚƚƐƚƌĞƐƐĂƐǁĞůůĂƐŝŶƚĞŶƐĞ
ƌĂŝŶĨĂůůĂŶĚǁĂƌŵǁŝŶƚĞƌƐŽŶĐƌŽƉǇŝĞůĚ͘tĞƐŚŽǁƉŽƐƐŝďŝůŝƚŝĞƐĨŽƌĞŶŚĂŶĐŝŶŐŵĞƚŚŽĚƐŽĨ
ϭ
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ůŝŶŬŝŶŐŵŽĚĞůƐĂŶĚĚĂƚĂŽĨĚŝĨĨĞƌĞŶƚƌĞƐŽůƵƚŝŽŶƐ͘&ŝŶĂůůǇ͕ǁĞŐŝǀĞĞǆĂŵƉůĞƐŽĨŚŽǁƚŽŝŵƉƌŽǀĞ
ƋƵĂŶƚŝĨŝĐĂƚŝŽŶĂŶĚƌĞƉŽƌƚŝŶŐŽĨĐƌŽƉŝŵƉĂĐƚƵŶĐĞƌƚĂŝŶƚŝĞƐŝŶĐůƵĚŝŶŐƚŚĞĐŽŶƚƌŝďƵƚŝŽŶĨƌŽŵ
ǀĂƌŝŽƵƐƐŽƵƌĐĞƐ;ŝ͘Ğ͘ĞŵŝƐƐŝŽŶƐĐĞŶĂƌŝŽƐ͕ĐůŝŵĂƚĞŵŽĚĞůůŝŶŐ͕ĚŽǁŶƐĐĂůŝŶŐŽĨĐůŝŵĂƚĞŵŽĚĞůĚĂƚĂ
ĂŶĚĐƌŽƉŝŵƉĂĐƚŵŽĚĞůůŝŶŐŝƚƐĞůĨͿ͘

/ŶĚĞǆdĞƌŵƐͶĚĂƉƚĂƚŝŽŶ͕ĐůŝŵĂƚĞƌŝƐŬƐ͕ĐƌŽƉŵŽĚĞůŝŵƉƌŽǀĞŵĞŶƚ͕ƵŶĐĞƌƚĂŝŶƚǇĂŶĂůǇƐŝƐ
ͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶ

1 Introduction
/ŶϮϬϭϭ͕ƚŚĞƵƌŽƉĞĂŶhŶŝŽŶ;hͿĐŽŶƚƌŝďƵƚĞĚϮϬйŽĨŐůŽďĂůĐĞƌĞĂů ƉƌŽĚƵĐƚŝŽŶ ĂŶĚ ϭϵй ŽĨ ŐůŽďĂů
ŵĞĂƚƉƌŽĚƵĐƚŝŽŶ;ǁǁǁ͘ĨĂŽƐƚĂƚ͘ĨĂŽ͘ŽƌŐͿ͘ŽŶĐƵƌƌĞŶƚůǇ͕ǁŚŝůĞĂŐƌŝĐƵůƚƵƌĂůƉƌŽĚƵĐƚŝŽŶŝƐŝŶƚĞŶƐŝĨǇŝŶŐŝŶ
EŽƌƚŚĞƌŶ ƵƌŽƉĞ͕ ĚĞĐůŝŶŝŶŐ ƉƌŽĚƵĐƚŝǀŝƚǇ ŚĂƐ ďĞĞŶ ŝŶĚŝĐĂƚĞĚ ŝŶ ƐŽŵĞ ƐŽƵƚŚĞƌŶ ĂŶĚ ƐŽƵƚŚͲĞĂƐƚĞƌŶ
ƌĞŐŝŽŶƐŽĨƵƌŽƉĞ;WŽƌƚĞƌĞƚĂů͕͘ϮϬϭϯͿ͘ƵƌŝŶŐƌĞĐĞŶƚĚĞĐĂĚĞƐ͕ǀĂƌŝĂďŝůŝƚǇŝŶƵƌŽƉĞĂŶĐƌŽƉǇŝĞůĚƐŚĂƐ
ĂůƌĞĂĚǇŝŶĐƌĞĂƐĞĚĚƵĞƚŽŵŽƌĞĨƌĞƋƵĞŶƚĞǆƚƌĞŵĞĐůŝŵĂƚŝĐĞǀĞŶƚƐ͕ǁŚŝĐŚĂƌĞůŝŬĞůǇƚŽŝŶĐƌĞĂƐĞŝŶƚŚĞ
ĨƵƚƵƌĞ ;&ŝĞůĚ Ğƚ Ăů͕͘ ϮϬϭϮͿ͘ ƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ͕ ŐƌŽǁƚŚŝŶ ĐĞƌĞĂů ǇŝĞůĚƐ ŚĂǀĞ ĚĞĐůŝŶĞĚ ĐŽŶƐŝĚĞƌĂďůǇ ŝŶ
ƵƌŽƉĞ͕ ĞƐƉĞĐŝĂůůǇ ĨŽƌ ǁŚĞĂƚ ;KůĞƐĞŶ Ğƚ Ăů͕͘ ϮϬϭϭͿ͘ YƵĞƐƚŝŽŶƐ ĂƌŝƐĞ ƐƵĐŚ ĂƐ ;ŝͿ ŚŽǁ ƚŽ ŝŶĐƌĞĂƐĞ
ĂŐƌŝĐƵůƚƵƌĂůƉƌŽĚƵĐƚŝŽŶĂŶĚƵƌŽƉĞ͛ƐƐŚĂƌĞŝŶŐůŽďĂůĨŽŽĚƐƵƉƉůǇƐĞĐƵƌŝƚǇǁŚŝůĞĐŽŶĐƵƌƌĞŶƚůǇƌĞĚƵĐŝŶŐ
ŐƌĞĞŶŚŽƵƐĞŐĂƐ;','ͿĞŵŝƐƐŝŽŶƐĨƌŽŵĂŐƌŝĐƵůƚƵƌĞ͍͕Žƌ͕;ŝŝͿǁŚĂƚůĂŶĚĂŶĚǁĂƚĞƌƌĞƐŽƵƌĐĞƐ͕ĞĨĨŝĐŝĞŶĐǇ
ŐĂŝŶƐ͕ĂŐƌŽͲƚĞĐŚŶŽůŽŐŝĞƐ͕ŝŶǀĞƐƚŵĞŶƚƐĂŶĚŝŶƐƚŝƚƵƚŝŽŶĂůƐĞƚƚŝŶŐƐĂƌĞƌĞƋƵŝƌĞĚƚŽ͕ĂƚůĞĂƐƚ͕ĚŽƵďůĞh͛Ɛ
ĂŐƌŝĐƵůƚƵƌĂůƉƌŽĚƵĐƚŝŽŶďǇϮϬϱϬǁŝƚŚŽƵƚŝŶĐƌĞĂƐŝŶŐ','ĞŵŝƐƐŝŽŶƐ;dŝůŵĂŶĞƚĂů͘ϮϬϭϭͿ͍D^hZĂƐ
ĂǁŚŽůĞŝƐŝŶƚĞƌĞƐƚĞĚǁŚĂƚƚŚĞĂŐƌŝĐƵůƚƵƌĂůĚĞǀĞůŽƉŵĞŶƚƉĂƚŚǁĂǇƐĨŽƌƚŚĞhƐŚŽƵůĚďĞƚŽĨƵůĨŝůůƐƵĐŚ
ŐŽĂůƐŝŶƚŚĞĨĂĐĞŽĨĐůŝŵĂƚĞĐŚĂŶŐĞ͘/ƚŚĂƐďĞĞŶĂƌŐƵĞĚƚŚĂƚƚŚĞhƐŚŽƵůĚĨŝƌƐƚŝŶǀĞƐƚŝŶƐƵƐƚĂŝŶĂďůĞ
ŝŶƚĞŶƐŝĨŝĐĂƚŝŽŶŽŶƚŚĞŵŽƐƚƐƵŝƚĂďůĞůĂŶĚŝŶŽƌĚĞƌƚŽďĞƐƚƵƚŝůŝǌĞĂŐƌŝĐƵůƚƵƌĞ͛ƐŵŝƚŝŐĂƚŝŽŶƉŽƚĞŶƚŝĂůĂŶĚ
ĐŽŶƚƌŝďƵƚĞƚŽŐůŽďĂůĨŽŽĚƐĞĐƵƌŝƚǇ;^ŽƵƐƐĂŶĂĞƚĂů͕͘ϮϬϭϮͿ͘hŶĚĞƌƐƵĐŚĂƌĞƐĞĂƌĐŚĂŶĚĚĞǀĞůŽƉŵĞŶƚ
ĂŐĞŶĚĂ͕ ĂŐƌŽͲĞĐŽƐǇƐƚĞŵ ŵŽĚĞůƐ ;DƐͿ ŵƵƐƚ ƉƌŽǀŝĚĞ ŵƵĐŚ ŵŽƌĞ ƚŚĂŶ ũƵƐƚ ŝŶĨŽƌŵĂƚŝŽŶ ŽŶ ĐƌŽƉ
ǇŝĞůĚƐ͘ DŽĚĞů ŽƵƚƉƵƚƐ ŽŶ ĐƌŽƉ ǁĂƚĞƌ ƵƐĞ͕ ŶŝƚƌŽŐĞŶ ĂŶĚ ĐĂƌďŽŶ ďĂůĂŶĐĞƐ͕ ƚŽ ŶĂŵĞ Ă ĨĞǁ͕ ǁŝůů ďĞ
ĞƋƵĂůůǇŝŵƉŽƌƚĂŶƚ;&ŝŐ͘ϭͿ;Ğ͘Ő͕͘ĐŬĞƌƐƚĞŶĞƚĂů͕͘ϮϬϬϭͿ͘

/Ŷ ƚŚŝƐ ƉĂƉĞƌ͕ ǁĞ ŝĚĞŶƚŝĨǇ ƌĞƋƵŝƌĞŵĞŶƚƐ ĨŽƌ DƐ ƚŽ ƐƵƉƉŽƌƚ ŵƵůƚŝƉůĞ ;ĂŐƌŝͲĞŶǀŝƌŽŶŵĞŶƚĂůͿ ŐŽĂů
ĂŶĂůǇƐŝƐ;DƺůůĞƌΘ>ŽƚǌĞͲ<ĂŵƉĞŶ͕ϮϬϭϮͿǁŝƚŚĨŽĐƵƐŽŶŚŽǁƚŽŽǀĞƌĐŽŵĞŵŽĚĞůĚĞĨŝĐŝĞŶĐŝĞƐ;^ĞĐƚŝŽŶ
ϮͿ͕ ĂŶĚ ŚŽǁ ƚŽ ůŝŶŬ D ǁŝƚŚ ƐŽĐŝŽͲĞĐŽŶŽŵŝĐ ĂŶĂůǇƐŝƐ ĨŽƌ ĐŽŶĚƵĐƚŝŶŐ ŝŶƚĞŐƌĂƚĞĚ ĐůŝŵĂƚĞ ƌŝƐŬ
ĂƐƐĞƐƐŵĞŶƚ;^ĞĐƚŝŽŶϯͿ͘tŝƚŚƌĞƐƉĞĐƚƚŽŐĂƉƐŝŶĐůŝŵĂƚĞŝŵƉĂĐƚƌĞƐĞĂƌĐŚĨŽƌĂŐƌŝĐƵůƚƵƌĞ͕ǁĞĞƐƉĞĐŝĂůůǇ
ĂĚĚƌĞƐƐǁŚĂƚŝƐŶĞĞĚĞĚƚŽďĞƚƚĞƌƵŶĚĞƌƐƚĂŶĚŝŵƉĂĐƚƐŽĨĐůŝŵĂƚŝĐǀĂƌŝĂďŝůŝƚǇĂŶĚĞǆƚƌĞŵĞĞǀĞŶƚƐ͕ĂŶĚ͕
ŚŽǁ DƐ ĐŽƵůĚ ďĞ ĂƉƉůŝĞĚ ŝŶ ƐƚƵĚŝĞƐ ƚŚĂƚ Ăŝŵ Ăƚ ƋƵĂŶƚŝĨǇŝŶŐ ĐŚĂůůĞŶŐĞƐ ĂŶĚ ƐŽůƵƚŝŽŶƐ ĨŽƌ ĨŽŽĚ
ƐĞĐƵƌŝƚǇ͘
Ϯ
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2 How to overcome deficiencies in agro-ecosystem modelling ?
/Ŷ ŽƌĚĞƌ ƚŽ ĞůŝŵŝŶĂƚĞ ĚĞĨŝĐŝĞŶĐŝĞƐ ŽĨ DƐ ĨŽƌ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚ ĂŶĚ ƌŝƐŬ ĂƐƐĞƐƐŵĞŶƚ͕ ƚǁŽ
ŝŶƚĞƌŶĂƚŝŽŶĂů ƌĞƐĞĂƌĐŚ ŶĞƚǁŽƌŬƐ͕ ŐD/W ;ZŽƐĞŶǌǁĞŝŐ Ğƚ Ăů͘ ϮϬϭϯͿ ĂŶĚ & :W/ ŬŶŽǁůĞĚŐĞ ŚƵď
D^hZ;ǁǁǁ͘ŵĂĐƐƵƌ͘ĞƵ͖ƚŚŝƐƉĂƉĞƌͿŚĂǀĞƌĞĐĞŶƚůǇďĞĞŶůĂƵŶĐŚĞĚ͘ŽŵŵŽŶŐŽĂůƐĂƌĞƚŽĐŽŵƉĂƌĞ

ŝŽŵĂƐƐƉƌŽĚƵĐƚŝŽŶ

tĞĂƚŚĞƌ

ƌŽƉǇŝĞůĚ
ƌŽƉ
ƉĂƌĂŵĞƚĞƌƐ

^Žŝů
ƉƌŽƉĞƌƚŝĞƐ

ƐƐŝŵŝůĂƚŝŽŶͬ
ZĞƐƉŝƌĂƚŝŽŶ

ŐƌŽͲ
ĐŽƐǇƐƚĞŵ
DŽĚĞů
;DͿ

&ŝĞůĚǁĂƚĞƌďĂůĂŶĐĞ
;d͕W͕^DͿ
KƌŐĂŶŝĐŵĂƚƚĞƌ
ͬĐĂƌďŽŶďĂůĂŶĐĞ
EƵƚƌŝĞŶƚĚǇŶĂŵŝĐƐ
>ĞĂĐŚŝŶŐ

/ŶĨŽƌŵĂƚŝŽŶŽŶ
ĐƌŽƉĂŶĚƐŽŝů
ŵĂŶĂŐĞŵĞŶƚ

','ĞŵŝƐƐŝŽŶƐ


&ŝŐ͘ϭ͘^ĐŚĞŵĂƚŝĐŽǀĞƌǀŝĞǁŽĨ/ŶƉƵƚƐĂŶĚŽƵƚƉƵƚƐŽĨŐƌŽͲĐŽƐǇƐƚĞŵDŽĚĞůƐ;DƐͿ͘ďďƌĞǀŝĂƚŝŽŶƐ͗
dсǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶ͖WсĞĞƉWĞƌĐŽůĂƚŝŽŶ͖^Dс^ŽŝůDŽŝƐƚƵƌĞ͖','с'ƌĞĞŶŚŽƵƐĞŐĂƐĞƐ
ĐƌŽƉ͕ ůŝǀĞƐƚŽĐŬ ĂŶĚ ƚƌĂĚĞ ŵŽĚĞůƐ͕ ŝĚĞŶƚŝĨǇ ĚĞĨŝĐŝĞŶĐŝĞƐ ĂŶĚ ŝŵƉƌŽǀĞ ŵŽĚĞůƐ ǀŝƐ Ă ǀŝƐ ƌĞĂů ǁŽƌůĚ
ŽďƐĞƌǀĂƚŝŽŶƐ͘tŚŝůĞt'//ŽĨ/WZϰ;ĂƐƚĞƌůŝŶŐĞƚĂů͘ϮϬϬϳͿĐŽŶĐůƵĚĞĚƚŚĂƚĂŐƌŝĐƵůƚƵƌĂůƉƌŽĚƵĐƚŝŽŶ
ǁŝůů ďĞ ŵĂŝŶůǇ ƌĞĚƵĐĞĚ ŝŶ ĚĞǀĞůŽƉŝŶŐ ĐŽƵŶƚƌŝĞƐ ŝĨ ŐůŽďĂů ǁĂƌŵŝŶŐ ƌĞŵĂŝŶƐ ďĞůŽǁ ϯŽ͕ ůĂƚĞƌ ƐƚƵĚŝĞƐ
ƐƵŐŐĞƐƚ ŚŝŐŚĞƌ ƌŝƐŬƐ͘ ƵĞ ƚŽ ŝŶĐƌĞĂƐĞĚ ĐůŝŵĂƚŝĐ ǀĂƌŝĂďŝůŝƚǇ ǁŝƚŚ ŵŽƌĞ ĨƌĞƋƵĞŶƚ ĂŶĚ ƐĞǀĞƌĞ ĞǆƚƌĞŵĞ
ǁĞĂƚŚĞƌĞǀĞŶƚƐ;&ŝĞůĚĞƚĂů͘ϮϬϭϮͿ͕ŵŽƌĞƌĂƉŝĚĂŶĚƐĞǀĞƌĞǇŝĞůĚƌĞĚƵĐƚŝŽŶƐĂƌĞĞǆƉĞĐƚĞĚĂĐƌŽƐƐƚŚĞ
ǁŽƌůĚƚŚĂŶƉƌĞǀŝŽƵƐůǇĂŶƚŝĐŝƉĂƚĞĚ;>ŽďĞůůĞƚĂů͘ϮϬϭϭͿ͘^ŽŵĞŽĨƚŚĞƐĞĂƌĞƌĞůĂƚĞĚƚŽƚŚĞƐĞŶƐŝƚŝǀŝƚǇŽĨ
ĐƌŽƉƐ ǁŚĞŶ ĐĞƌƚĂŝŶ ƚĞŵƉĞƌĂƚƵƌĞ ƚŚƌĞƐŚŽůĚƐ ĂƌĞ ĞǆĐĞĞĚĞĚ ;Ğ͘Ő͘ DŽƌŝŽŶĚŽ Ğƚ Ăů͘ ϮϬϭϭ͖ ^ĞŵĞŶŽǀ Θ
^ŚĞǁƌǇ͕ϮϬϭϭͿ͖ŝŶƉƌĂĐƚŝĐĞ͕ŽĨƚĞŶďŽƚŚƐĞǀĞƌĞŚĞĂƚĂŶĚĚƌŽƵŐŚƚ;Ğ͘Ő͘ĚƵƌŝŶŐĐĞƌƚĂŝŶƚŝŵĞƐŽĨƚŚĞĚĂǇͿ
ĂƌĞ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ŶŽŶͲůŝŶĞĂƌ͕ ŶĞŐĂƚŝǀĞ ŝŵƉĂĐƚƐ ŽŶ ǇŝĞůĚ ;ZĞǇĞƌ Ğƚ Ăů͘ ϮϬϭϯͿ͘ DŽƌĞŽǀĞƌ͕ ĞĨĨĞĐƚƐ ŽĨ
ŝŶƚĞŶƐŝǀĞƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚĨůŽŽĚŝŶŐŽŶƉůĂŶƚƉŚǇƐŝŽůŽŐŝĐĂů;ŽǆǇŐĞŶƐƚƌĞƐƐͿĂŶĚƐŽŝůƉƌŽĐĞƐƐĞƐ;ŶŝƚƌĂƚĞ
ůĞĂĐŚŝŶŐͿ ŵĂǇ ƐŝŐŶŝĨŝĐĂŶƚůǇ ƌĞĚƵĐĞ ĐƌŽƉ ǇŝĞůĚƐ͘ ůů ƚŚĞƐĞ ĞĨĨĞĐƚƐ ŝŶĚƵĐĞĚ ďǇ ŝŶĐƌĞĂƐĞĚ ĐůŝŵĂƚŝĐ
ǀĂƌŝĂďŝůŝƚǇ ĂƌĞ ŶŽƚ ǇĞƚ ĂĚĞƋƵĂƚĞůǇ ĐĂƉƚƵƌĞĚ ďǇ ĐƵƌƌĞŶƚ DƐ͕ ǁŚŝĐŚ ƌĞĐĞŶƚůǇ ůĞĚ ƚŽ ĐĂůůƐ ĨŽƌ
͞ŽǀĞƌŚĂƵůŝŶŐ͟ ƚŚĞŵ ĂŶĚ ĂƉƉůǇ ŵƵůƚŝͲŵŽĚĞů ĂƉƉƌŽĂĐŚĞƐ ;ZƂƚƚĞƌ Ğƚ Ăů͘ ϮϬϭϭĂͿ͘ ŽŶƐŝĚĞƌĂďůĞ
ƵŶĐĞƌƚĂŝŶƚǇĂůƐŽĞǆŝƐƚƐǁŝƚŚƌĞƐƉĞĐƚƚŽŵŽĚĞůůŝŶŐKϮĞĨĨĞĐƚƐ;<ĞƌƐĞďĂƵŵΘEĞŶĚĞů͕ϮϬϭϯͿĂŶĚƚŚĞ
ϯ
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dĂďůĞ ϭ͘ ^ƵŵŵĂƌǇ ŽĨ ƚǇƉĞ ŽĨ ĞǆƚƌĞŵĞ ĞǀĞŶƚƐ ĂŶĚ ĐƌŽƉ ƐƉĞĐŝĞƐ ƚŽ ďĞ ĐŽŶƐŝĚĞƌĞĚ ĂŶĚ ƌĞĐĞŝǀĞ ĨŝƌƐƚ
ƉƌŝŽƌŝƚǇ ĨŽƌ ŽǀĞƌĐŽŵŝŶŐ ŵŽĚĞů ĚĞĨŝĐŝĞŶĐŝĞƐ ŝŶ ƌŽƉD ;ďĂƐĞĚ ŽŶ ůŝƚĞƌĂƚƵƌĞ ĂŶĚ ĞǆƉĞƌƚ ƌĞǀŝĞǁ ďǇ
D^hZĐŽŶƐŽƌƚŝƵŵͿ

Extreme event

Development stage

Vegetative growth

Severe drought (weeks)
and chronic (weeksmonths) high temperature

Short (hours-days) heat
shocks

Short and chronic very
cold spells

Heavy rain and storm

Main physiological
process
Tillering (small grain
cereals) and leaf
expansion /senescence C and N assimilation and
partitioning - Lack of
vernalisation (winter
cereals) - accelerated rate
of development
accelerated development
and tuber mass

Crop species
Wheat
Barley
Oil-seed rape

Olive
Grapevine

Sugar beet
Potato
Wheat
Canopy senescence - C Barley
and N assimilation and
Maize
Rice
partitioning Reproductive growth
Anthesis/silking interval Oil-seed rape
Sunflower
(maize) – Grain/fruit
development
Olive
Grapevine
Wheat
Floret mortality - Pollen
Barley
Anthesis
viability (maize) - Potential Maize
Rice
grain size
Sunflower
Starch granule and gluten
Reproductive growth
Wheat
protein size distribution
Wheat
Cold hardening (winter
Vegetative growth cereals, frost damage or Barley
anthesis (grapevine, olive) winter-kill) - Fruit mortality Grapevine
(grapevine, olive)
Olive
Stem lodging (small grain
cereals, interaction with N
Wheat
Vegetative / reproductive fertilization) - Water
Barley
logging-oxygen stress growth - ripeness
Oil-seed rape
Post-maturity losses from
(grapevine)
Potato
delayed harvest - Disease
losses from wet conditions


ŝŶƚĞƌĂĐƚŝŽŶƐďĞƚǁĞĞŶƚĞŵƉĞƌĂƚƵƌĞĂŶĚKϮ;ƐƐĞŶŐĞƚĂů͘ϮϬϭϯͿ͕ĐĂůůŝŶŐĨŽƌĨƵƌƚŚĞƌƌĞƐĞĂƌĐŚ͘ƉƌĞͲ
ƌĞƋƵŝƐŝƚĞ ĨŽƌ ĞůŝŵŝŶĂƚŝŽŶ ŽĨ ŵŽĚĞů ĚĞĨŝĐŝĞŶĐŝĞƐ ĂŶĚ ĞŶƐĞŵďůĞ ŵŽĚĞůůŝŶŐ ĂƌĞ ƉƌŽƉĞƌ ŵŽĚĞů
ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶ ƐƚƵĚŝĞƐ͘ ƌŽƉD ǁŝůů͕ ƚŚĞƌĞĨŽƌĞ͕ ĐĂƌƌǇ ŽƵƚ ŵŽĚĞů ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶƐ ŝŶ ĐŽŵďŝŶĂƚŝŽŶ
ϰ
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ǁŝƚŚĞǆƉůŽŝƚŝŶŐƵŶƚĂƉƉĞĚĞǆƉĞƌŝŵĞŶƚĂůĚĂƚĂŽŶŵĂũŽƌƵƌŽƉĞĂŶĐƌŽƉƐĂŶĚĐƌŽƉƌŽƚĂƚŝŽŶƐ͘ƵƌƌĞŶƚůǇ
ŶĞǁĚĂƚĂƐĞƚƐĂƌĞďĞŝŶŐĐŽŵƉŝůĞĚǁŝƚŚĨŽĐƵƐŽŶŝŵƉƌŽǀŝŶŐŵŽĚĞůĚĞƐĐƌŝƉƚŝŽŶƐƌĞŐĂƌĚŝŶŐŝŵƉĂĐƚƐŽĨ
ĚŝĨĨĞƌĞŶƚ ĞǆƚƌĞŵĞ ĞǀĞŶƚƐ ;dĂďůĞ ϭͿ͘ dŚĞƐĞ ǁŝůů ďĞ ƵƚŝůŝǌĞĚ ƚŽ ŝĚĞŶƚŝĨǇ ĂŶĚ ŽǀĞƌĐŽŵĞ ŵŽĚĞů
ĚĞĨŝĐŝĞŶĐŝĞƐ͘/ŵƉƌŽǀĞĚŽƌŶĞǁĂůŐŽƌŝƚŚŵƐƚŽĂĐĐŽƵŶƚĨŽƌƚŚĞĞĨĨĞĐƚƐŽĨĞǆƚƌĞŵĞĞǀĞŶƚƐŽŶĐƌŽƉƐǁŝůů
ďĞ ŝŵƉůĞŵĞŶƚĞĚ ŝŶ DƐ ŵŽƐƚ ĐŽŵŵŽŶůǇ ƵƐĞĚ͘ ĨƚĞƌ ĞǀĂůƵĂƚŝŽŶ͕ ŵƵůƚŝͲŵŽĚĞů ƐŝŵƵůĂƚŝŽŶƐ ŽĨ ĂŶ
ĞŶƐĞŵďůĞ ŽĨ ŝŵƉƌŽǀĞĚ ŵŽĚĞůƐ ǁŝůů ďĞ ƉĞƌĨŽƌŵĞĚ͕ ǁŝƚŚ ĨŽĐƵƐ ŽŶ ƚŚĞ ŵŽƐƚ ŝŵƉŽƌƚĂŶƚ ĐƌŽƉƐͬĐƌŽƉ
ƌŽƚĂƚŝŽŶƐŝŶƚŚĞh͘KƵƚƉƵƚƐǁŝůůůĞĂĚƚŽƌŽďƵƐƚǇŝĞůĚĞƐƚŝŵĂƚĞƐĂŶĚĞŶĂďůĞďĞƚƚĞƌƌĞƉŽƌƚŝŶŐŽĨƚŚĞŝƌ
ƵŶĐĞƌƚĂŝŶƚŝĞƐ;&ŝŐ͘ϮͿ;^ĞĐƚŝŽŶϯ͘ϰͿ͘


3 Towards integrated climate risk assessment
3.1 Modelling future genotype by environment by management (GxExM)
interactions

DƐǁŝůůďĞĨƵƌƚŚĞƌĚĞǀĞůŽƉĞĚƚŽĂůůŽǁƐŝŵƵůĂƚŝŽŶŽĨĚŝĨĨĞƌĞŶƚĨƵƚƵƌĞĂĚĂƉƚĂƚŝŽŶŵĞĂƐƵƌĞƐƐƵĐŚĂƐ

ƚŚĞŝŶƚĞƌĂĐƚŝŽŶƐŽĨŶĞǁĐƌŽƉĐƵůƚŝǀĂƌƐǁŝƚŚĂĚũƵƐƚĞĚŵĂŶĂŐĞŵĞŶƚƉƌĂĐƚŝĐĞƐ;ƐŽǁŝŶŐ͕ƚŝůůĂŐĞ͕ĨĞƌƚŝůŝǌĞƌ
ƵƐĞͿƵŶĚĞƌƉŽƐƐŝďůǇĂŵƉůŝĨǇŝŶŐĞŶǀŝƌŽŶŵĞŶƚĂůƐƚƌĞƐƐĨĂĐƚŽƌƐ;ƐĞĞ͕Ğ͘Ő͘ZƂƚƚĞƌĞƚĂů͘ϮϬϭϭď͖^ĞŵĞŶŽǀΘ
^ŚĞǁƌǇ͕ϮϬϭϭͿ͘EĞǁĞǆƉĞƌŝŵĞŶƚĂůĚĂƚĂ;^ĞĐƚŝŽŶϮͿǁŝůůďĞĞǆƉůŽŝƚĞĚƚŽŝŵƉƌŽǀĞƚŚĞƌĞƉƌĞƐĞŶƚĂƚŝŽŶŽĨ
ƉƌŽĐĞƐƐĞƐŝŶƚŚĞŵŽĚĞůƐ͘ŵƉŝƌŝĐĂůͲƐƚĂƚŝƐƚŝĐĂůĂƉƉƌŽĂĐŚĞƐǁŝůůďĞƵƚŝůŝǌĞĚƚŽĐŽŵƉůĞŵĞŶƚDƐ

Yields, kg/ha

10000

8000

6000

4000

2000
2

4

6

8

10

12

14

14 seasons


&ŝŐ͘Ϯ͗ŶƐĞŵďůĞĐƌŽƉǇŝĞůĚƐŝŵƵůĂƚŝŽŶƐ͗DƵůƚŝͲŵŽĚĞůŵĞĂŶ;ďůƵĞůŝŶĞ͕ƐƋƵĂƌĞƐͿ͕ŵŽĚĞůƌĂŶŐĞ;ŐƌĞǇ
ƐŚĂĚĞĚĂƌĞĂ͖ƐƉƌĞĂĚŽĨŵŽĚĞůƐͿĂŶĚďĞƐƚŵŽĚĞů;ƌĞĚůŝŶĞ͕ĐŝƌĐůĞƐͿǀĞƌƐƵƐŽďƐĞƌǀĂƚŝŽŶƐ;ďůĂĐŬůŝŶĞ͕
ĚŝĂŵŽŶĚƐͿĂƚĂƐŝŶŐůĞƐŝƚĞ;ŶсϴĐƌŽƉŵŽĚĞůƐ͖ďĂƐĞĚŽŶWĂůŽƐƵŽĞƚĂů͕͘ϮϬϭϭͿ͘

ϱ
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ĨŽƌĐůŝŵĂƚĞŝŵƉĂĐƚƐƚŚĂƚĂƌĞĚŝĨĨŝĐƵůƚƚŽƐŝŵƵůĂƚĞ;Ğ͘Ő͘ŚĂƌǀĞƐƚůŽƐƐĞƐďǇŚĞĂǀǇƌĂŝŶƐͿ͘dŽĞǀĂůƵĂƚĞƚŚĞ
ƉĞƌĨŽƌŵĂŶĐĞ ;ŵĞĂŶ ĂŶĚ ǀĂƌŝĂďŝůŝƚǇͿ ŽĨ ǀĂƌŝŽƵƐ ĂĚĂƉƚĂƚŝŽŶ ƐƚƌĂƚĞŐŝĞƐ ĨŽƌ ĐƌŽƉƐ ĂŶĚ ĐƌŽƉ ƌŽƚĂƚŝŽŶƐ
ƵŶĚĞƌ ĚŝĨĨĞƌĞŶƚ ĐůŝŵĂƚĞ ĂŶĚ ƚĞĐŚŶŽůŽŐǇ ĚĞǀĞůŽƉŵĞŶƚ ƐĐĞŶĂƌŝŽƐ ƉƌŽďĂďŝůŝƐƚŝĐ ĂƐƐĞƐƐŵĞŶƚ ŵĞƚŚŽĚƐ
ǁŝůů ďĞ ĂƉƉůŝĞĚ ;^ĞĐƚŝŽŶ ϯ͘ϰͿ͘ DŽƐƚ ĐŚĂůůĞŶŐŝŶŐ ǁŝůů ďĞ ƚŽ ĞƐƚĂďůŝƐŚ ƚŚŽƐĞ ĐƌŽƉ ĂŶĚ ĐƵůƚŝǀĂƌͲƐƉĞĐŝĨŝĐ
ĐƌŝƚŝĐĂů ƚŚƌĞƐŚŽůĚƐ ;ĨŽƌ ŚĞĂƚ͕ ĨƌŽƐƚ͕ ǁĂƚĞƌ ĚĞĨŝĐŝƚƐ ĂŶĚ ĞǆĐĞƐƐͿ ƚŚĂƚ͕ ŝĨ ĞǆĐĞĞĚĞĚ͕ ůĞĂĚ ƚŽ ŵĂƌŬĞĚ
ŶĞŐĂƚŝǀĞ ŝŵƉĂĐƚƐ ŽŶ ŐƌŽǁƚŚ ĂŶĚ ǇŝĞůĚ͘  ƌĂŶŐĞ ŽĨ ĚĂƚĂ ƐŽƵƌĐĞƐ ǁŝůů ďĞ ĞǆƉůŽƌĞĚ ƚŽ ĚĞĨŝŶĞ ƐƵĐŚ
ƚŚƌĞƐŚŽůĚƐĂŶĚƚŚĞŝƌŐĞŶŽƚǇƉŝĐĚĞƉĞŶĚĞŶĐǇ͕ŝŶĐůƵĚŝŶŐǀĂƌŝĞƚǇĞǆƉĞƌŝŵĞŶƚƐĨƌŽŵĂĐƌŽƐƐƵƌŽƉĞĂŶĚ
ĐŽŶƚƌŽůůĞĚĞǆƉĞƌŝŵĞŶƚƐĂƉƉůǇŝŶŐƐƉĞĐŝĨŝĐƐƚƌĞƐƐĞƐƚŽƉůĂŶƚƐ͘

3.2 Crop rotation modelling
ŝǀĞƌƐŝĨŝĞĚ ĐƌŽƉ ƌŽƚĂƚŝŽŶƐ ĂŶĚ ƚŚĞŝƌ ŵĂŶĂŐĞŵĞŶƚ ĂƌĞ ƵƐƵĂůůǇ ĐŽŶƐŝĚĞƌĞĚ ŬĞǇ ƚŽ ĂĐŚŝĞǀŝŶŐ ŵƵůƚŝƉůĞ
ƐƵƐƚĂŝŶĂďŝůŝƚǇŐŽĂůƐŽĨĨƵƚƵƌĞĂŐƌŝĐƵůƚƵƌĂůůĂŶĚƵƐĞ͕ŝŶĐůƵĚŝŶŐůŽŶŐƚĞƌŵƉƌŽĚƵĐƚŝǀŝƚǇŝŶĐƌĞĂƐĞƐƵŶĚĞƌ
ĐůŝŵĂƚĞĐŚĂŶŐĞ͘,ŽǁĞǀĞƌ͕ƚŚĞƌĞŝƐůŝƚƚůĞĞǀŝĚĞŶĐĞƚŽƐƵƉƉŽƌƚƚŚĞĞǆƚĞŶƚƚŽǁŚŝĐŚƐƵĐŚďĞŶĞĨŝƚƐĐĂŶďĞ
ŽďƚĂŝŶĞĚŝŶƉƌĂĐƚŝĐĞĂŶĚŚŽǁĚŝǀĞƌƐĞĐƌŽƉƌŽƚĂƚŝŽŶƐǁŝůůƌĞƐƉŽŶĚƌĞůĂƚŝǀĞƚŽŵŽƌĞƐŝŵƉůŝĨŝĞĚƐǇƐƚĞŵƐ͘
DŽĚĞůůŝŶŐĂůƚĞƌŶĂƚŝǀĞĐƌŽƉƌŽƚĂƚŝŽŶƐĂŶĚƚŚĞŝƌŝŵƉĂĐƚŽŶƚŚĞĐĂƌďŽŶĂŶĚŶŝƚƌŽŐĞŶĐǇĐůĞŝƐƚŚĞƌĞĨŽƌĞĂ
ƉĂƌƚŝĐƵůĂƌ ĨŽĐƵƐ ŽĨ ƌŽƉD͕ ĂƐ ŝƚ ĂůůŽǁƐ ƚŽ ƚŚŽƌŽƵŐŚůǇ ĞǆƉůŽƌĞ ƐǇŶĞƌŐŝĞƐ ďĞƚǁĞĞŶ ĂĚĂƉƚĂƚŝŽŶ ĂŶĚ
ŵŝƚŝŐĂƚŝŽŶĂŶĚĞŶŚĂŶĐĞƌĞƐŝůŝĞŶĐĞŽĨƉƌŽĚƵĐƚŝŽŶƐǇƐƚĞŵƐƚŽĐůŝŵĂƚŝĐƌŝƐŬƐ;^ŵŝƚŚΘKůĞƐĞŶ͕ϮϬϭϬͿ͘/Ŷ
ĂĚĚŝƚŝŽŶ ƚŽ ĐƌŽƉ ǇŝĞůĚƐ͕ ŶƵƚƌŝĞŶƚ ĂŶĚ ĐĂƌďŽŶ ďĂůĂŶĐĞƐ ĂŶĚ ŐƌĞĞŶŚŽƵƐĞ ŐĂƐ ĞŵŝƐƐŝŽŶƐ ŶĞĞĚ ƚŽ ďĞ
ƐŝŵƵůĂƚĞĚ͕ƚĂŬŝŶŐŝŶƚŽĂĐĐŽƵŶƚǀĂƌǇŝŶŐĂŐƌŽͲŵĂŶĂŐĞŵĞŶƚƉƌĂĐƚŝĐĞƐʹǁŚŝĐŚĐĂůůƐĨŽƌŵƵůƚŝͲŵŽĚĞůƵƐĞ
;^ĞĐƚŝŽŶ ϯ͘ϰͿ͘ ƌŽƉD ǁŝůů ĨŽƌ ƚŚĞ ĨŝƌƐƚ ƚŝŵĞ ƐǇƐƚĞŵĂƚŝĐĂůůǇ ŝŶƚĞƌĐŽŵƉĂƌĞ ŵŽĚĞůƐ ĨŽƌ ĐƌŽƉ ƌŽƚĂƚŝŽŶƐ
;ƐĞĞ͕<ĞƌƐĞďĂƵŵĞƚĂů͘ϮϬϬϳĨŽƌƉƌĞǀŝŽƵƐǁŽƌŬͿʹďĂƐĞĚŽŶůŽĐĂůĐƌŽƉĂŶĚƐŽŝůĚĂƚĂĨƌŽŵĐƌŽƉƌŽƚĂƚŝŽŶ
ĞǆƉĞƌŝŵĞŶƚƐĐŽůůĞĐƚĞĚŝŶƵƌŽƉĞ͘

3.3 Integration of AEM with farming system modelling
ǀĞŶƚƵĂůůǇ͕ ǁĞ ŶĞĞĚ ƚŽ ĚĞǀĞůŽƉ ŝŵƉƌŽǀĞĚ ;ƐĐĂůŝŶŐͿ ŵĞƚŚŽĚƐ ƚŽ ĞŶĂďůĞ ƵƐ ƚŽ ĞƐƚŝŵĂƚĞ ůĂƌŐĞͲƐĐĂůĞ
ƌĞŐŝŽŶĂůĐƌŽƉƉƌŽĚƵĐƚŝǀŝƚǇ͘DƐŚĂǀĞƚǇƉŝĐĂůůǇďĞĞŶĚĞǀĞůŽƉĞĚĨŽƌƚŚĞĂƉƉůŝĐĂƚŝŽŶĂƚĨŝĞůĚƐĐĂůĞ͘Ɛ
ǁĞƌƚĞƚĂů͘;ϮϬϭϭͿŝŶĚŝĐĂƚĞĚ͕ŝŵƉƌŽǀĞĚĞƐƚŝŵĂƚĞƐŽĨƌĞŐŝŽŶĂůƉƌŽĚƵĐƚŝǀŝƚǇĐĂŶŶŽƚďĞŽďƚĂŝŶĞĚŽŶůǇ
ďǇ ĐŽŶƐŝĚĞƌŝŶŐ ďŝŽƉŚǇƐŝĐĂů ĂƐƉĞĐƚƐ ĂŶĚ ƚŚĞŝƌ ǀĂƌŝĂƚŝŽŶƐ͘ &Ăƌŵ ŵĂŶĂŐĞŵĞŶƚ ĂƐ ǁĞůů ĂƐ ŽƚŚĞƌ ƐŽĐŝŽͲ
ĞĐŽŶŽŵŝĐ ŝŶĨŽƌŵĂƚŝŽŶ ŶĞĞĚƐ ƚŽ ďĞ ůŝŶŬĞĚ ǁŝƚŚ DƐ ƚŽ ĞƐƚŝŵĂƚĞ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ƌŝƐŬƐ ĂŶĚ
ŽƉƉŽƌƚƵŶŝƚŝĞƐ Ăƚ ŚŝŐŚĞƌ ĂŐŐƌĞŐĂƚŝŽŶ ůĞǀĞůƐ͘ /ŶƚĞŐƌĂƚŝŽŶ ŽĨ ĚŝĨĨĞƌĞŶƚ ŝŶĨŽƌŵĂƚŝŽŶ ƌĞůĞǀĂŶƚ ĨŽƌ
ĞǀĂůƵĂƚŝŶŐŽƉƚŝŽŶƐŽĨŵŝƚŝŐĂƚŝǀĞĂĚĂƉƚĂƚŝŽŶŝƐŵŽƐƚŶĞĞĚĞĚĂƚĨĂƌŵƐĐĂůĞ͕ǁŚĞƌĞƚŚĞĨŝŶĂůĚĞĐŝƐŝŽŶƐ
ŽŶ ĂŐƌŝĐƵůƚƵƌĂů ƉƌŽĚƵĐƚŝŽŶ ĂŶĚ ƌĞƐŽƵƌĐĞ ŵĂŶĂŐĞŵĞŶƚ ĂƌĞ ƚĂŬĞŶ͘ dŽ ƌĞĂůŝǌĞ ƚŚŝƐ͕ ƌŽďƵƐƚ D^ ĂŶĚ
ĨĂƌŵŝŶŐƐǇƐƚĞŵŵŽĚĞůƐĐĂŶďĞĐŽŵďŝŶĞĚƚŽĂƐƐĞƐƐĨĂƌŵĞƌƐ͛ĚĞĐŝƐŝŽŶƐŽŶĂĐŚŝĞǀŝŶŐƉƌŽĚƵĐƚŝŽŶĂŶĚ
ϲ
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ǀĂƌŝŽƵƐƐƵƐƚĂŝŶĂďŝůŝƚǇŐŽĂůƐ;:ĂŶƐƐĞŶΘǀĂŶ/ƚƚĞƌƐƵŵ͕ϮϬϬϳͿ͘/Ŷ&ŝŐ͘ϯ͕ŚǇƉŽƚŚĞƚŝĐĂůŽƵƚƉƵƚƐĨƌŽŵƐƵĐŚ
ĨĂƌŵ ƚǇƉĞ ŵŽĚĞůůŝŶŐ ;ƚŽ ďĞ ƵƉƐĐĂůĞĚ ƚŽ ƌĞŐŝŽŶƐͿ ĂƌĞ ƉƌĞƐĞŶƚĞĚ͘ WƌĞůŝŵŝŶĂƌǇ ĂŶĂůǇƐŝƐ ;ĨŽƌ Ă &ŝŶŶŝƐŚ
ƐŝƚĞͿ ƐƵŐŐĞƐƚƐ ƚŚĂƚ ƵŶĚĞƌ ĐƵƌƌĞŶƚ ĐůŝŵĂƚĞ ĂŶĚ ďǇ ƵƚŝůŝǌŝŶŐ ĂǀĂŝůĂďůĞ ƉƌŽĚƵĐƚŝŽŶ ƚĞĐŚŶŽůŽŐǇ͕
ĐŽŶƐŝĚĞƌĂďůĞ ǇŝĞůĚ ŐĂƉƐ ĐŽƵůĚ ďĞ ĐůŽƐĞĚ ;ƐĞĞ͕ WĂůŽƐƵŽ Ğƚ Ăů͕͘ ƚŚŝƐ ĐŽŶĨĞƌĞŶĐĞͿ ǁŝƚŚ ŵĂƌŬĞĚůǇ ůŽǁĞƌ
',' ĞŵŝƐƐŝŽŶƐ ĂŶĚ E ůĞĂĐŚŝŶŐ ƚŚĂŶ ďǇ ;ƐƵďͲŽƉƚŝŵĂůͿ ĂǀĞƌĂŐĞ ĨĂƌŵĞƌƐ ƉƌĂĐƚŝĐĞƐ͘ dĞĐŚŶŽůŽŐǇ
ĂĚǀĂŶĐĞŵĞŶƚƐĞǆƉĞĐƚĞĚĨŽƌϮϬϯϬƐǁŽƵůĚĨƵƌƚŚĞƌŝŶĐƌĞĂƐĞƉƌŽĚƵĐƚŝǀŝƚǇĂŶĚŝŶĐŽŵĞǁŚŝůĞŝŵƉƌŽǀŝŶŐ
ĞŶǀŝƌŽŶŵĞŶƚĂůŐŽĂůƐ;&ŝŐ͘ϯͿ͘

/ŶĐŽŵĞ
&ŽŽĚƐĞůĨͲƐƵĨĨŝĐŝĞŶĐǇ

','ĞŵŝƐƐŝŽŶƐ

>ĂŶĚĂƌĞĂ

EůĞĂĐŚŝŶŐ

>ĂďŽƵƌ

WĞƐƚŝĐŝĚĞƐ
ŝŽĚŝǀĞƌƐŝƚǇ

ǀŐ͘&ĂƌŵĞƌ;ĐƵƌƌĞŶƚͿ

WĞƌĨĞĐƚ&ĂƌŵĞƌ;ĐƵƌƌĞŶƚͿ

/ŵƉƌŽǀĞĚ;ϮϬϯϬƐͿ


&ŝŐ͘ϯ͗YƵĂůŝƚĂƚŝǀĞŝůůƵƐƚƌĂƚŝŽŶŽĨŚŽǁĞŶǀŝƌŽŶŵĞŶƚĂůƐƵƐƚĂŝŶĂďŝůŝƚǇĂŶĚĞĐŽŶŽŵŝĐǀŝĂďŝůŝƚǇŐŽĂůƐĐĂŶ
ďĞĂĐŚŝĞǀĞĚƵŶĚĞƌĂůƚĞƌŶĂƚŝǀĞĂŐƌŽͲŵĂŶĂŐĞŵĞŶƚƉƌĂĐƚŝĐĞƐŝŶĐůƵĚŝŶŐĂǀĞƌĂŐĞĨĂƌŵĞƌ͛ƐƉƌĂĐƚŝĐĞƐĂŶĚ
ƉĞƌĨĞĐƚŵĂŶĂŐĞŵĞŶƚ;ƵŶĚĞƌĐƵƌƌĞŶƚĐůŝŵĂƚĞͿĂŶĚŝŵƉƌŽǀĞĚƉƌĂĐƚŝĐĞƐĨŽƌƚŚĞϮϬϯϬƐ;ĂĨƚĞƌZƂƚƚĞƌĞƚ
Ăů͘ϮϬϬϱͿ͘

3.4 Improving quantification and reporting of uncertainties

&ŝŐ͘ Ϯ ƐŚŽǁƐ ĨŽƌ ŵŽĚĞůƐ ĂƉƉůŝĞĚ ǁŝƚŚ ůŝŵŝƚĞĚ ĐĂůŝďƌĂƚŝŽŶ ƚŚĂƚ ƵŶĐĞƌƚĂŝŶƚŝĞƐ ŝŶ ƐŝŵƵůĂƚĞĚ ǇŝĞůĚƐ ĂƌĞ

ĐŽŶƐŝĚĞƌĂďůĞ͕ ďƵƚ ƚŚĞ ŵƵůƚŝͲŵŽĚĞů ŵĞĂŶ ŝƐ ĨĂŝƌůǇ ĐůŽƐĞ ƚŽ ŽďƐĞƌǀĞĚ ǇŝĞůĚƐ ĂŶĚ Ă ďĞƚƚĞƌ ƉƌĞĚŝĐƚŽƌ
ĂĐƌŽƐƐ Ăůů ϭϰ ƐĞĂƐŽŶƐ ƚŚĂŶ ƚŚĞ͞ďĞƐƚ ŵŽĚĞů͘͟ ^ŝŵŝůĂƌ ƌĞƐƵůƚƐǁĞƌĞŽďƚĂŝŶĞĚĨƌŽŵŽƚŚĞƌĐƌŽƉŵŽĚĞů
ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶƐ;Ğ͘Ő͘ZƂƚƚĞƌĞƚĂů͘ϮϬϭϮͿĂŶĚƐƚƵĚŝĞƐǁŝƚŚĐůŝŵĂƚĞŵŽĚĞůƐ;dĞďĂůĚŝΘ<ŶƵƚƚŝϮϬϬϳͿ͘
dŚĞ ůĂƚƚĞƌ ĂƵƚŚŽƌƐ ĂƌŐƵĞ ƚŚĂƚ ƚŚĞ ŵƵůƚŝͲŵŽĚĞů ŵĞĂŶ Žƌ ŵĞĚŝĂŶ ŝƐ ƐƵƉĞƌŝŽƌ ƚŽ ĂŶǇ ͞ďĞƐƚ ŵŽĚĞů͕͟
ĞƐƉĞĐŝĂůůǇŝĨŵŽƌĞƚŚĂŶŽŶĞŽƵƚƉƵƚǀĂƌŝĂďůĞŝƐŽĨŝŶƚĞƌĞƐƚĂŶĚƐŝŶĐĞĂŶƵŵďĞƌŽĨĚŝĨĨĞƌĞŶƚĞƌƌŽƌƐƚĞŶĚ
ƚŽĐĂŶĐĞůĞĂĐŚŽƚŚĞƌŽƵƚ͘tŚĞƚŚĞƌĐƌŽƉŵŽĚĞůƵŶĐĞƌƚĂŝŶƚŝĞƐĐĂŶďĞĂĚĞƋƵĂƚĞůǇƋƵĂŶƚŝĨŝĞĚďǇƵƐŝŶŐ
ŵƵůƚŝͲŵŽĚĞůĞŶƐĞŵďůĞƐĚĞƉĞŶĚƐŽŶǁŚĞƚŚĞƌƚŚĞŵŽĚĞůƐŝŶĐůƵĚĞĚĂƌĞǁĞůůͲĐĂůŝďƌĂƚĞĚĂŶĚŶŽƚďŝĂƐĞĚ
ϳ
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ĂŶĚƚŚĞŝƌŶƵŵďĞƌŝƐƐƵĨĨŝĐŝĞŶƚƚŽĂĚĞƋƵĂƚĞůǇƌĞƉƌĞƐĞŶƚĂǀĂŝůĂďůĞŵŽĚĞůůŝŶŐĂƉƉƌŽĂĐŚĞƐ͘&ŝŶĂůůǇ͕ƚŚĞƌĞ
ŝƐ Ă ŶĞĞĚ ĨŽƌ ƋƵĂŶƚŝĨǇŝŶŐ ƚŚĞ ĚĞŐƌĞĞ ŽĨ ƵŶĐĞƌƚĂŝŶƚǇ ƌĞƐƵůƚŝŶŐ ĨƌŽŵ ĐƌŽƉ ŵŽĚĞůƐ ĂŶĚ ŝƚƐ ƌĞůĂƚŝǀĞ
ŝŵƉŽƌƚĂŶĐĞ ŝŶ ŝŵƉĂĐƚ ĂƐƐĞƐƐŵĞŶƚƐ ;ƐƐĞŶŐ Ğƚ Ăů͘ϮϬϭϯͿ͘ KŶĞĂƉƉƌŽĂĐŚ ƚŽƚŚŝƐ ŝƐ ƚŽŽǀĞƌůĂǇ ŝŵƉĂĐƚ
ƌĞƐƉŽŶƐĞƐƵƌĨĂĐĞƐ;/Z^ͿŽĨƐŝŵƵůĂƚĞĚĐƌŽƉǇŝĞůĚƐǁŝƚŚƉƌŽďĂďŝůŝƐƚŝĐŝŶĨŽƌŵĂƚŝŽŶŽŶĨƵƚƵƌĞĐŚĂŶŐĞƐŝŶ
ƚĞŵƉĞƌĂƚƵƌĞ;dͿĂŶĚƉƌĞĐŝƉŝƚĂƚŝŽŶ;WͿ͘/Z^ƌĞƉƌĞƐĞŶƚĐƌŽƉƌĞƐƉŽŶƐĞƐƚŽƐǇƐƚĞŵĂƚŝĐĐŚĂŶŐĞƐŝŶdĂŶĚW
ƵŶĚĞƌŐŝǀĞŶĂƚŵŽƐƉŚĞƌŝĐKϮ ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ͕ǁŚŝůĞƵŶĐĞƌƚĂŝŶƚŝĞƐ ŝŶ d ĂŶĚW ĐŚĂŶŐĞƐ ŽǀĞƌ Ă ĨƵƚƵƌĞ
ƚŝŵĞ͕ƉƌĞƐĞŶƚĞĚĂƐũŽŝŶƚƉƌŽďĂďŝůŝƚŝĞƐĂƌĞĚĞƌŝǀĞĚĨƌŽŵĐůŝŵĂƚĞŵŽĚĞůĞŶƐĞŵďůĞƐŝŵƵůĂƚŝŽŶƐ;&ƌŽŶǌĞŬ
ĞƚĂů͕͘ϮϬϭϬ͖ĂƌƚĞƌĞƚĂů͕͘ϮϬϭϭ͖ĂƌƚĞƌĞƚĂů͘ϮϬϭϮͿ͘tŚĂƚŚĂƐďĞĞŶŵŝƐƐŝŶŐŝƐƐŝŵƵůƚĂŶĞŽƵƐƵƐĞŽĨ
ŵƵůƚŝͲĐƌŽƉ ŵŽĚĞů ĞŶƐĞŵďůĞƐ ĨŽƌ ĚĞƚĞƌŵŝŶŝŶŐ ĐŽŶĨŝĚĞŶĐĞ ŝŶƚĞƌǀĂůƐ ĨŽƌ ǇŝĞůĚ /Z^Ɛ ĂŶĚ ĂƉƉůŝĐĂƚŝŽŶ ŽĨ
ƚŚĞŵĞƚŚŽĚĨŽƌĚŝĨĨĞƌĞŶƚĂŐƌŝĐƵůƚƵƌĂůŝŶƉƵƚůĞǀĞůƐ͕ƚŚĂƚŝƐ͕ŶŽƚŽŶůǇĨŽƌŝƌƌŝŐĂƚĞĚŽƌƌĂŝŶĨĞĚƉŽƚĞŶƚŝĂů
ƉƌŽĚƵĐƚŝŽŶƐŝƚƵĂƚŝŽŶƐ͕ďƵƚĂůƐŽƵŶĚĞƌĂǀĞƌĂŐĞĨĂƌŵĞƌƐ͛ƉƌĂĐƚŝĐĞĂƐŝůůƵƐƚƌĂƚĞĚŝŶ&ŝŐ͘ϰ͘dŚĞŵĞƚŚŽĚ
ĐĂŶĂůƐŽďĞĞŵƉůŽǇĞĚĨŽƌĞǀĂůƵĂƚŝŶŐĂĚĂƉƚĂƚŝŽŶŽƉƚŝŽŶƐ͕Ğ͘Ő͘ĨŽƌĚŝĨĨĞƌĞŶƚĨƵƚƵƌĞĐƵůƚŝǀĂƌƐďǇƐŚŽǁŝŶŐ
ĐƵŵƵůĂƚŝǀĞƉƌŽďĂďŝůŝƚŝĞƐŽĨƚŚĞŝƌƌĞƐƉŽŶƐĞƐŽǀĞƌƚŝŵĞ͘


&ŝŐ͘ϰ͘/ŵƉĂĐƚƌĞƐƉŽŶƐĞƐƵƌĨĂĐĞŽĨƐŝŵƵůĂƚĞĚƌĂŝŶĨĞĚƉŽƚĞŶƚŝĂůďĂƌůĞǇǇŝĞůĚƐ;ŬŐŚĂͲϭͿǁŝƚŚƌĞƐƉĞĐƚƚŽ
ĐŚĂŶŐĞƐŝŶĂŶŶƵĂůdĂŶĚWĨŽƌŐŝǀĞŶKϮůĞǀĞů;ϱϮϱƉƉŵǀͿĨŽƌƚŝŵĞƐůŝĐĞϮϬϰϬͲϱϵŵƵůƚŝƉůŝĞĚďǇϬ͘ϲƚŽ
ĂĐĐŽƵŶƚĨŽƌǇŝĞůĚŐĂƉ;Ϭ͘ϰͿƵŶĚĞƌĂǀĞƌĂŐĞĨĂƌŵĞƌ͛ƐƉƌĂĐƚŝĐĞ;ďůĂĐŬŶƵŵďĞƌĞĚŝƐŽůŝŶĞƐͿǁŝƚŚ
ŚǇƉŽƚŚĞƚŝĐĂů͕ϴϬйĂŶĚϵϱйĐŽŶĨŝĚĞŶĐĞŝŶƚĞƌǀĂůƐ;ŐƌĂǇĂŶĚďůƵĞƐŚĂĚĞĚĂƌĞĂ͕ƌĞƐƉĞĐƚŝǀĞůǇͿĂŶĚ
ƌĞůĂƚŝǀĞĨƌĞƋƵĞŶĐǇŽĨĂŶŶƵĂůdĂŶĚWĐŚĂŶŐĞƐĨŽƌƐĂŵĞƉĞƌŝŽĚƌĞůĂƚŝǀĞƚŽϭϵϳϭͲϮϬϬϬ;ĐŝƌĐůĞĚĂƌĞĂƐͿĂƚ
:ŽŬŝŽŝŶĞŶ͕&ŝŶůĂŶĚ;ŵŽĚŝĨŝĞĚĨƌŽŵĂƌƚĞƌĞƚĂů͘ϮϬϭϮͿ͘
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DŽƐƚ ĐŚĂůůĞŶŐŝŶŐ ĨŽƌ ƌŽƉD ǁŝůů ďĞ ƚŽ ĐŽůůĞĐƚ ĂŶĚ ĞǆƉůŽŝƚ ŚŝŐŚ ƋƵĂůŝƚǇ ĚĂƚĂ ĨŽƌ ŵŽĚĞů
ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶĂŶĚŝŵƉƌŽǀĞŵĞŶƚƐĂƐŶĞĞĚĞĚƚŽďĞƚƚĞƌĐĂƉƚƵƌŝŶŐĐƌŽƉŝŵƉĂĐƚƐŽĨŝŶĐƌĞĂƐĞĚĐůŝŵĂƚŝĐ
ǀĂƌŝĂďŝůŝƚǇĂŶĚĞǆƚƌĞŵĞƐ͕ĂŶĚĂĚǀĂŶĐĞĐƌŽƉƌŽƚĂƚŝŽŶŵŽĚĞůůŝŶŐŝŶƚŚĞh͘EĞǁĚĂƚĂƐĞƚƐǁŝůůŚĂǀĞƚŽ
ďĞŐĞŶĞƌĂƚĞĚƚŽĨŝůůŬŶŽǁůĞĚŐĞŐĂƉƐ͘WƌŽŐƌĞƐƐŝƐĞǆƉĞĐƚĞĚĂĐĐŽƌĚŝŶŐƚŽƚŚĞĨŽůůŽǁŝŶŐƚŝŵĞĨƌĂŵĞ͗
Ͳ

KďũĞĐƚŝǀĞƐϭĂŶĚϮ;ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶĂŶĚŝŵƉƌŽǀĞŵĞŶƚͿƌĞƋƵŝƌĞƐĞǀĞƌĂůŝƚĞƌĂƚŝŽŶƐǁŝƚŚŶŽƚĂďůĞ
ƐƵĐĐĞƐƐĞǆƉĞĐƚĞĚĚƵƌŝŶŐϮϬϭϰͲϭϳ͘

Ͳ

DĂũŽƌ ƉƌŽŐƌĞƐƐ ǁŝƚŚ ƌĞƐƉĞĐƚ ƚŽ ŽďũĞĐƚŝǀĞƐ ϯ ĂŶĚ ϰ ;ŝŵƉƌŽǀĞĚ ƐĐĂůŝŶŐ ĂŶĚ ƵŶĐĞƌƚĂŝŶƚǇ ĂŶĂůǇƐŝƐͿ
ƐŚŽƵůĚďĞǀŝƐŝďůĞďǇϮϬϭϰͲϭϱ͘

Ͳ

Ɛ ĨŽƌ ŽďũĞĐƚŝǀĞ ϱ ;ĐĂƉĂĐŝƚǇ ďƵŝůĚŝŶŐͿ͕ Ă ŶĞǁ ŐĞŶĞƌĂƚŝŽŶ ŽĨ ŝŶƚĞŐƌĂƚŝǀĞ ŵŽĚĞůůĞƌƐ ŝƐ ůŝŬĞůǇ ƚŽ
ŽƉĞƌĂƚĞŝŶϱƚŽϭϬǇĞĂƌƐƚŝŵĞ͘

D^hZ ǁŝůů ďĞŶĞĨŝƚ ĨƌŽŵ ŝŶƚĞƌŶĂƚŝŽŶĂů ĐŽůůĂďŽƌĂƚŝŽŶ ǁŝƚŚ ĐŽŶƐŽƌƚŝĂ ůŝŬĞ ŐD/W ĂŶĚ &^ ŝŶ ƚŚĞ
ĨŝĞůĚƐ ŽĨ ŝŵƉƌŽǀŝŶŐ ƐĐĂůŝŶŐ ŵĞƚŚŽĚƐ͕ ƵŶĐĞƌƚĂŝŶƚǇ ĂŶĂůǇƐŝƐ ĂŶĚ ƌĞƉŽƌƚŝŶŐ͕ ĂŶĚ ĞǆĐŚĂŶŐĞ ŽĨ ĚĂƚĂ͘
/ŶƚĞƌŶĂƚŝŽŶĂů ĐŽůůĂďŽƌĂƚŝŽŶ ǁŝůů ĂůƐŽ ďĞ ŶĞĞĚĞĚ ƚŽ ĂĐŚŝĞǀĞ ŽďũĞĐƚŝǀĞ ϲ͕ ŝ͘Ğ͕͘ ƚŽ ĚĞǀĞůŽƉ ĂŶĚ ĂƉƉůǇ
ŝŶƚĞŐƌĂƚŝǀĞĂƐƐĞƐƐŵĞŶƚƚŽŽůƐƚŚĂƚůŝŶŬDƐƚŽƐŽĐŝŽͲĞĐŽŶŽŵŝĐĂŶĂůǇƐŝƐĨƌŽŵĨĂƌŵƚŽ;ƐƵƉƌĂͲͿŶĂƚŝŽŶĂů
ůĞǀĞůƐ͘ /ƚ ŚĂƐ ďĞĞŶ ƋƵĞƐƚŝŽŶĞĚ͕ ǁŚĞƚŚĞƌ ŵŽĚĞů ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶƐ ĐĂŶ ƌĞĚƵĐĞ ƵŶĐĞƌƚĂŝŶƚŝĞƐ͍ dŚĞ
ĂŶƐǁĞƌŝƐ͞EŽ͘͟dŚĞŽŶůǇǁĂǇƚŽƌĞĚƵĐĞŝŵƉĂĐƚƵŶĐĞƌƚĂŝŶƚŝĞƐŝƐƚŚƌŽƵŐŚŝŵƉƌŽǀŝŶŐDƐĂŶĚƚŚĞǁĂǇ
ƚŚĞƐĞĂƌĞĂƉƉůŝĞĚŝŶŝŶƚĞŐƌĂƚĞĚĐůŝŵĂƚĞƌŝƐŬĂƐƐĞƐƐŵĞŶƚƐ͘,ŽǁĞǀĞƌ͕ŵŽĚĞůŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶƉƌŽǀŝĚĞƐ
ƚŚĞĨŽƵŶĚĂƚŝŽŶĂŐĂŝŶƐƚǁŚŝĐŚƚŚŝƐŵŽĚĞůŝŵƉƌŽǀĞŵĞŶƚĐĂŶĂŶĚŵƵƐƚďĞŵĂĚĞ͘
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ĂƌƚĞƌ͕d͘Z͕͘>ĞĐŬĞďƵƐĐŚ͕'͕͘KůĞƐĞŶ͕:͘͘;ĞĚƐ͘Ϳ͕ϮϬϭϭ͘ƉƉůǇŝŶŐĞŶƐĞŵďůĞĐůŝŵĂƚĞĐŚĂŶŐĞƉƌŽũĞĐƚŝŽŶƐ
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ŶǀŝƌŽŶŵĞŶƚ͕ϭϰϮ͕ƉƉ͘ϲͲϭϳ͘
ǁĞƌƚ͕&͘ĞƚĂů͕͘ϮϬϭϭ͘^ĐĂůĞĐŚĂŶŐĞƐĂŶĚŵŽĚĞůůŝŶŬŝŶŐŵĞƚŚŽĚƐĨŽƌŝŶƚĞŐƌĂƚĞĚĂƐƐĞƐƐŵĞŶƚŽĨĂŐƌŝͲ
ĞŶǀŝƌŽŶŵĞŶƚĂůƐǇƐƚĞŵƐ͘ŐƌŝĐƵůƚƵƌĞĐŽƐǇƐƚĞŵƐΘ͘ŶǀŝƌŽŶŵĞŶƚ͕ϭϰϮ͕ƉƉ͘ϲͲϭϳ͘
&ŝĞůĚ͕͘͘ĞƚĂů͘;ĞĚƐ͘Ϳ͕ϮϬϭϮ͘DĂŶĂŐŝŶŐƚŚĞZŝƐŬƐŽĨǆƚƌĞŵĞǀĞŶƚƐĂŶĚŝƐĂƐƚĞƌƐƚŽĚǀĂŶĐĞ
ůŝŵĂƚĞŚĂŶŐĞĚĂƉƚĂƚŝŽŶ͘^ƉĞĐŝĂůZĞƉŽƌƚŽĨtŽƌŬŝŶŐ'ƌŽƵƉƐ/ĂŶĚ//ŽĨƚŚĞ

ϵ
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/ŵƉĂĐƚƐtŽƌůĚϮϬϭϯ͕/ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶůŝŵĂƚĞŚĂŶŐĞĨĨĞĐƚƐ͕
WŽƚƐĚĂŵ͕DĂǇϮϳͲϯϬ



/ŶƚĞƌŐŽǀĞƌŶŵĞŶƚĂůWĂŶĞůŽŶůŝŵĂƚĞŚĂŶŐĞ;/WͿ͕ĂŵďƌŝĚŐĞhŶŝǀĞƌƐŝƚǇWƌĞƐƐ͕ĂŵďƌŝĚŐĞ͕
h<͕ĂŶĚEĞǁzŽƌŬ͕Ez͕h^͕ϱϴϮƉƉ͘
&ƌŽŶǌĞŬ͕^͕͘ĂƌƚĞƌd͘Z͕͘ZćŝƐćŶĞŶ:͕͘ZƵŽŬŽůĂŝŶĞŶ>͘Θ>ƵŽƚŽ͕D͘;ϮϬϭϬͿ͘ƉƉůǇŝŶŐƉƌŽďĂďŝůŝƐƚŝĐ
ƉƌŽũĞĐƚŝŽŶƐŽĨĐůŝŵĂƚĞĐŚĂŶŐĞǁŝƚŚŝŵƉĂĐƚŵŽĚĞůƐ͗ĂĐĂƐĞƐƚƵĚǇĨŽƌƐƵďͲĂƌĐƚŝĐƉĂůƐĂŵŝƌĞƐŝŶ
&ĞŶŶŽƐĐĂŶĚŝĂ͘ůŝŵĂƚŝĐŚĂŶŐĞ͕ϵϵ͕ƉƉ͘ϱϭϱʹϱϯϰ͘
,ůĂǀŝŶŬĂ͘W͘ĞƚĂů͕͘ϮϬϭϯ͘DŽĚĞůůŝŶŐŽĨǇŝĞůĚƐĂŶĚƐŽŝůŶŝƚƌŽŐĞŶĚǇŶĂŵŝĐƐĨŽƌĐƌŽƉƌŽƚĂƚŝŽŶƐďǇ
,ZD^ƵŶĚĞƌĚŝĨĨĞƌĞŶƚĐůŝŵĂƚĞĂŶĚƐŽŝůĐŽŶĚŝƚŝŽŶƐŝŶƚŚĞǌĞĐŚZĞƉƵďůŝĐ͘:ŽƵƌŶĂůŽĨ
ŐƌŝĐƵůƚƵƌĂů^ĐŝĞŶĐĞ;ŝŶƉƌĞƐƐͿĚŽŝ͗ϭϬ͘ϭϬϭϳͬ^ϬϬϮϭϴϱϵϲϭϮϬϬϭϬϬϭ͘
,ŝůůĞů͕͘ΘZŽƐĞŶǌǁĞŝŐ͕͘;ĞĚƐ͘Ϳ͕ϮϬϭϯ͘,ĂŶĚďŽŽŬŽĨůŝŵĂƚĞŚĂŶŐĞĂŶĚŐƌŽĞĐŽƐǇƐƚĞŵƐ͘'ůŽďĂů
ĂŶĚƌĞŐŝŽŶĂůĂƐƉĞĐƚƐĂŶĚŝŵƉůŝĐĂƚŝŽŶƐ͘/ŵƉĞƌŝĂůŽůůĞŐĞWƌĞƐƐ͕>ŽŶĚŽŶ͕ϯϬϭƉƉ͘
:ĂŶƐƐĞŶ͕^͕͘ǀĂŶ/ƚƚĞƌƐƵŵ͕D͘<͕͘ϮϬϬϳ͘ƐƐĞƐƐŝŶŐĨĂƌŵŝŶŶŽǀĂƚŝŽŶƐĂŶĚƌĞƐƉŽŶƐĞƐƚŽƉŽůŝĐŝĞƐ͗ƌĞǀŝĞǁ
ŽĨďŝŽͲĞĐŽŶŽŵŝĐĨĂƌŵŵŽĚĞůƐ͘ŐƌŝĐƵůƚƵƌĂů^ǇƐƚĞŵƐ͕ϵϰ͕ƉƉ͘ϲϮϮͲϲϯϲ͘
<ĞƌƐĞďĂƵŵ͕<͕͘͘,ĞĐŬĞƌ͕:͘D͕͘DŝƌƐĐŚĞů͕t͕͘tĞŐĞŚĞŶŬĞů͕D͘;ĞĚƐ͘Ϳ͕ϮϬϬϳ͘DŽĚĞůůŝŶŐǁĂƚĞƌĂŶĚ
ŶƵƚƌŝĞŶƚĚǇŶĂŵŝĐƐŝŶƐŽŝůͲĐƌŽƉƐǇƐƚĞŵƐ͘^ƉƌŝŶŐĞƌ͕ŽƌĚƌĞĐŚƚ͕EĞƚŚĞƌůĂŶĚƐ͕ϮϳϮƉƉ͘
<ĞƌƐĞďĂƵŵ͕<͕͘͘EĞŶĚĞů͕͕͘ϮϬϭϯ͘^ŝƚĞͲƐƉĞĐŝĨŝĐŝŵƉĂĐƚƐŽĨĐůŝŵĂƚĞĐŚĂŶŐĞŽŶǁŚĞĂƚƉƌŽĚƵĐƚŝŽŶ
ĂĐƌŽƐƐƌĞŐŝŽŶƐŝŶ'ĞƌŵĂŶǇƵƐŝŶŐĚŝĨĨĞƌĞŶƚKϮƌĞƐƉŽŶƐĞĨƵŶĐƚŝŽŶƐ͘ƵƌŽƉĞĂŶ:ŽƵƌŶĂůŽĨ
ŐƌŽŶŽŵǇ;ĂĐĐĞƉƚĞĚͿ͘
>ŽďĞůů͕͘͘ĞƚĂů͕͘ϮϬϭϭ͘ůŝŵĂƚĞƚƌĞŶĚƐĂŶĚŐůŽďĂůĐƌŽƉƉƌŽĚƵĐƚŝŽŶƐŝŶĐĞϭϵϴϬ͘^ĐŝĞŶĐĞ͕ϯϯϯ͕ƉƉ͘ϲϭϲͲ
ϲϮϬ͘
DŽƌŝŽŶĚŽ͕D͘ĞƚĂů͕͘ϮϬϭϭ͘ůŝŵĂƚĞĐŚĂŶŐĞŝŵƉĂĐƚĂƐƐĞƐƐŵĞŶƚ͗ƚŚĞƌŽůĞŽĨĐůŝŵĂƚĞĞǆƚƌĞŵĞƐŝŶĐƌŽƉ
ǇŝĞůĚƐŝŵƵůĂƚŝŽŶ͘ůŝŵĂƚŝĐŚĂŶŐĞ͕ϭϬϰ͕ƉƉ͘ϲϳϵͲϳϬϭ͘
DƺůůĞƌ͕͘Θ>ŽƚǌĞͲ<ĂŵƉĞŶ,͕͘ϮϬϭϮ͘/ŶƚĞŐƌĂƚŝŶŐƚŚĞĐŽŵƉůĞǆŝƚǇŽĨŐůŽďĂůĐŚĂŶŐĞƉƌĞƐƐƵƌĞƐŽŶůĂŶĚ
ĂŶĚǁĂƚĞƌ͘'ůŽďĂů&ŽŽĚ^ĞĐƵƌŝƚǇ͕ϭ͕ƉƉ͘ϴϴͲϵϯ͘
KůĞƐĞŶ͕:͘͘ĞƚĂů͕͘ϮϬϭϭ͘/ŵƉĂĐƚƐĂŶĚĂĚĂƉƚĂƚŝŽŶŽĨƵƌŽƉĞĂŶĐƌŽƉƉƌŽĚƵĐƚŝŽŶƐǇƐƚĞŵƐƚŽĐůŝŵĂƚĞ
ĐŚĂŶŐĞ͘ƵƌŽƉĞĂŶ:ŽƵƌŶĂůŽĨŐƌŽŶŽŵǇ͕ϯϰ͕ƉƉ͘ϵϲͲϭϭϮ͘
WĂůŽƐƵŽ͕d͘ĞƚĂů͕͘ϮϬϭϭ͘^ŝŵƵůĂƚŝŽŶŽĨǁŝŶƚĞƌǁŚĞĂƚǇŝĞůĚĂŶĚŝƚƐǀĂƌŝĂďŝůŝƚǇŝŶĚŝĨĨĞƌĞŶƚĐůŝŵĂƚĞƐŽĨ
ƵƌŽƉĞ͗ĐŽŵƉĂƌŝƐŽŶŽĨĞŝŐŚƚĐƌŽƉŐƌŽǁƚŚŵŽĚĞůƐ͘ƵƌŽƉĞĂŶ:ŽƵƌŶĂůŽĨŐƌŽŶŽŵǇ͕ϯϱ͕ƉƉ͘
ϭϬϯͲϭϭϰ͘
WŽƌƚĞƌ͕:͘Z͘ĞƚĂů͕͘ϮϬϭϯ͘ƵƌŽƉĞĂŶWĞƌƐƉĞĐƚŝǀĞƐ͗ŶĂŐƌŽŶŽŵŝĐƐĐŝĞŶĐĞƉůĂŶĨŽƌĨŽŽĚƐĞĐƵƌŝƚǇŝŶĂ
ĐŚĂŶŐŝŶŐĐůŝŵĂƚĞ͘/Ŷ͗,ŝůůĞů͕͕͘ZŽƐĞŶǌǁĞŝŐ͕͘;ĞĚƐ͘Ϳ͕/ŵƉĞƌŝĂůŽůůĞŐĞWƌĞƐƐ͕>ŽŶĚŽŶ͕ƉƉ͘ϳϯͲϴϰ͘
ZŽƐĞŶǌǁĞŝŐ͕͘ĞƚĂů͕͘ϮϬϭϯ͘dŚĞŐƌŝĐƵůƚƵƌĂůDŽĚĞů/ŶƚĞƌĐŽŵƉĂƌŝƐŽŶĂŶĚ/ŵƉƌŽǀĞŵĞŶƚWƌŽũĞĐƚ
;ŐD/WͿ͗WƌŽƚŽĐŽůƐĂŶĚƉŝůŽƚƐƚƵĚŝĞƐ͘ŐƌŝĐƵůƚƵƌĂůĂŶĚ&ŽƌĞƐƚDĞƚĞŽƌŽůŽŐǇϭϳϬ͕ƉƉ͘ϭϲϲͲϭϴϮ͘
ZƂƚƚĞƌZ͘W͘ĞƚĂů͕͘ϮϬϬϱ͘/ŶƚĞŐƌĂƚŝŽŶŽĨ^ǇƐƚĞŵƐEĞƚǁŽƌŬ;^ǇƐEĞƚͿƚŽŽůƐĨŽƌƌĞŐŝŽŶĂůůĂŶĚƵƐĞƐĐĞŶĂƌŝŽ
ĂŶĂůǇƐŝƐŝŶƐŝĂ͘ŶǀŝƌŽŶŵĞŶƚĂůDŽĚĞůůŝŶŐΘ^ŽĨƚǁĂƌĞ͕ϮϬ͕ƉƉ͘ϮϵϭͲϯϬϳ͘
ZƂƚƚĞƌ͕Z͘W͕͘ĂƌƚĞƌ͕d͘Z͕͘KůĞƐĞŶ:͕͘͘WŽƌƚĞƌ͕:͘Z͕͘ϮϬϭϭĂ͘ƌŽƉͲĐůŝŵĂƚĞŵŽĚĞůƐŶĞĞĚĂŶŽǀĞƌŚĂƵů͘
EĂƚƵƌĞůŝŵĂƚĞŚĂŶŐĞ͕ϭ͕ƉƉ͘ϭϳϱͲϭϳϳ͘
ZƂƚƚĞƌ͕Z͘W͘ĞƚĂů͕͘ϮϬϭϭď͘tŚĂƚǁŽƵůĚŚĂƉƉĞŶƚŽďĂƌůĞǇƉƌŽĚƵĐƚŝŽŶŝŶ&ŝŶůĂŶĚŝĨŐůŽďĂůǁĂƌŵŝŶŐ
ĞǆĐĞĞĚĞĚϰΣ͍ŵŽĚĞůͲďĂƐĞĚĂƐƐĞƐƐŵĞŶƚ͘ƵƌŽƉĞĂŶ:ŽƵƌŶĂůŽĨŐƌŽŶŽŵǇ͕ϯϱ͕ƉƉ͘ϮϬϱͲϮϭϰ͘
ZƂƚƚĞƌ͕Z͘W͘ĞƚĂů͕͘ϮϬϭϮ͘^ŝŵƵůĂƚŝŽŶŽĨƐƉƌŝŶŐďĂƌůĞǇǇŝĞůĚŝŶĚŝĨĨĞƌĞŶƚĐůŝŵĂƚŝĐǌŽŶĞƐŽĨEŽƌƚŚĞƌŶĂŶĚ
ĞŶƚƌĂůƵƌŽƉĞ͗ĐŽŵƉĂƌŝƐŽŶŽĨŶŝŶĞĐƌŽƉŵŽĚĞůƐ͘&ŝĞůĚƌŽƉƐZĞƐĞĂƌĐŚ͕ϭϮϱ͕ƉƉ͘ϭϮϵͲϭϯϴ͘
^ĞŵĞŶŽǀ͕D͘͘Θ^ŚĞǁƌǇ͕W͘Z͕͘ϮϬϭϭ͘DŽĚĞůůŝŶŐƉƌĞĚŝĐƚƐƚŚĂƚŚĞĂƚƐƚƌĞƐƐ͕ŶŽƚĚƌŽƵŐŚƚ͕ǁŝůůŝŶĐƌĞĂƐĞ
ǀƵůŶĞƌĂďŝůŝƚǇŽĨǁŚĞĂƚŝŶƵƌŽƉĞ͘^ĐŝĞŶƚŝĨŝĐZĞƉŽƌƚƐ͕ϭ͕Ɖ͘ϲϲ͘
^ŵŝƚŚ͕W͘ΘKůĞƐĞŶ͕:͕͘͘ϮϬϭϬ͘^ǇŶĞƌŐŝĞƐďĞƚǁĞĞŶƚŚĞŵŝƚŝŐĂƚŝŽŶŽĨ͕ĂŶĚĂĚĂƉƚĂƚŝŽŶƚŽ͕ĐůŝŵĂƚĞ
ĐŚĂŶŐĞŝŶĂŐƌŝĐƵůƚƵƌĞ͘:ŽƵƌŶĂůŽĨŐƌŝĐƵůƚƵƌĂů^ĐŝĞŶĐĞ͕ϭϰϴ͕ƉƉ͘ϱϰϯͲϱϱϮ͘
^ŽƵƐƐĂŶĂ͕:͘ĞƚĂů͕͘ϮϬϭϮ͘ƵƌŽƉĞĂŶƐĐŝĞŶĐĞƉůĂŶƚŽƐƵƐƚĂŝŶĂďůǇŝŶĐƌĞĂƐĞĨŽŽĚƐĞĐƵƌŝƚǇƵŶĚĞƌĐůŝŵĂƚĞ
ĐŚĂŶŐĞ͘'ůŽďĂůŚĂŶŐĞŝŽůŽŐǇ͕ϭϴ͕ƉƉ͘ϯϮϲϵʹϯϮϳϭ͘
dĞďĂůĚŝ͕͘Θ<ŶƵƚƚŝ͕Z͕͘ϮϬϬϳ͘dŚĞƵƐĞŽĨƚŚĞŵƵůƚŝͲŵŽĚĞůĞŶƐĞŵďůĞŝŶƉƌŽďĂďŝůŝƐƚŝĐĐůŝŵĂƚĞ
ƉƌŽũĞĐƚŝŽŶƐ͘WŚŝůŽƐŽƉŚŝĐĂůdƌĂŶƐĂĐƚŝŽŶƐŽĨƚŚĞZŽǇĂů^ŽĐŝĞƚǇͲDĂƚŚĞŵĂƚŝĐĂůWŚǇƐŝĐĂůĂŶĚ
ŶŐŝŶĞĞƌŝŶŐ^ĐŝĞŶĐĞƐϯϲϱ͕ƉƉ͘ϮϬϱϯͲϮϬϳϱ͘
dŝůŵĂŶ͕͘ĞƚĂů͕͘ϮϬϭϭ͘'ůŽďĂůĨŽŽĚĚĞŵĂŶĚĂŶĚƚŚĞƐƵƐƚĂŝŶĂďůĞŝŶƚĞŶƐŝĨŝĐĂƚŝŽŶŽĨĂŐƌŝĐƵůƚƵƌĞ͘
WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞEĂƚŝŽŶĂůĐĂĚĞŵǇŽĨ^ĐŝĞŶĐĞƐ͘h^ϭϬϴ͕ƉƉ͘ϮϬϮϲϬͲϮϬϮϲϰ͘
ϭϬ


564

),1/+.( OMNP; *1!.*1%+*(+*"!.!*!+*(%)1!$*#!""!1/;
+1/ );7OTDPM

 4*%*#* "%(%11%*#1$!2/!+"
1%*(%)1!%),1/.!/!.$
 %*!(8)**HNI;4!* +1(./'%HOI; .( 4+*( +5HPI; *&8'HOI


HNI *%4!./%17+".%+2.#;(,%*!.7+/,$!.!* !+)+.,$+(+#7;5%18!.(* 
HOI ! !.( */1%121!+"!$*+(+#72.%$H I; */1%121!"+.1)+/,$!.%* (%)1!
%!*!;5%18!.(* 
HPI ! !.( */1%121!+"!$*+(+#72.%$H I;!*1!."+.(%)1!7/1!)/+ !(%*#
HOI;5%18!.(* 


  F$!2/!+"!#%+*((%)1!+ !(HI+21,21"+.(%)1!%),1/.!/!.$
%/,.+)%/%*#.+//D211%*#,,.+$5%1$)212(!*!"%1/"+.+1$;1$!(%)1!)+ !(%*#
* 1$!(%)1!%),1/+))2*%1%!/> +5!4!.;/+".1$%//%!*1%"%,+1!*1%(%/7".*+1
"2((71,,! > !.!;5!%)1% !*1%"7%*#1$!)%*$2. (!/* $((!*#!///+%1! 5%1$
1$! 2/! +"  1 %* "%!( / +" (%)1! %),1/ *   ,11%+* .!/!.$ *  %/2//
/1.1!#%!/1++4!.+)!1$!)>
  F!#%+*((%)1!+ !(HI;%),1/.!/!.$; ,1%+*;/%!*1%"%
+((+.1%+*!15!!*1$! %/%,(%*!/
FFFFFFFFFFFFFFFFFFFF

#

  

!#%+*( (%)1! + !(/ H/I .! %),+.1*1 1++(/ 1+ ,.+4% ! -2*1%11%4!; ,$7/%((7 +*/%/1!*1
!/1%)1!/ +" .!#%+*( (%)1! $*#!> $!.!"+.!;  +21,21 %/ %*.!/%*#(7 2/!  / %*,21 "+. .!D
#%+*(* (+((%)1!%),1/)+ !(/>2.%*#1$!,/17!./;/!4!.(+),.!$!*/%4!%*1!.*1%+*(
!""+.1/ 1$1 %) 1 ,.+4% %*#  1 "+. (%)1! %),1/ .!/!.$ $4! !!* %),(!)!*1! ; !>#>
 H4* !. %* !** %1$!((;OMMVI;H!.*/!1(>OMMVI+.H%+.#%
!1 (> OMMVI> +. %*#(7; %1 %/  )11!. +" )212( %*1!.!/1 +" 1$! (%)1! )+ !(%*# *  (%)1! %)D
,1/ +))2*%1%!/ 1$1 1$%/ !6,!*/%4!(7 -2%.!   +21,21 %/ 2/!  !""%%!*1(7 "+. ,,(%1%+* %*
%),1//12 %!/>
1%/1$2/.!).'(!1$11$!/%!*1%"%,+1!*1%(//+%1! 5%1$1$!2/!+"+21,21%/+*(7,.1(7
1,,!  /+ ".> 2/1 / 1$! 1 "(+5 !15!!* (%)1! )+ !(/ *  %),1/ )+ !(/ %/ 2/2((7 2*%D
%.!1%+*(; 1$!.! ,,!./ +*(7 (%11(! "!! ' ".+) %),1/ )+ !(!./ +. A!*  2/!./B ' 1+ 1$!
(%)1!)+ !(%*#+))2*%17>+.!+4!.;+*(7+),.1%4!(7"!5%),1//%!*1%/1/.!5+.'%*# %D
.!1(7 5%1$ .5  +21,21; *  /%!*1%"% 1!)/ 1$1 %*(2 ! .!/!.$!./ ".+) +1$ +))2*%1%!/
.!/1%((..!;/*! ! 2! ".+)1$!21$+.(%/1/+")*7+*"!.!*!+*1.%21%+*/* ,2(%D
1%+*/>
+1%41!  7 1$%/ +*1!61;  1$.!!D 7 5+.'/$+, +* ?!#%+*( (%)1! )+ !( 1 "+. (%)1! %)D
,1/.!/!.$@$/!!*&+%*1(7+.#*%8! %*!.2.7OMNP71$!,.+&!1H?$!4+(21%+*+"
+2*1%*!.)".+/1%*5%18!.(* @<  ,.+#.))!+"1$!5%//1%+*(%!*!+2* D
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1%+*I* 1$!!*1!."+.(%)1!7/1!)/+ !(%*#+" 2.%$HOI>$!5+.'/$+,@/+&!1%4!
5/1+.%*#1+#!1$!..!/!.$!./".+)4.%+2/%),1/ %/%,(%*!/1+,.+4% !/%1.%*%*#"+.1$!
$* (%*#; ,.!D,.+!//%*# *  !4(21%+* +"  #!*!.1!  1; *  1+ % !*1%"7 *  %/2// $(D
(!*#!/ *  $2. (!/ 1$1 %),! ! 1$!%. ,,(%1%+* "+. (%)1! $*#! %),1/ /12 %!/> OQ %),1/
.!/!.$!.".+) %""!.!*1"%!( //2$/#(%+(+#7;$7 .+(+#7;#.%2(12.!;!+(+#7;%+(+#7;)!1!+.D
+(+#7* (%)1+(+#7,.1%%,1! %*1$!5+.'/$+,>+/1+"1$!,.1%%,*1/$ (.! 72/! 
+21,21+.,(*1+2/!%1"+."212.!5+.'>12(* ,(**! 2/!/.*#!".+),,(7%*#.5+21D
,211+21%(%8%*#/+,$%/1%1! (%)1!/!*.%+,.+ 21/;* +4!.1$!5$+(!/,!1.2)+"/,1%(* 
1!),+.( /(!/ H".+) PD$+2.(7 1+ ! ( )!*I / 5!(( /  #.!1 *2)!. +" 4%((! 4.%(!/>
$%/.1%(!/2)).%8!//+)!+"1$!)%*+21+)!/+"1$!5+.'/$+,;+),(!)!*1! 7!6,!.%!*!/
+((!1! 71$!21$+./+4!.1$!,/17!./> *1$%/.!#. ;1$!%*1!*1%+*+"1$!,.!/!*1.1%(!%/H%I
1+,.+4% !*+4!.4%!5* **(7/%/+"1$!..%!./1$1%),! !1$! +,1%+*+"/%)2(1%+*
.!/2(1/7%),1/.!/!.$!./;* H%%I1+%*%1%1!1$! %/2//%+*+*$+51+%),.+4!+))2*%1%+*
* +((+.1%+*!15!!*1$!+))2*%1%!/%*+. !.1+1,1$!"2((,+1!*1%(+"(%)1!)+ !( 1
%*#!*!.(* +" 1%*,.1%2(.>


$


$#

   
         

$! 1!.) ?(%)1! %),1/ .!/!.$@ /2##!/1/  5!((D !"%*!  .!/!.$ %.!1%+* *   +))2*%17
5%1$(!.+&!1%4!/;+))+*)!1$+ +(+#%(1++(+6;* 5!((D !"%*! %*,21 1*!! /> +5D
!4!.; 1$! (%)1! %),1/ +))2*%17 %/ %* "1  $%#$(7 $!1!.+#!*!+2/ #.+2, 1$1 %*(2 !/ *12.(
* /+%(/%!*1%/1/;!+*+)%/1/*  !%/%+*)'!./* 5$%$+..!/,+* %*#(7!6$%%1/.%$ %D
4!./%17+".!/!.$+&!1%4!/;)!1$+ /*  1.!-2%.!)!*1/H%#>NI>/%!*1%"%((7+.%!*1! 2/!.
)%#$1"+.!6),(!21%(%8!+21,211+ .%4!)+ !(+"#.+2* /2."!1!),!.12.!1*2)!.
+"/,!%"%,!.)".+/1/%1!/1+!*$*!1$!2* !./1* %*#+"1$%//,!%"%,.+!//H!>#>(8)**!1
(>OMMT;$!.(!.!1(>OMNPI>.*!+*+)%/1)%#$15*11+2/!#.%

! +21,211$1+4!./

*1%+*(!+*+)71+ !.%4!1$!!/1!/1%)1!+"*%* !64.%(!;/2$/$!1%*# !#.!! 7/;/
%*,211+*!+*+)%%*1!#.1! //!//)!*1)+ !(H!>#>+*/!1$* %!((!;OMNOI>
$%/.+ .*#!+",,(%1%+*/%*+*!.15%1$*+"1!*/2D+,1%)(2* !./1* %*#+"1$!$.D
1!.%/1%/ +"  +21,21 )'!/ %1 %""%2(1 "+. 1$! %),1/ +))2*%17 1+ /,!%"7 /%),(!; (!.; * 
2*)%#2+2/ +))+* .!-2%.!)!*1/ "+. 1$! 1 %*,21 1+ ! ,.+4% !  7 1$! (%)1! )+ !(!./>
$+/!;%*12.*;+"1!*('1$!!6,!.1%/!%*1$!/,!%"%"%!( /+"%),1/.!/!.$1$15+2( !*!!/D
/.71+ 4%/!1$!?!* 2/!./@%*1$1.!#. >$!/! !"%%1/"+.))&+.%),! %)!*1"+.1$!2/!+"
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(%)1!)+ !(+21,21%*%),1/.!/!.$>

  #    

 

    

   

        !   

$$

   

$! 1"+.)1/;/+"15.!1++(/* +*!,12(,,.+$!/"+. 1.!,.!/!*11%+** )+ !(%*#
2/! 7%),1/.!/!.$!.*4%1((7 %""!.".+)1$+/!2/! 7(%)1!)+ !(!./>+.!6),(!1$!
!1 1"+.)12/! 1+.!,.!/!*1#.%

! ;1%)! !,!* !*1(%)1! 1/!1/ %""!.//%#*%"%*1(7

".+) 5$1 )*7 %),1/ .!/!.$!./ .! 2/!  1+ 5+.' 5%1$; !>#>   "+.)11!  1 "+. /11%+*
H,+%*1I (%)1! 1 +. /,!%( 4!1+. 1 "+.)1/ 2/!  %* !+#.,$% *"+.)1%+* 7/1!)/> / 
+*/!-2!*!; ,.+!//%*# H.5I (%)1! )+ !( +21,21 %*1+  /$,! .! 7 1+ ! %#!/1!  7 %),1
)+ !(!./@1++(/+"1!*.!-2%.!/#.!1%*%1%(!""+.1>
$!+,1%+*+"2/%*#,+/1D,.+!//!  1%*"+.)+".! %(74%((!/!*.%+,.+ 21/;/2$/
1$!5%//(%)1!$*#!!*.%+/H OMNN;OMNNI;%/1$2/11.1%4!"+.)*7%),1/.!/!.$!.>
+5!4!.;%1.!)%*/1+! %/2//! 5$!1$!.1$%/,,.+$%/"(!6%(!!*+2#$1+!.!+))!* ! 
/#!*!.(/1.1!#7H/!!/!1%+*QI>
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$%

  !   !

  

 

2..!*1(7;1$!)+ 2/+,!.* %+"$+5 1%/,.+4% ! "+."2.1$!.2/!%*%),1/.!/!.$%/
+*!D57,.+!//".+)1$!(%)1!)+ !(%*#+))2*%171+1$!%),1/+))2*%17>/2((7;1$!.!%/
*+ "!! ' $**!( 5$%$ 5+2(  ,.+4% ! ?!*  2/!./@ 5%1$ * +,,+.12*%17 1+ 4+%! 1$!%. /,!%"%
.!-2%.!)!*1/; .!,+.1 ,.+(!)/; +. +1%* %*D !,1$ %*"+.)1%+*; "+. !6),(! .!#. %*# 1$! 1@/
!61)!*%*#;%1//2%1%(%17"+./,!%"%,,(%1%+*/;+.1$!//+%1! 2*!.1%*1%!/>$2/;,+1!*D
1%((7 4(2(! %*"+.)1%+* "+. +1$ +))2*%1%!/ *  * +,,+.12*%17 "+. /1%)2(1%*# /%!*1%"% !6D
$*#!.!(+/1>


%


       

   

 

1 %/  $((!*#%*# 1/' "+. %),1/ )+ !(!./ 1+ //!// 1$! $.1!.%/1%/ +"  +21,21> $%/ %*D

(2 !/1$!.!,.!/!*11%4!*!//+"#.%

!  1;1$!2*!.1%*1%!/%*$!.!*1%*1$!(%)1!)+ !(+21D

,21;* 1$!% !*1%"%1%+*;+..!1%+** !61.,+(1%+*+" )+ !(%/!/>(%)1!)+ !(4(% 1%+*
!6!.%/!/1$1.!.+21%*!(7,,(%! 7(%)1!)+ !(!./;/2$/1$!4(% 1%+*+4!.(.#! +)%*/
* C+.##.!#1! 1%)!,!.%+ /H)+*1$(7;/!/+*(;PMD7!.)!*;!1>I"+.)%*4.%(!//2$/
%. 1!),!.12.! *  ,.!%,%11%+*; .! $. (7 /2""%%!*1 "+. .!#%+*(D1+D(+( /(! %),1/ /12 %!/>
$!7 .!-2%.!  +)%*D *  ,.+!//D/,!%"%  4(% 1%+* 1$1 % !((7 5+2(  ! ..%!  +21 %* 
+((+.1%4!!""+.1!15!!*(%)1!)+ !(!.* %),1/.!/!.$!.>
*7 %),1/ .!/!.$!. 17,%((7 5+.' 5%1$ ,+%*1 1 H%>!> (%)1! /11%+*I> /%*# #.%

!  1

%*/1! H+"1!*5%1$/,1%(.!/+(21%+*+*1$!+. !.+"OMERM')I.%/!/4.%+2/$((!*#!/.!(1! 
1+ 1$! .!,.!/!*11%4!*!// +"  #.%  ,+%*1 *  .!/,!1%4! 4(% 1%+* ,.+! 2.!/; +5*/(%*# 1!$D
*%-2!/; !61.!)! 4(2!/; *  "%*((7 1$! ,,(%1%+* 1+ .!#%+*(D1+D(+( /(! %),1/ )+ !(/> $%/
!+)!/,.1%2(.(7!4% !*1%*+),(!6)+2*1%*1+,+#.,$7H!>#> +1(./'%!1(>OMNO<(8)**
!1 (> OMNOI 21 (/+ %* .!)+1! (+1%+*/; 5$!.! ,,.+,.%1! +/!.41%+*/ "+. )+ !( 4(% 1%+* .!
2/2((7 /.! +. !4!* ('%*#> !1; %1 %/ +"1!* %* /2$ .!#%+*/ 5$!.! (%)1! )+ !( +21,21 *  .!D
*(7/%/ ,.+ 21/ !+)! %*1!.!/1%*# "+. %),1/ .!/!.$!./; !2/! *+ +1$!. 1 "+. 1$! ,/1
*  ,.!/!*1 .! 4%((!> !.!; +((+.1%+* 5%1$ 1$! (%)1! )+ !(%*# +))2*%17 %/ +" 21)+/1
%),+.1*!!2/!+*(7*%*1%)1!'*+5(! #!+")+ !(,.)!1.%81%+*/;//2),1%+*/;%*$!.!*1
*  /(!D !,!* !*1 2*!.1%*1%!/; *  +1$!. !,!* !*%!/ +* 1 .!(%%(%17 *  .+2/1*!// 5%((
#2. #%*/1#.4!)%/1'!/>+.!+4!.;1$!,!."+.)*!+"/.!#. %*#1$!.!(%/)+"/11%/1%D
(,.+,!.1%!/+"1$!/%)2(1! 1%)!/!.%!//2$/4.%*!;21++..!(1%+*/1.212.!;/,!1.($.D
1!.%/1%/;+.+2..!*!+"!61.!)!/%/+"1!**+1(!.1+)*7%),1/.!/!.$!./;21"2* )!*D
1( "+. *2)!.+2/ %),1/ ,.+!//!/>  ,.1%2(. $((!*#! %* 1$1 .!#.  %/ 1$! ,.+,!. 2/! +" 1$!
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%*"+.)1%+* +*1%*!  %* )2(1%D)+ !( !*/!)(! /%)2(1%+*/> 2(1%D)+ !( 4!.#!/ $4! !!*
/$+5* 1+ ! )+.! 2.1! 1$* /%*#(! )+ !( ,.! %1%+*/ %* )*7 /!/ H *211%; OMNM *  .!"!.D
!*!/ 1$!.!%*I; 21 1$! 4!.#!  1%)! /!.%!/ (/+ !6$%%1 (!// .!(%/1% ,.+,!.1%!/; /2$ / .! 2! 
4.%%(%17; 5$%$ )%#$1 ! %),+.1*1 "+. %),1/ ,,(%1%+*/> + !( 4!.#%*# *  //+%1! 
)!1$+ /.!$%#$(71!$*%(* ,.!/!*1/%#*%"%*1+/1(!/"+.1$!*+*D/,!%(%/1>$%(!1$!.!,D
.!/!*11%4!*!// +" #.%

!  (%)1! )+ !( 1 5%1$ .!/,!1 1+ (+( !61.!)!/ %/ *+1 (!. "+. 1$!

,/1;%1%/!4!*)+.! %""%2(11+//!//%1"+."212.!/!*.%+/>2.1$!.)+.!;,.1%2(.(7%*1$!/!+"
!61.!)!/;(.%17+*1$! !"%*%1%+*+"?!61.!)!/@%*!$+))2*%17%/.2%(> !.!;1$!,+1!*1%("+.
)%/2* !./1* %*# 2!1+1$!2/!+" %""!.!*11!.)%*+(+#%!/%/+4%+2/>
//+%1! 5%1$1$!?,+%*14/>#.% @%//2!%/1$!1+,%+"%/+..!1%+** C+."2.1$!. +5*/(%*#;
$!.! .!"!..!  1+ / ?!),%.%(D/11%/1%(@ ,,.+$!/> ),%.%(D/11%/1%( +5*/(%*# * ! ,D
,(%!  1 %""!.!*1 (!4!(/ +" +),(!6%17 H!>#> !*!/1  !1 (> OMMU; .2* !1 (> OMNMI>  ),1/ .!D
/!.$!. !,!*  +* !6,!.1 &2 #)!*1/ 5%1$ .!#.  1+ 1$! ,+1!*1%(; 1$! (%)%1/; *  1$! +,1%)(
$+%!+"1$!!),%.%(D/11%/1%(,+/1D,.+!//%*#+" 1"+.1$!%..!/,!1%4!,,(%1%+*/>.D
1%2(.(7"+.1$!)+.!+),(!6,,.+$!/;/)((+))2*%17%/+211+!"+.)! 5%1$%*1$!.!D
!*1(7 (2*$!   1%+*   H(% 1%*# *  *1!#.1%*# +5*/(%*# !1$+ / "+. (%)1!
$*#!!/!.$< !!  " I>


&


  

   

1%/+4%+2/1$1+1$+))2*%1%!/!*!"%1".+)!*$*! +((+.1%+*211$1(/+!.1%*!""+.1/

.!.!-2%.! ".+)+1$/% !/>
(1$+2#$ 1$! %),1/ +))2*%17 %/ $%#$(7 %4!./! *  +))+* *!! / .! %""%2(1 1+ "+.)2(1!;
!$ %/%,(%*! (!.(7 *!! / 1+ //!// 1$! /!*/%1%4%1%!/ +" 1$!%. /,!%"% ,.+!//!/ *  )+ !(/ 5%1$
.!/,!11+$*#!/%*.!(1! '!7(%)1!4.%(!/> *+5(! #!+211$!,.1%2(./!*/%1%4%1%!/5%((
$!(, 1+ +))2*%1! 5%1$ 1$! (%)1! )+ !(!./ *  1+ $* (! 1$! 2*!.1%*1%!/ +"  1 "+.
%),1/.!/!.$>
%1$ %*.!/%*# (%)1! )+ !( .!/+(21%+* *  1$! +*/1*1 %*+.,+.1%+* +" 

%1%+*( * C+. %)D

,.+4!  ,.)!1!.%81%+* /$!)!/; !61!* !  ,.+!// '*+5(! #! *  !6,!.1%/! +21/% ! 1$! "%!(  +"
1)+/,$!.% .!/!.$ 5%(( !+)! %*.!/%*#(7 %),+.1*1 "+. (%)1! )+ !( !4!(+,)!*1> *7
%),1/.!/!.$!.*,.+4% !'*+5(! #!*  1+*/2$,.+!//!/* 1$2/.!,+1!*1%((7%)D
,+.1*1,.1*!./"+.1$!(%)1!)+ !(%*#+))2*%17>
*#!*!.(;)!)!./".+)+1$+))2*%1%!/*!! 1+%*4!/11%)!* !""+.1/1+%),.+4!1$!%.2* !.D
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/1* %*#+"1$!+*!,1/* )+ !(/+"!$+1$!.>$%/.!-2%.!/,.1%%,1%*#1 ! %1! +*"!.D
!*!/;.! %*#/,!%"%(%1!.12.!* ,2(%/$%*#&+%*1(7>+.)*7+))2*%17)!)!.//2$*!*D
!4+.%/*+1*+,1%+*;1$+2#$>$!.!"+.!;1$!+*!,1+"?1.*/(1+.+))2*%17@;"+.)! 7/%D
!*1%/1/".+)((%*4+(4!  %/%,(%*!/;*  4*!* "%(%11!+((+.1%+*!15!!*1$!+))2*%D
1%!/;*!! /1+!,2/$! "+.5. >4!*1$+2#$1$%/% !$/!!*!*1!.%*#1$! %/2//%+*11%)!/
H!>#> !2*#!1(>OMMPI* /11!.! !""+.1/!6%/1;1$!#.+51$+"/2$+))2*%171+5!((4%/%(!
*  /%#*%"%*1 /%8! %/ (/+ $),!.!  %* 1$! 2..!*1 /%!*1%"% /!11%*#; 5$!.! $%#$(7 /,!%(%8!  .!D
/!.$%/17,%((7)+/1,.!/1%#%+2/>$!.!"+.!;!6,(%%1/1%)2(%7"2* %*##!*%!/;2*%4!./%1%!/* 
.!/!.$%*/1%121%+*/;"+.!6),(!1$.+2#$ ! %1! .!/!.$,.+#.)/* $%.+""!./;)%#$11%,
1$!/(!> %*'%*#1$!/!!* !4+./1+2..!*1!""+.1/%*1$!"%!( +"(%)1!$*#!%),1/*  ,D
11%+*%/,.1%2(.(7,.+)%/%*#>
*%1%1%4!//2$/1$!5%//(%)1!$*#!!*.%+/,.+&!1H OMNN;OMNNI)%#$1!/!!*/*
(1!.*1%4! 1+  ?1.*/(1+. +))2*%17@> !.!; 4/1(7 ,+/1D,.+!//!   1 %* "+.) +" 1%(+.! 
/!*.%+,.+ 21/5!.!,.+4% ! 1+1$!%),1/+))2*%17>$%/,.+ 21;/! +*1$! 
/!1 +" )2(1%D)+ !( D $%*/ H4* !. %* !* !1 (> OMMVI; 5/ !4!(+,!  %* * !(+.1!
,.+!//1$1/1.!//! 1$!//!//)!*1* 1$!+))2*%1%+*+"2*!.1%*1%!/;(%)%11%+*/* .!/
+",,(%%(%17>2$ 1%/$%#$(7,,.!%1! "+.%1/!/!+",,(%1%+*7)*72/!./;,.1%2(.(7
71$+/!+21/% ! !)%;!>#>+*/2(1%*#+),*%!/* #+4!.*)!*1#!*%!/>*%),+.1*1,.1
+" 1$!  OMNN /!*.%+ !4!(+,)!*1 5/ 1$! %*1!*/%4! %/2//%+* !15!!* (%)1! )+ !(!./ * 
,+1!*1%( !* D2/!./ %* +. !. 1+ % !*1%"7 1$!%. /,!%"% *!! /> 2(% (%)1! /!*.%+ %*%1%1%4!/ .!
1$2/*+1*(1!.*1%4!1+/%!*1%"%+((+.1%+*;21.!.1$!./!.4%!"+.,.1%1%+*!./5$+ +*@1
$4!1$!.!/+2.!/"+./%!*1%"%!6)%*1%+*> +5!4!.;1$!/%!*1%"%,+1!*1%(//+%1! 5%1$1$!
+((+.1%4! *(7/!/ *  2/! +" .5  +21,21 %* (%)1! %),1/ .!/!.$; 5$%$ %)/ 1 !*D
$*%*#1$!2* !./1* %*#+",$7/%('!7,.+!//!/;%/!.1%*(7*+1"2((71,,! 7/2$%*%1%1%4!/>


'

 


$!.!%/$%#$/%!*1%"%,+1!*1%(%*1$!2/!+"(%)1!)+ !(+21,21%*%),1/.!/!.$;5%1$)2D
12( !*!"%1/ "+. (( %*4+(4!  +))2*%1%!/ *  (%'!(7 %),+.1*1 %*,21/ "+. 1$! ,.!//%*# $((!*#!/
.!(1! 1+(%)1!$*#!%),1/*  ,11%+*>
/1(%/$%*# ! %1! ?1.*/(1+.+))2*%17@%/,.+(7*+,1%)(/1.1!#71+ 4*!* "D
%(%11!.+//D211%*#/%!*!!15!!*(%)1!)+ !(%*#* %),1/.!/!.$> +5!4!.;.! %*!//+"
/%!*1%/1/ ".+) (( %*4+(4!  %/%,(%*!/; % !((7 /1%)2(1!  7 "2* %*# #!*%!/ *  .!/!.$ %*/1%12D
1%+*/;.! (7*!! ! 1+#%4!/2$!""+.1/1$!.!-2%.! 5!%#$1%*/%!*!>
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*%1%1%4!/ /2$ /  OMNN !.1%*(7 .!/,+*  1+ 1$! *!! / +",.1%!D+.%!*1!  ?!*  2/!./@; 21 .!
*+1*(1!.*1%4!1+1$!!*$*! /%!*1%"%+((+.1%+*!15!!*.!/!.$+))2*%1%!/>
2.1$!.)+.!;(.#!,.+#.)/;/2$/ +.;1$1,.+4% !?.5@+21,21/$+2( 
!61!*/%4!(7 +2)!*1 1$! ,.+4% !  )+ !( .!/2(1/ 5%1$ )!1 1 1$1 +2(  ! 2/!"2( "+. %),1/
)+ !(!.;/2$/'*+5*4!1/;(%)%1/+",,(%%(%17;%/!/"+.!.1%*.!#%+*/* 4.%(!/;* 
'*+5* /+2.!/ *  !/1%)1!  )#*%12 !/ +" 2*!.1%*1%!/> )%*# +" +*11 ,!./+*/ "+. /,!%"%
-2!/1%+*/+2( (/+,.+4!4!.72/!"2(>
%*((7; %1 %/ +4%+2/ 1$1 *+1 (( +" 1$! *!! / "+.)2(1!  7 %),1/ .!/!.$!./ .! .!(%8(!>
$!.!"+.!; !*$*!  +((+.1%+* *  +))2*%1%+* %/ %* %/,!*/(! 1+ %),.+4! )212( 2* !.D
/1* %*#1+5. /)212(!*!"%1/>


(








(1)

  

!*!/1 ;>>; *//!*D2!.; >;$!*;>OMMU>),%.%(D11%/1%(+5*/(%*#>+.( %!*D
1%"%2(%/$!./; VTUDVUNDOUNDVNODP>
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Investigating impacts and developing
adaptation strategies on local scale – An
example
Rita Seiffert, Elisabeth Rudolph, Norbert Winkel
Federal Waterways Engineering and Research Institute, Hamburg, Germany
Abstract—Due to increasing greenhouse gas concentrations global climate is changing.
Climate change is driven by processes on global scale. Knowledge about impacts of climate
change, however, is often needed on regional or local scale. Thus research on local impacts
and adaptations strategies has to deal with processes across several scales. In the end
researchers are often expected to make statements about impacts and potential adaptation
strategies on a very local scale. Keeping in mind the uncertainties adding up by going step by
step from large scales to smaller scales it is hard to make clear statements. With the help of
an example, we present a method that starts from the local scale on that impacts and
adaptation strategies are relevant.
Due to climate change water levels during storm surge events along the North Sea coasts
could reach higher levels than today. Adaptation strategies will be needed to protect the
densely populated areas along the coast of the German Bight and the banks of the estuaries.
In a first step we carry out a sensitivity study to identify areas that are vulnerable in case of
future storm surges. Using hydrodynamic numerical models we perform different simulations
varying external parameters such as mean sea level, changes in freshwater discharge and
changes of the local wind field. In a second step we investigate the efficacy of different
adaptation measures by repeating selected simulations of the sensitivity study. This time,
however, adaptation measures are included in the model simulations. Although it is still
impossible to exactly predict how high water levels will be in future, the sensitivity study
presents a way of dealing with uncertainties in an efficient way. By using the same numerical
model to investigate impacts and adaptation strategies we are able to directly evaluate
adaptation measures.
Index Terms—estuary, hydrodynamic numerical model, sensitivity study, uncertainty range
————————————————————

1

Introduction

Due to increasing atmospheric greenhouse gas concentrations global climate is changing. Even if greenhouse gas concentrations would be kept constant from today on climate change could not be prevented
(Meehl et al., 2007). Impacts of climate change will affect current and future generations. Whereas climate change involves processes on global scale, impacts of climate change need to be assessed for continents, countries, states, communities, and people on regional or local scale. Thus research on impacts
and adaptation strategies has to deal with processes across several scales. One way of dealing with the
different scales is to downscale the global climate projections step by step onto the appropriate regional
or local scale. Using this approach global climate projections, that simulate climate up to the year 2100,
1
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are transferred to smaller scales using regionalisation methods and impact models. The idea is that at
the end of this cascading process the results tell us how climate change will affect, for example, water
levels in a local river. On the basis of this knowledge vulnerabilities can be identified and appropriate adaptation strategies can be developed. In practice this approach involves some drawbacks. It is very complex and produces results with large ranges of uncertainties (Carter et al. 2007, Wilby and Dessai 2010).
By going step by step from large scales to small scales uncertainty ranges expand more and more. We
need a way to investigate climate change impacts on local scale and potential adaptation strategies
without getting lost in big ranges of uncertainties.
If we are primarily interested in identifying vulnerabilities and developing adaptation strategies on a local
level, it could be better and more straightforward to start from the local scale on that the adaptation
problem arises (e.g., done in the Thames Estuary 2100 project, Reeder and Ranger). In this paper we
want to present a way how to tackle the problem by starting from the local scale. The presented method
combines the investigation of climate change impacts and the development of adaptation strategies in a
direct way. We explain the method with the help of an example. In the example we focus on climate
change impacts on the coasts of the North Sea. In particular we look at the German estuaries of Elbe,
Weser and Ems during storm surge events. The main objective is to develop adaptation strategies and
learn about their advantages and disadvantages.

2

Estuaries during storm surge and climate change

Due to climate change global mean sea level and with it mean water level in the North Sea will rise. In
combination with extreme wind conditions this increase in mean water level can lead to higher water
levels during storm surge than today. Higher wind speeds or future extreme precipitation events in the
catchment areas causing high river discharge could further increase the risk of high water levels. Although the exact changes in sea level, river discharge and local wind field are not known several basic
questions arise. How far will the effects of sea level rise reach into the estuary during storm surge? Is it
feasible just to add sea level rise to high water levels? How does sea level rise influence tidal dynamics?
How far will the effect of high river discharge reach in downstream direction, when sea level rises?
Adaptation strategies will be needed to protect the densely populated areas along the coast of the German Bight and the banks of the estuaries against higher water levels. Besides raising the dike level adaptation measures such as a storm surge barrier or structures narrowing the mouth of the estuary are imaginable. For the evaluation of such measures it is important to learn about basic hydrodynamic process2
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es involved and their advantages and disadvantages.

3

The method and some results

Instead of downscaling the climate projections of the global climate models by using a row of numerical
models, we start from the local scale on which adaptation strategies need to be developed. A schematic
diagram of the used method is shown in Fig. 1. In a first step we identify the main drivers of the local
system that are presumably affected by climate change. The main drivers are the most important external parameters forcing the processes on local scale. In our example the main drivers are sea level at the
mouth of the estuaries, river discharge entering the estuary from the landward side and the local wind
field.

Fig. 1 Schematic diagram of the used method

In the next step we directly apply a detailed model of the local system. Using the local model we carry
out a sensitivity study to learn about potential climate change impacts on local scale. Within this sensitivity study we vary the main drivers in the range of possible values expected in future climate. Here we
have the chance to expand the range of variation to also allow for extreme values. It is possible to explore parameter space comprehensively and reveal critical thresholds.
For all numerical simulations described within our example we use the hydrodynamic numerical model
UnTRIM (Casulli and Walters, 2000). This semi-implicit finite difference model solves the threedimensional shallow water equations on an unstructured grid. For each estuary we have an individually
calibrated model. We perform different simulations increasing mean sea level, river discharge and inten3
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sity of the local wind field. The analysis of these simulations provides evidence how the system could
respond to changes in climate (Rudolph et al., 2012). Generally, we find an increase of high water levels.
High water levels occur earlier. Water levels above a certain threshold last longer (see Fig. 2 for an example). The influence of sea level rise on high water levels reaches far inside the estuaries Elbe and Weser
(Fig. 3). In the Ems estuary the storm surge barrier near Gandersum protects the area upstream of the
barrier. High water levels at the upper end of the estuaries are dominated by the amount of river discharge. The influence of river discharge on high water levels vanishes in downstream direction (not
shown).

Fig. 2: Time series of water level at one point (near Brake) in the Weser estuary, Shown are results from simulations of a storm surge event in January 1976 with and without mean sea level (msl) rise.
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Fig. 3: High water levels (HW) along each estuary for simulations of a storm surge event with and without sea
level rise

The sensitivity study helps to understand basic processes of the local system and reveals potential vulnerabilities. In the next step we develop ideas for adaptation measures and investigate their efficacy. We
repeat selected simulations of the sensitivity study. This time adaptation measures are included in the
local model.
Similar to the storm surge barrier in the Ems estuary a storm surge barrier in the Weser estuary could be
an option. We carry out simulations with a storm surge barrier south of Bremerhaven (Bhvn) without sea
level rise and with a sea level rise of 80 cm. The barrier would effectively reduce high water levels upstream of the barrier (Fig. 4). Downstream of the storm surge barrier enhanced high water levels can

5
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occur. These increased high water levels are partly due to a deformation of the tidal curve and partly
caused by a surge wave. The surge wave is triggered when the barrier is closed during flood current. For
a comprehensive analysis of the storm surge barrier more simulations than mentioned here are needed
(e.g. with different sea level rises, different closure procedures, different locations of the barrier). The
presented results serve primarily for the demonstration of the used method. Note that other aspects
apart from the hydrodynamic efficacy (e.g. socio-economic aspects) will also be relevant in the decision
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Fig. 4: Time series of water level with and without storm surge barrier and sea level rise
a) downstream of barrier, b) upstream of barrier

Another adaptation strategy could be to narrow the mouth of the estuary. The narrowing damps the incoming storm surge. We investigate structures differently located in the mouth of the Elbe estuary. The
structures located more in the interior of the estuary narrow the flow cross section more effectively than
the structures located further in seaward direction. The more the structure is narrowing the cross section, the more high water levels are reduced. These results present a basis for further development and
optimisation of such adaptation measures.

4

Discussion and conclusions

In this paper, we have presented a method for investigating climate change impacts and developing adaptation strategies on local scale. It directly combines a sensitivity study and the testing of adaptation
strategies. The sensitivity study provides an easy way to study local processes responsible for climate
change impacts. Nevertheless, it has some drawbacks. If the simulations carried out within the sensitivity
6
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study are limited to short periods of time or single events, as in our example, it is not possible to make
specific statements on future statistics. With the aid of the sensitivity study we are not able to, e.g., provide numbers on future probability of extreme high water levels in the estuary. Another aspect to keep in
mind is that the sensitivity study takes no feedback processes between local and global scales into account. For example, if the local hydrodynamic processes within the estuary had an effect on sea level in
the North Atlantic Ocean, we would not be allowed to study local impacts in the described way.
Generally, it is difficult to make clear statements about future climate in 50 or 100 years. Specific statements on local impacts and suitable adaptation strategies are even more challenging. However, it is not a
good option to wait and see until maybe in a few years uncertainties associated with climate projections
reduce. Very likely this will not happen. The method presented in this paper enables us to learn about
basic processes connected with climate change. We can easily test several adaptation strategies and
learn about their advantages and disadvantages. It presents a way to deal with uncertainties in an efficient way. The results are no prediction, but they are clear if-then statements. In the case that climate
research provides updated climate projections, the if-then statements will still be valuable. This kind of
method is well suited to test different scenarios (e.g., different increases of sea level) and determine the
appropriate adaptation strategy for each scenario.
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Uncertain impact if “forest and adaptation” is
not taken in consideration in the Congo Basin
Sonwa Denis Jean & Bele Mekou Youssoufa
CIFOR (Center for International Forestry Research),
Yaoundé-Cameroon, Email: dsonwa@cgiar.org
Abstract-Several interventions targeting forest management had been initiated in the Congo Basin in the
perspective of conserving and use sustainably forest resources. During the last 2 decades, biodiversity
conservation had been at the center of these initiatives with impacts mediated by several
Global/regional/national socio-economic and institutional factors. This had been mainly in line with the
objectives of the CBD (Convention on Biological Diversity). With UNFCCC (United Nations Framework
Convention on Climate Change) becoming important in the international arena, REDD+ (Reduced
Emissions from Deforestation and Forest Degradation and conservation, sustainable management of
forests and enhancement of forest carbon stocks in developing countries) had become a priority in the
countries of the region with the perspective of saving forest biodiversity. Those forest resources targeted
in REDD+ are also sensible to climate and thus vulnerable to climate change. What is missing on forest
and climate change debate and/or actions in the region is the impact of climate change on forests and
implication on communities that depend on these natural resources. The current paper summarizes
some of the activities within “Congo Basin Forest and Climate Change Adaptation” (Cofcca,
http://www.cifor.org/cofcca/home.html), a first project on forest and adaptation in Central Africa. The
forest related sectors (Food Security, Water, Energy, Health) identified during the science policy dialogue
in the region as most vulnerable to climate change underlies the linkage between forest and
development. Because of the multiplicity of sectors only a pluri-disciplinary and multi-institutional
approach can help in addressing the climate change impact in the sustainable manner. The place of
forest resources in the region is so important that ignoring it in the adaptation to climate change policy
and research may lead to an uncertain future for natural resources and communities.
Index Terms-Forest, Congo Basin, climate change, Mitigation, Adaptation to climate change, forest
communities.
————————————————————

1. Forest and rural livelihood
In the Congo Basin, the importance of forests for rural livelihood is certain. For instance, forest foods
contribute significantly to the diet of many rural and urban households (e.g., Debroux et al. 2007, Ndoye
and Tieguhong 2004). During periods of crop failures especially in agricultural communities, forest foods
are most extensively used to help meet dietary shortfalls. In the Congo Basin, forest ecosystem services
provide security portfolios for over 80% of the predominantly rural communities contributing to poverty
alleviation and national development (Sonwa et al. 2012, Bele et al. 2011, Nkem et al. 2007). Thus, life
would be virtually impossible for most of the peoples living in rural areas in the Congo Basin without the
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availability of forests. They use wild plants to meet some of their health and nutritional needs.
Commodity items inevitably become too costly or even unavailable in remote rural areas, so that people
are heavily dependent on the forest products. The extraction, processing, and trading of non-timber
forest products (NTFPs) is often the only employment available for the population in remote rural areas.
However, nearly all the livelihood activities are seasonal and climate sensitive. If several studies had
been made to understand the linkage of socio-economic dynamics on forest, this had not been always
the case with climate.

2. Exposition to climate change and impact
Although climate-change projections for Africa are highly variable, the average increase in temperature
on the continent is likely to be higher than the average increase globally (IUFRO 2010). In the Congo
Basin, mean temperature is projected to substantially increase in the future independent of the scenario,
with a stronger increase under the high emission scenario. While number of cold days and nights are
projected to decrease, number of hot days and nights are projected to increase. A very moderate change
in total precipitation is projected to occur in the future. In addition, temporal distribution of rains is likely
to be less uniform in the future (GIZ Fact Sheet 2012). All this will have a significant risk that the adaptive
capacity of many African forest ecosystems to provide vital goods and services will be exceeded.
Recent science-policy dialogue during the Cofcca project implementation revealed that in the Congo
Basin, sectors such as food security, energy, health and water closely link with forest are the more
sensible to climate change/variability (Sonwa et al. 2012). Rainfall negatively affects hydropower leading
to more pressure on forest for fuel wood. Modifications of rainfall and temperature also have serious
impact on agricultural sector. For instance, in Cameroon, statistics show that rainfall has already
decreased by over 2% per decade since 1960 (Molua and Lambi 2007). Crop yields have been poor; in
particular the cash crop has been affected by unsteady rains. Climatic impacts on food productions and
its costs are projected to be exacerbated in Cameroon and beyond the Central African sub-region.
Current climate variation is already altering the types, frequencies, and intensities of crop and livestock
pests and diseases, the availability and timing of irrigation water supplies, and the severity of soil
erosion. Several tropical pathology such as Malaria, cholera, etc. are closely linked with season and see
their peak with events such as extreme drying/rainfall season.
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The impacts of climate change on humans will be certain and in places drastic. People in some areas may
benefit from climate change but the great majority will struggle to cope with its effects. Adaptation
strategies in these sectors (food security, energy, health and water) closely linked to the development,
need to take in consideration forest management.

3. Current response to climate change
Studies carried out within the framework of the Cofcca project (http://www.cifor.org/cofcca/home.html)
revealed, among others, that the importance of forests is overlooked in national development processes
such as policy dialogues on climate change and poverty reduction strategies (Bele et al. 2011). The lack
of coordination at the regional and local levels in responding to climate change leads to the weakness of
response to climate change (Brown et al. 2010). Several countries of the region may fall under what is
named as “fragile states” (See Debroux et al. 2007 for the forest institutional sectors in DRC) in which
institutions are not resilient enough to help respond to climate chock. Climate change is an additional
burden to conflict and post conflict context in some Congo Basin countries. The international community
and stakeholders in the region put a lot of emphasis on REDD+ with the perspective of protecting forest
biodiversity habitat of the Congo Basin (Somorin et al. 2012). Some NAPA (National Adaptation Program)
had been developed without necessarily taking in consideration forest resources. Some research
initiatives such as Cofcca & COBAM (lead by CIFOR), Scenarii changement climatique (lead by GIZ) had
been initiated. Adaptation responses in general and oriented toward forest are still at the early stage.
During the cofcca project in DRC, Central Africa Republic (RCA) and Cameroon, efforts had been mainly
put on modeling of future climate,

identification of communities vulnerability related to forest,

understanding of policy and institutional context, capacity building, , initiation of pilot project activities
on adaptation in forest landscape, etc…

4. Uncertainty in the nearest future
Forest and rural communities are not out of climate change/variation (Bele et al. 2010). Livelihood of the
forest communities been associated with season, climate perturbation will lead to perturbation of forest
communities. Several countries of the region want to become emergent in one/two decades. Many of
the development activities are linked to climate and it will thus be difficult to reach their goal if
adaptation is not taken in consideration. Biodiversity conservation also depends on season and it is
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evident that climate change will lead to modification of forest habitat and increase/decrease of some
taxa. The impact seeking in REDD+ is rendered uncertain if we are not sure of the resilience of
natural/planted forest. This lead CIFOR to initiate the COBAM project (www.cifor.org/cobam) to explore
the synergy between adaptation and mitigation in biodiversity landscapes in the Congo Basin.
Without adaptation the effort in CBD (Biodiversity), UNFCCC (REDD+) and Millennium Development
Goals (Rural livelihood), will be at risk in the Congo Basin (http://blog.cifor.org/13523/trouble-ahead-ifforests-and-adaptation-are-not-considered-in-the-post-rio20-era/ ). Effort for the future need to
continue what are already started within Cofcca project, and also taking the rural forest area as a
complex landscape in which forest is only one issue. This thus underlines the need of a holistic approach
when looking for solution to climate change in the forest landscape of Central Africa.

5. Conclusion and way forward
The Congo Basin which is known already for his role in biodiversity conservation is expecting to play a
role in climate mitigation through REDD+ by providing some funds to support livelihood of forest rural
communities. Unfortunately this may be impossible if adaptation to climate change is not taken into
consideration. The livelihoods of the rural poor are highly dependent on climate-sensitive resources.
These same livelihood resources contribute a significant proportion of the Gross Domestic Product of the
country, making national development also susceptible to climate change uncertainties. Therefore,
considering the vulnerability of forests to climate change and given their vital role in the household
livelihood and food security in the Congo Basin countries, climate change and climate variability
measures have to be taken seriously and for adaptation strategies need to be integrated into project
development planning. In addition, forestry activities should be used to reduce vulnerability and
variability of both natural and social systems.
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Abstract
Massive socio-ecological problems like climate change are difficult to model because they involve
multiple interacting systems with complex, non-linear dynamics. The resulting scientific uncertainty
confuses public discourse and delays mitigation. We urgently need both better models and clearer
ways of explaining the global environmental emergency.

Many diverse arenas (e.g. medicine, energy, aerospace and defence) have developed systems-based
methodologies for assessing risks and managing critical, complex projects ranging from emergency
surgery to space stations. For example, aerospace design starts with establishing critical parameters
for safe operation. The “Safety Case” determines design requirements. “Mission Assurance”
methodologies are then used to build, operate and maintain vehicles to standards that ensure that
essential human and mechanical systems always function within wide safety margins. Similar
proactive risk management methods can be applied to critical socio-ecological problems.

The first step is to define the critical biophysical and social parameters of a sustainable global
system. We can then assess major environmental, economic and social trends in terms of whether
they support or threaten systemic viability. This will indicate if essential parameters will be breached
and determine the likely timelines and impacts of these tipping points. Multiple trends and their
relative strengths can then be modelled using a combination of causal-loop diagrams, stock and flow
diagrams and Bayesian networks.

Safety-critical, whole-systems modelling will improve our understanding of the implications of crosssectoral interactions, including the probability and consequences of disruptive, non-linear events. It
will also improve our ability to design interventions capable of improving systemic resilience and
preventing catastrophic failures.

This approach reframes climate change as a security issue. It focuses attention on managing
dangerous risks and ensuring a safe future. While it will not eliminate all uncertainties, it will help
clarify risks, timelines, costs and options, and assist policy-makers in understanding and explaining
both dangers and opportunities.

Keywords: safety, critical, risk, complex systems, non-linear, parameters, climate change, tipping
points, viability, socio-ecological, proactive, security, causal-loop diagrams, Bayesian networks.
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The need for a new approach
The problem
UN Secretary-General Ban-Ki Moon warns about “the gathering threat of climate change”:
Scientists have long sounded the alarm. Top-ranking military commanders and security
experts have now joined the chorus. Yet the political class seems far behind.… Too many
leaders seem content to keep climate change at arm’s length, and in its policy silo. Too few
grasp the need to bring the threat to the centre of global security, economic and financial
management (Moon 2013).

Adaptation, although necessary, will not prevent dangerous climate change (Ackerman & Stanton
2013). We risk passing irreversible tipping points, such as the release of methane from permafrost
(Schuur & Abbott 2011) and ocean acidification (Hönisch 2012).

With mitigation options rapidly shrinking (Stocker 2013), international intervention is urgently
needed. However, the political will to act is missing.

Fig. 1 (Wasdell 2006). An illustration of the dynamics and risks of non-linear climate change.
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The need to aim for a safe climate
Despite many high-profile international conferences and the warnings of peak international
organizations (Richardson 2012), concern about environmental issues is lower than 20 years ago
(GlobeScan 2013).

Why?

Doug Miller, chairman of GlobeScan, says “Evidence of environmental damage is stronger than ever,
but our data shows that economic crisis and a lack of political leadership mean that the public are
starting to tune out” (Masters 2013).

Many studies have been done on the economic, institutional and cultural factors blocking
constructive intervention (e.g. Figueres & Ivanova 2002, Jinnah et al. 2009, CRED 2009, Goldenberg
2013). But is systemic resistance enough to explain why decades of work by thousands of scientists
have failed to alter the current trajectory of climate change? Kevin Anderson and Alice Bows suggest
that most policy-makers are not advancing realistic solutions:
[W]hile the rhetoric of policy is to reduce emissions in line with avoiding dangerous climate
change, most policy advice is to accept a high probability of extremely dangerous climate
change rather than propose radical and immediate emission reductions (Anderson & Bows
2011, p. 40).

It should be obvious that we will never achieve a safe climate unless we make safe, viable outcomes
our goal and priority.

Using a safety-critical approach

Managing risk
Climate change is not only humanity’s “greatest market failure” (Benjamin 2007), but also our
greatest failure in risk management. Although sophisticated tools for evaluating and managing risk
are used in many arenas (e.g. aviation, insurance, finance, health, project development), we are not
applying the same methods and standards to humanity’s biggest risks—the potentially catastrophic
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threats posed by climate change (FAO 2011) and other major socio-ecological problems (such as the
loss of biodiversity and growing resource shortages).

Large global problems are frequently viewed as too complex to allow risk to be accurately evaluated,
let alone managed. However, Nick Mabey and his colleagues argue:
Public policy decisions (ranging from military procurement, to interest rates, to financial
system regulation) are taken under higher levels of uncertainty than exists over climate
change science, impacts or policy choices. In fact the range of uncertainty in climate change
is generally smaller than that common in long-term security analysis (Mabey et al. 2011).

The enormous cost of mitigation is also seen to be a barrier to managing climate change risk. This
view is countered by Frank Ackerman and Elizabeth Stanton:
Protection against threats of incalculable magnitude – such as military defense of a nation’s
borders, or airport screening to keep terrorists off of planes – is rarely described as “too
expensive.” The conclusion that climate policy is too expensive thus implies that it is an
option we can do without, rather than a response to an existential threat to our way of life.
(Ackerman & Stanton 2013)

Political priorities can rapidly shift when leaders believe that there is a threat to national security.
Whole economies can be mobilised to meet emergencies, as occurred in the Second World War,
when many nations allocated 40%-75% of their GDP to military production. Following the ‘911’
attack on the United States, and the global financial crisis of 2008, politicians quickly overcame
normal budgetary constraints, allowing trillions of dollars of new funds to be accessed.

Most decision-makers are unlikely to take urgent action on climate change unless it is framed as a
security threat (i.e. reframed from being a primarily environmental issue). This will require a change
of approach from reducing risks and damages and maximising adaptation (e.g. US Department of
Homeland Security 2012) to ensuring viability.

To do this policy advisors will have to focus on risk assessment and management: identifying both
dangerous threats and the requirements for safe outcomes.

Fortunately, proven tools for managing risk already exist.
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Ensuring safe outcomes
Fields such as aerospace, medicine, business, energy and defence have sophisticated, proven
methods for analysing complex problems, managing risk and ensuring safe outcomes (e.g. Bowen &
Stavridou 1993, Fowler 2004, U.S. Department of Defence 1993). Many of these “best practices” can
be usefully applied to managing complex socio-ecological issues where viable outcomes are
essential.

For example, when designing or modifying an airplane or space vehicle, aerospace engineers begin
by establishing the critical parameters for its safe operation – the “Safety Case”. The
Safety Case determines the design requirements. “Mission Assurance” methodologies are then used
to build, operate and maintain the vehicle to standards that ensure that essential human and
mechanical systems always function within wide safety margins (Alberts & Dorofee 2005).

We should take a similar safety-critical approach to designing a safe future for humanity. We need to
start with a complex systems approach that establishes the critical biophysical and social parameters
of a sustainable global system; then use this Safety Case to determine its design requirements; and
then use Mission Assurance methods to strengthen systemic resilience (Evans & Steven 2009) and
ensure that every critical element always functions within wide safety margins (Smith 2006).

Managing crises—the Apollo 13 example
The story of the 1970 Apollo 13 moon mission demonstrates how a safety-critical approach can be
used to manage an emergency (NASA 2001). After an oxygen tank exploded, NASA’s challenge was
to devise a way to keep the astronauts alive and return them safely to Earth. Their successful crisis
management approach can be summarised as:
–

First determine the essential requirements for mission viability;

–

Then determine critical timelines;

–

Then determine available resources;

–

Then design a solution that restructures available resources within the required
timeframe to meet critical mission requirements.

The current global emergency is similar in nature to the Apollo 13 crisis. Spaceship Earth’s lifesupport systems are failing and we also need to rapidly reconfigure existing resources in order to reestablish a safe, livable environment.
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Unfortunately, unlike Apollo 13, Spaceship Earth does not have a proactive management team that
is united around the goal of ensuring safe outcomes. Reactive, piecemeal methods based on
obsolete mental models prevent us from recognizing the severity and immanence of the global
emergency, let alone manage it (Taylor & Taylor 2007, Evans & Steven 2009).

Modeling for risk management
The difficulties with solving ‘wicked’ socio-ecological issues like climate change are not primarily
biophysical, but economic and political. For this reason it is not enough to focus on quantitative
targets: we also need to understand trends and system dynamics.

The challenge is to identify constructive and destructive dynamics and then intervene to shift vicious
cycles to virtuous cycles. Traditional statistical modeling fails to adequately analyse risks, which are
often non-linear. For this we need not only causal models but also methods for determining
likelihood and consequences. This can be done by using causal loop diagrams (to explain system
dynamics) in combination with stock and flow models (to quantify dynamics and determine
dominant trends) (Sterman 2000; Maani & Cavana 2004). Bayesian networks can then be used to
assess the probabilities of multiple non-additive interactions (Leidloff & Smith, 2010).

To avoid missing non-linear developments, it is necessary to understand cross-sectoral causal
relationships. In particular, we need a better understanding of political and economic tipping points,
which can rapidly shift system dynamics. (For an example of work in this area see Lagi et al 2011).

We can also develop a diagnostic approach similar to that used in medicine, where health issues are
evaluated in terms of how constellations of risk factors affect systemic health. For example, blood
pressure is not examined as an isolated, fixed set of data, but looked at in terms of both (a) ranges
(dangerously low, low, safe, high, and dangerously high); and (b) associated risk factors (overall
health, age, family history, etc.). This life-critical approach can be applied to socio-ecological issues
and used to develop models and diagrams which integrate and explain multiple forces and issues in
terms of critical system parameters, risks, timelines and options.
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This approach should enable us to develop a diagnostic algorithm (a decision logic framework) based
on criticality analysis. This will help us evaluate risks and likely failure points, identify key issues,
prioritise responses, and design viable interventions. [My methodology applies diagnostic principles
used in emergency medicine (e.g. Bosker et al, 1996) to the analysis of critical, complex socioecological issues.]

While a whole-systems approach is necessary, this does not involve modeling everything (Sterman
2000), but instead modeling only the environmental, economic and social factors essential to the
understanding and management of dangerous climate change.

The first step is to define the critical biophysical and social parameters of a sustainable global system
(Folke 2013, Raworth 2012). We can then use evidenced-based probabilistic methods to assess
whether major trends support or threaten systemic viability. This will indicate if essential parameters
will be breached and determine the likely timelines and impacts of these tipping points.

Understanding probable trends, timelines, tipping points and consequences will allow us to evaluate
possible policy options and their costs and benefits; and from this determine priorities, high leverage
points, intervention strategies and policies (Marten 2008). This approach focuses attention on
strategic threats and what must be done to ensure a safe future. It will not eliminate all
uncertainties, but it will highlight major dangers and opportunities and clarify risks.

After the critical requirements for sustainable socio-ecological outcomes have been determined,
backcasting can be used to design structures and processes capable of meeting these requirements.
[This approach applies standard outcomes-based architectural and engineering design methods (e.g.
Smith 2006, Birkeland 2008) to the proactive management of socio-ecological problems.]

These new methods can be integrated with proven business, industrial and defence approaches—
e.g. scenario simulation (Gilad 2008, Herman & Frost 2008, Schwarz 2009) to help decision makers
better understand complex socio-ecological problems and design sustainable solutions.

Examples of modeling
N.B. The following diagrams are not factually accurate: they are provided solely to illustrate
diagrammatic methods.
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Fig. 2 illustrates causal relationships among some environmental, economic and political tipping
points.

Fig. 3 illustrates a tipping point and the effect of one factor on the viability of an ecosystem.
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Fig. 4 shows the total impact of multiple factors on a system’s viability.

The need for a transformational narrative
Climate mitigation requires a paradigm shift in the way we produce and consume energy and other
resources—the cultural, economic and technological transformation of our consumer society to a
conserver society (Taylor 2008; Beddoe et al. 2009). This will not happen until people are convinced
that change is both necessary and beneficial.

In particular climate change needs to be reframed in terms of superordinate goals (common needs
and values) capable of bridging the current environmental/economic divide. To reduce their
resistance to change, vested interests also need to be provided with constructive alternatives (Taylor
2013).
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Conclusions

This approach is proactive rather than reactive. It recognizes that current methods and structures
are failing to solve ’wicked’ environmental and social problems. It starts by examining what is
necessary to prevent potentially catastrophic risks rather than what is presently possible (Dunne &
Martin 2006). Climate change is reframed as humanity’s greatest security threat. Proven safety and
mission critical methods are used to manage critical socio-ecological problems and ensure safe,
viable outcomes (Sheard & Mostashari 2008, Sage & Rouse 2009).
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Towards a European assessment of health
risks of climate change
Tanja Wolf, Gerardo Sanchez, Vladimir Kendrowski, James Creswick, Bettina Menne
Abstract – Health is the most important good we have. Our health is at the end of the
impact chain of climate change and only in the past decade the important health risks of
different facets of climate change have been taken into account. Impacts of climate change
on human health are increasingly evident. Research has looked into health effects of
extreme events (heat-waves, cold spells, flooding, storms), temperature related mortality,
morbidity and performance as well as impacts on vector-borne and other climate sensitive
infectious diseases, algae blooms, food production, allergies and more. Research has also
attempted to express observed and modelled health damage in economic terms. While
there is agreement that potential health benefits for some populations will be outweighed
by the substantial risks for others, there is also increasing awareness of the win-win options
where mitigation or adaptation measures can have significant health benefits.
The EU funded project IMPACT2C models the climate and its impacts in a 2°C warmer world,
including the health effects in Europe. Using the climate models from IMPACT2C and the
new SSPs, estimates of health risks will be developed. As not all relevant health impacts in
Europe can be quantified and modelled this way, the assessment will be enriched by the set
up of a network of scientific experts to maximise the knowledge on health effects of climate
change in Europe.
At the same time, good living conditions and good health and population prosperity and
growth are to some extent result of development. Considering the limits of growth and
carrying capacity, sustainable development and to lead by example in the health sector are
crucial to contribute to avoiding the unmanageable.
Index Terms – burden of disease, climate change, extreme weather events, green health
services, health, sustainable development,
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1 Introduction
Healthy and sustainable development offers an umbrella for a joint vision for the next
century. This paper outlines the activities in the field of climate change and sustainable
development of the WHO European Centre for Environment and Health in Bonn, which is
part of WHO Regional Office for Europe. Their challenge is to bridge science and policy and
can contribute to the climate policy through close links to the scientific community and its
member states (in particular ministries of health and ministries of environment) as well as
links to other regions. Partnerships are an important component in seeking intelligent and
innovative ways of sharing knowledge and experience to be integrated into decision making.

The health sector needs to lead by example by reducing its own emissions of greenhouse
gases. Health systems are in a unique position to put health concerns high in the climate
change agenda, implement strategies to limit the health impacts, advocate action in other
sectors to benefit health and lead by example, as highlighted in section 2.

Health could and should be a common concern and interest of many actors in climate
change policy. Climate change affects population health through different pathways, with
far-reaching economic and ethical implications as summarized in section 3. Health
adaptation mainly consists of strengthening health systems’ capacity and resilience,
generally a worthwhile investment regardless of future climate changes. Furthermore,
several strategies and measures to mitigate climate change can improve health at the same
time and can have further benefits for the society or the environment as well (WHO 2011).

1.1. Political context and WHO
Health is a cross-cutting issue and it is crucial to integrate it into the agenda of other sectors
as well as considering climate and global changes in health planning (WHO Regional Office
for Europe 2008). Especially in the health sector, responses to climate change are long
overdue (Menne 2005). The core functions of WHO in public health include providing
leadership on global health matters, shaping the health research agenda, setting norms and
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standards and articulating evidence-based policy options, providing technical support to
countries and monitoring and assessing health trends. These core functions have been
applied to the challenge of climate change and health in the European Regional Framework
for Action, which sets the foundation of the work presented here.
The European Regional Framework for Action aims to protect health, promote health equity
and security and provide healthy environments in a changing climate. It is designed to
support action by Member States, the WHO Secretariat and other partners. Consistent with
the WHO global workplan, it sets out its aim and key principles, five strategic objectives,
specific actions to achieve the objectives and implementation. The five key objectives are
to:
•

Put health issues high in the climate change agenda;

•

Strengthen their systems and services to prevent and limit the health impacts;

•

Advocate mitigation and adaptation action in all sectors to benefit health;

•

Lead by example reducing greenhouse emissions

•

Share best practice, data and information at all levels.

2. Greening health services
As a resource-intensive sector, health care can have a significant impact on the environment
through the generation of greenhouse gas emissions, pollution and waste. About 4.2% of
total WHO European Region greenhouse gas emissions are produced by the health care
sector. Importantly, many of the actions health care organizations can take to improve the
environmental sustainability of their operations can have immediate health benefits (e.g.
through active travel), significant financial and resilience benefits (e.g. through improving
energy efficiency and generating onsite electricity from renewable sources) and important
social benefits (e.g. through local procurement of goods and services). These benefits offer
significant incentives to redesign health systems to be resilient to future changes and
operate in a sustainable manner to ensure long-term provision of health care and to reduce
the environmental externalities from health care, now and into the future. As a respected
sector within society, the health system is well placed to lead other sectors in the transition
to financial, social and environmental sustainability and move the sustainable development
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agenda forward (WHO Regional Office for Europe & NHS Sustainable Development Unit
forthcoming).

3. Assessment of climate change related health risks
There are three main areas of current public health concern related to climate change:
extreme weather events, climate-sensitive infectious diseases, and air quality, food and
water security. Heat-waves, cold-spells, floods, droughts and fires are increasing in
frequency, intensity and duration, endangering fundamental health determinants and
increasing

threats

of

injuries,

communicable

and

non-communicable

diseases,

infrastructures damage and deterioration of mental health.

3.1 Observed and projected health effects
Air quality, food and water security are fundamental to good health. These three major
determinants of human health and wellbeing are significantly altered by long-term changes
of local and global climates as well as by sudden extreme weather events. Research has
created evidence and improved knowledge on the observed effects and estimated future
impacts of climate change on health.
Episodes of high temperature can significantly affect mortality and morbidity in the
population. In the EU, mortality has been shown to increase 1-4% for each one-degree
increase of temperature above a threshold. Over 70 000 excess deaths were observed in 12
European countries in the heat-wave summer of 2003 (Robine u. a. 2008). The ClimateCost
project has estimated that heat related mortality under a medium to high emission (A1B)
scenario, with no mitigation or adaptation, causes an additional 26000 deaths per year from
heat by the 2020s (2011-2040), rising to 89 thousand per year by the 2050s (2041-2070) and
127 000 per year by the 2080s (2071-2100) (Kovats et al. 2012).
Mortality due to coastal flooding is associated with direct health impacts including fatalities.
The ClimateCost study has assessed the impacts of climate change (sea level rise leading to
‘deeper’ storm surge). Climate and socio-economic change is estimated to lead to 130
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deaths per year in the EU by the 2050s and 650 deaths per year in the EU by the 2080s
(A1B) with two thirds of these arising in Western Europe.
Vector and rodent-borne, food and water-borne, as well as respiratory diseases are
changing in temporal and geographical scale. A combination of climate change, trade and
travel has made it possible for some diseases to create localized outbreaks. Projections
include a further change in the distribution of vectors with localized risks of dengue and
other outbreaks. Tick-borne diseases, including Lyme borreliosis and tick-borne encephalitis,
are also projected to change their distribution due to climate change (EEA 2012). The
estimates for Salmonellosis as temperature sensitive and important food borne illness in
Europe suggest that under the A1B scenario, climate change could lead to an additional
7000 cases per year of salmonellosis in EU27 by 2020s, rising to 13000 by the 2050s and
17000 by the 2080s, if the incidence remains at current levels, however, declining levels are
likely in some parts of the region (Kovats et al. 2012).

3.2 IMPACT2C
The EU funded project IMPACT2C models the climate and its impacts in a 2°C warmer world,
including the health effects in Europe. Using the climate models from IMPACT2C and the
new SSPs, estimates of health risks will be developed. In this context WHO is currently
developing a European Assessment of health risks of climate change in the context of the
EU-funded project IMPACT2C follows a series of impact assessments (cCASHh, CIRCE,
CEHAPIS, PESETA, ClimateCost) and will take stock and will review current evidence on
health risks of climate change globally and in Europe and add knowledge with a quantitative
and qualitative assessment of health risks of climate change in Europe. Where feasible,
WHO methodologies to estimate burden of disease will be applied; limits in their application
will contribute to identifying research and data needs.
Although largely based on published scientific literature, the assessment will be enriched
with information and data from national vulnerability assessments and adaptation
strategies as well as WHO national country profiles on climate change and health. A
scientific network will be set up to review the assessment and to further contribute to
updating the rapidly emerging knowledge in the field of climate change and health. This will

614

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

not only contribute to generation and sharing of information but includes capacity building
and awareness raising activity at national levels. We warmly invite the community to
participate to this process.

4. Conclusion
Revocating the mandate of WHO in the field of health and climate change and providing
selected examples of WHO activities highlights that WHO is already contributing to all
aspects raised in the background document to the IMPACTS WOLRD 2013 conference
“Climate Impacts Research: A vision for the Next Decade”. In response to the questions
raised in the background paper, some comments on the role of WHO are summarised here.
1. Taking Stock: With health impact and economic assessments WHO and others have take
stock- but the time to take action has come long ago, especially in the health sector where
precautionary principle invites to not wait for certainties on health risks before investing in
strengthening health and resilience.
2. Time to respond: Consistent information is at hand and first steps have already been
taken: An important step after the IPCC report (2007) were the World Health Assembly on
Climate change and health (2008) and the European Framework (2009), which set the basis
for most current activities.
3. Grand challenges ahead: Can we integrate our existing knowledge across sectors and
“how certain are we”?
Health is the ultimate argument for both, individuals and societies, to take responsible and
sustainable decisions- more than ever in the light of climate change. Health can integrate
knowledge and action across sectors and even when uncertainties prevail, many sustainable
investments in health have win-win potential for individual health and socioeconomic
development of the society and the environment. To protect health from climate change is
the challenge of this century- and health can be part of the key to turn the future into a
green and sustainable one. The European Environment and Health process shows how
cooperation of national ministries assisted by WHO can steer developments while the close
cooperation of WHO’s regional offices with the global headquarter illustrate a way to bridge
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the divide between regional and global. Accordingly, we claim “health” to be central for the
steps into the future. This understanding of the important role that the health sector can
play is however still missing and the role of WHO in this should be strengthened, for
example in contributing to developing health specific (regional) shared Socio-Economic
Pathways.
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Evaluation of the Use of SWAT for Land Use
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Abstract- The Soil and Water Assessment Tool (SWAT) has become popular tool for land use and
climate change impact studies because the model is both physically based and processed-oriented,
hence accounts for the various hydrological processes within a catchment. Of course, the model’s
prediction capability, which is crucial for impact investigations, relies on a proper representation of
the distributed parameters and input data quality. One of the important changes on water resources
under land use change scenarios are due to changed evapotranspiration (ET). Thus, we evaluate the
SWAT ET estimates and their spatial representations by comparing with ET estimates from remote
sensing techniques within three case studies. The findings from the cases considered in these studies
were not conclusive. However, they highlighted the potential uses of independently derived remote
sensing ET to improve hydrological models performance.
Index Terms- Evapotranspiration, Remote sensing, SWAT

1. Introduction
Evapotranspiration (ET) is on average the main hydrological component, as around 60% of
precipitation leaves as ET flux over land surfaces (Brutsaert 1986). Changes in land surface
characteristics due to human activities have a direct effect on hydrological processes through their
link with ET processes. Of course, climatic variations are also important factors in governing ET
variability in a large river basin. Therefore, during the investigations of the impacts of both climate
and land use changes on hydrology using hydrological models sufficient attention should be given to
this component of the water balance.
Most often distributed hydrological models are calibrated against the observed discharge time series
from one or more gauging stations. Apparently, these models show reasonable skills to simulate
discharges based on

the calibrated parameters; however, this does not guaranty a good
1

628

performance on the simulated ET (Muthuwatta et al. 2009). A River basin surface characteristics, by
its very nature, varies spatially and their combination with a large number of model parameters
inhabits the identification of one set of parameters describing the natural system (Immerzeel &
Droogers 2008). Consequently, more than one parameter combination could provide the same
result. The problem of equifinality has been widely discussed in literatures (Seibert & McDonnell
2002; Beven 2006; Immerzeel & Droogers 2008). Hence, the question if our models can represent
the hydrological processes in a proper way so that they are able to do what they are aimed for
remains as a key issue.
The objectives of this paper are twofold: i) to evaluate the ET estimates of physically based Soil and
Water Assessment Tool ( SWAT) using ET derived from remote sensing images and ii) to highlight the
areas where spatially and temporally distributed remote sensing information could be used as a
complementary data in distributed hydrological models using studies from different locations.

2. Methodology
The overall methodology consists of the comparison of ET estimations between a hydrological model
SWAT, and surface energy balance models such as Surface Energy Balance Algorithm for Land
(SEBAL)(Bastiaanssen et al. 1998) and Surface Energy Balance System (SEBS)(Su 2002). Besides, ET
data from Moderate Resolution Imaging Spectroradiometer (MODIS) were used for the comparisons.

2.1 SWAT model
The SWAT (Arnold et al. 1998) is a semi-distributed physically based hydrological model that
simulates flow and nutrient transport and transformations at river basin or catchment scale. To this
purpose, it uses a GIS based interface that allows to use topography maps (DEM), land use maps and
soil maps to create sub-basins which are further subdivided in hydrological response units (HRUs).
HRUs are areas with similar land use, soil and slope classes in the sub-basin. For each HRU,
hydrological, soil, crop and chemical processes are computed on a daily time step to provide the
inputs into the river network. A very interesting feature of SWAT is that it enables to compute crop
growth processes and land use management practices and their effects on the hydrology and water
balance.

2.2 ET estimations using remote sensing surface energy balance
The surface energy balance algorithms (SEBS, Su 2002; SEBAL, Bastiaanssen et al. 1998) are used to
estimate spatially and temporally distributed ET. Land surface characteristics such as albedo,
vegetation indexes and surface temperature are retrieved from radiances measured by remote
2
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sensors. By coupling land surface characteristics and routinely collected meteorological data, ET is
computed as a residual term by solving the surface energy balance equation.
In this study, the SEBS and SEBAL algorithms were applied to the Don and Mara basin, respectively
to compute ET. The input remote sensing data were derived from Landsat 5 and MODIS images
covering the Don and Mara basin, respectively. For the Don basin the reference ET was also
computed based on FAO penman-Monteith method using local climatic data.

2.3 MODIS ET product
Global MODIS evapotranspiration product (MOD16A2) provides ET, hereafter MODIS ET, for
vegetated surface at a regular 1 km2 spatial resolution (http://www.ntsg.umt.edu/project/mod16).
This ET product is computed based on the Penman–Monteith logic using MODIS global data (MODIS
land cover and FPAR/LAI data) and global surface meteorology data from the Global Modeling and
Assimilation Office (Mu et al. 2011). In this study, the SWAT model ET estimates for the Rib and
Gumara catchments were evaluated using the MODIS ET.

3. Case studies and model description
3.1 Gumara and Rib (Ethiopia)
The Rib and Gumara Rivers are located on the headwaters of the Upper Blue Nile River with
combined basin area of 2986 km2 (Fig.1). The climate of the area is largely controlled by altitude and
the movement of the inter-tropical convergence zone. In these catchments agriculture, which
accounts for about 70 % of the catchment area, is the dominant land use/cover type followed by
shrubland. Using ArcSWAT the Rib and Gumara watershed was delineated and divided into 7 subbasin and 101 HRUs.

Fig.1 Map of the three case study basins: Rib-Gumara, Mara and Don (left to right)

3
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3.2 Mara (Kenya)
The 395 km long Mara River, which discharges into the Lake Victoria and is thus part of the Nile
Basin, is transboundary and drains an area of about 13,750 km2 across the Kenya -Tanzania border
(Mango et al. 2011). The Upper Mara River catchment with total area of about 3,000 km2 forms the
recharge area for the Mara River basin and our study focus on this region (Fig.1). This part of the
basin is drained by two main rivers originating in the Mao forest-the Amala and the Nyangores,
which merge at the midsection to form the Mara River.

3.3 Don (Russia)
The Don River is one of the main tributaries, which brings the major part of freshwater, to the Azov
Sea. The Upper Don River subcatchment encompasses more than 50% of the total Don basin area
and consists mainly cultivated land and the Tsimlyansk reservoir, the largest freshwater body in the
basin.

4. Results and Discussion
Spatial variability
The SWAT simulated ET variability at finer spatial resolution (i.e.HRU level) were not significant
whilst the ET computed using the SEBS and SEBAL revealed higher spatial variability for the Mara,
Don and Rib-Gumara basins. Fig.2 shows the fair comparisons between the SWAT simulated ET and
the MODIS ET averaged over a watershed for the Rib-Gumara basin. This is attributed to the
averaging effects at coarser spatial resolution. Besides, we observed further improvements on the
correlation of these estimates when averaged over monthly time scale. Senay et al.(2011)
mentioned also a good agreement in ET estimates from Simplified Surface Balance (SSEB) model and
basin water balance approach at a basin scale due to the lumping effect.

(a)

(b)

Fig.2 Comparison of 8 day aggregated ET for the Rib (a) and Gumara (b) watersheds for year 2006.
The solid line is 1:1 relationship.

4
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Since agriculture is the predominant land use/cover in the Rib-Gumara basin, the simulated ET
spatial variability is less from both approaches. However, for the Mara basin a clear spatial pattern
were observed depending on the different land use classes (Fig.3). As it turns out from the
simulations, the SWAT ET for forested areas are lower compared to other land use types which
intuitively supposed to be higher. On the contrary, the SEBAL estimated ET is higher for forest land
cover type compared to the other land cover types in this basin. As noted in the sensitivity analysis,
land surface parameters in the SWAT model (viz. EPCO, Canmx, and Blai), which could control ET
estimation in forested areas, are found to be less sensitive and thereby resulted in lower ET values.

a)

b)

Fig.3 Spatial variability of ET
estimated using the SWAT (a) and
the SEBAL (b) averaged over various
land use /cover types (c) in the Mara
basin. AGRR, FRST, PAST, RFTT and
SHRB represents agriculture, forest,
pasture, Tea Plantation and shrub
land use/cover classes, respectively.

c)
5
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Time dynamics
Fig.4 presents the temporal dynamics of 8 day aggregated ET averaged over the Rib-Gumara basin.
Overall, both methods captured well the seasonal ET dynamics; nevertheless, the SWAT model
estimated a higher ET during March– May, 2006. One of the major factors for ET variation is the
rainfall events. Thus, the observed measured rainfall events, though sporadic, at a few upstream
meteorological stations located in this basin from March-May, 2006 could be one of the likely
reasons for the higher ET values (compared to MODIS ET) because precipitation is one of the major
forcing data for this model. Given the dominance of rainfed agriculture in these catchments, there is
less crop cover (hence very low Leaf area Index) so that the MODIS ET is low regardless of the likely
ET from soil following the rainfall events.

a)

(b)

Fig.4 Temporal dynamics of ET averaged over the Rib (a) and Gumara (b) catchments
For the Don basin, the correspondence between the ET results obtained by the SEBS algorithm and
the SWAT result is still not very good, but there seems to be a good correspondence between the
SEBS and FAO-PM calculations (Fig.5).

Fig.5 Temporal dynamics of ET averaged over the Don Basin
Without having in-situ measured ET, it is difficult to underpin the accuracy of ET estimates from both
methods. However, the relation shown in Fig.6 could be considered as one proxy on the reasonable
performance of the SWAT model to estimate ET at a coarser temporal and spatial scale. For instance,
6
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Loukas et al. (2005) shows the potential of utilizing Normalized Difference Vegetation Index (NDVI)
values for the estimation of basin-wide actual evapotranspiration.

Fig.6 The relationship of monthly NDVI and ET averaged over the Rib-Gumara catchment. The solid
line represents the 1:1 relation.

5. Conclusions
From the analysis it became clear that the performance of SWAT model to estimate spatially
distributed ET at higher spatial resolution (i.e. HRU level) is less reliable. This is partly associated with
the fact that in the SWAT models climatic input data are prepared at sub-basin level and hence
results insignificant spatial variability of ET in HRUs. The ET from remote sensing approaches
showed a better spatial variability and a fair consistency with the land uses /cover types.
The results showed in this paper are not conclusive; however it highlighted some of the practical
shortfalls during the application of SWAT for hydrological processes modeling. Such gaps could be
partly addressed by using ET retrieved from thermal images as a “soft “data. Furthermore, we
noticed the benefits to consider spatially distributed ET during the application of hydrological
models to evaluate of the impacts of climate and land use changes.
Potential of use of remote sensing (RS) information:
-

RS can show areas with higher ET among the various land cover classes (eg. Forested areas)

-

RS can help in justifying or falsifying differences in mass balance obtained from model
and/or data

-

Spatially consistent and distribute ET from RS can help to parameterize SWAT model
together with the conventional data.
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Although there are a number of potential opportunities to use remote sensing, there are still
limitations on the use of RS information due to the inherent noise with the sensors as well as the ET
computations.

8
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Climate change impacts on forest ecosystem
services at local and landscape scales: the
challenge of creating representative regional
projections
Che Elkin, Maxime Cailleret, Harald Bugmann
Abstract— Process-based vegetation models are essential tools for projecting the impacts of
climate change on ecosystem functioning and ecosystem services (ES). The challenges
associated with accurately projecting these impacts are accentuated in heterogeneous
environments, where impacts may differ depending on the biophysical environment at a
specific locale, and on its disturbance and management history. In particular, projecting if and
when ecosystem thresholds will be reached under a future climate can depend on sitespecific characteristics. This renders the task of linking regional with global assessment studies
daunting. In a series of case study landscapes in central Europe, we examined how landscape
heterogeneity influences projections of forest ES. We simulated forest dynamics using a
stand-scale and a landscape-scale model. We evaluated the role that landscape
heterogeneity and environmental gradients play in projecting how a range of forest ecosystem
services will respond to climate change. Our simulations show that climate change will
induce non-linear shifts in forests, with most forests exhibiting a threshold response around
the middle of the century. However, the timing of these shifts, and their impact on forest
ecosystems services, depends heavily on the topographic situation of the forest stand
(elevation, aspect) and its current structure. At lower elevations our simulations indicate that
many forest ES will be negatively impacted by climate change, while at higher elevations many
ES will be resilient, or positively influenced, by climate change. As a consequence of these
divergent results along regional elevation gradients, the projected magnitude, and sometimes
direction, of climate impacts on forest ES will depend on whether the evaluation is done at a
local or a regional scale. We discuss the challenges this presents for developing robust and
representative regional projections of forest ES.
Index Terms— Process-based vegetation models, landscape heterogeneity, forest ecosystem
services
————————————————————

1

Introduction

Projecting future changes in ecosystem services at a regional or local scale often requires an examination
of how local species composition and vegetation structure will change (Bugmann et al., 2005, Ojea et al.,
2010, Nelson et al., 2009). For example, forests are instrumental for provisioning services such as timber
production (Kirilenko and Sedjo, 2007, Hanewinkel et al., 2012), regulatory services such carbon sequestration (Stoy et al., 2008, Fahey et al., 2010) and water regulation (Ford et al., 2011, Zierl et al., 2007),
and cultural services such as recreation (MEA, 2005, EEA, 2010). Process-based forest models have
proven to be valuable tools for projecting future impacts on vegetation as they allow forest responses to

1
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novel conditions to be examined (Bugmann, 2003), and often allow for the interactive impacts of climate
change and changes in land use and management to be evaluated (Fontes et al., 2010, Seidl et al.,
2011b, Temperli et al., 2012, Wolf et al., 2012, Briner et al., 2012). The capacity of these models to effectively project future vegetation dynamics is contingent on the models capturing the impact of important
drivers at a relevant ecological grain, such as how temperature and precipitation changes will alter the
recruitment, growth, and mortality of different species. As a result, these models often focus on a relatively fine ecological scale such as individuals (Manusch et al., 2012, Smith et al., 2001, Seidl et al., 2010),
age or size cohorts (Bugmann, 1996, Elkin et al., 2012, Rasche et al., 2012), or functionally homogeneous
land units such as forest stands (Pretzsch et al., 2008, Porté and Bartelink, 2002).
The fine ecological grain of process based vegetation models poses two related challenges with respect
to projecting how vegetation based ES will change at a regional scale. First, accurately simulating vegetation response to future conditions will often require a consideration of landscape heterogeneity and
how site-specific characteristics influences forest development. Heterogeneity within a landscape can
result from biophysical properties such as elevation or nutrient gradients, or can reflect site specific disturbance and management histories (Kulakowski et al., 2011, Seidl et al., 2011a, Temperli et al., 2013).
Each of these factors can influence current vegetation structure, and importantly, how vegetation will
respond to future changes. Process based vegetation models vary in their approach to incorporating heterogeneity when projecting future change. One common approach is to identify the site features, such
as elevation, that have the largest impact on vegetation development and then perform simulations that
incorporate relevant gradients (Bugmann, 1996, Didion et al., 2011). Conversely, landscape heterogeneity can be considered explicitly by using spatial landscape vegetation models that incarnate a range of site
characteristics (Elkin et al., 2012, Scheller and Mladenoff, 2005). However, these models are often constrained by computing limitations, and by the availability of sufficiently fine grain empirical data that is
needed to initialize these spatial models (Temperli et al., 2013). The second challenge that needs to be
addressed when using process based vegetation models is how to suitably aggregate fine scale ES response projections, that incorporates some degree of landscape heterogeneity, at landscape or regional
scales.
Here we examine the ramifications of these two challenges with respect to developing robust projections
of future changes in forest ES at local and regional scales. Using two process based forest models we assess how landscape heterogeneity and environmental gradients influences forest ES response to climate
change, and the impact that these factors have on ES evaluation at local and regional scales. We also
2
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focus on when ecosystem thresholds that result in rapid changes in ES service provision will be reached.
We simulate the impact of three future climate scenarios at three central European case study sites that
represent different ecotypes and different degrees of landscape heterogeneity.

2
2.1

Methods
Case study regions

We simulated three case study regions: the Saas valley a dry inner-alpine valley (elevation range 600 to
4390 m a.s.l., mean annual temperature 8.2°C and precipitation 640 mm at 640 m a.s.l.), the Bavarian
Forest National Park a cool-wet region at intermediate elevation (elevation range to 600 and 1,453 m
a.s.l., mean annual temperature 6.5°C and precipitation 1400 mm at 600 m a.s.l.), and the Dischma valley a cool-wet high alpine valley (elevation range 1500 to 2800 m a.s.l., mean annual temperature 3.2°C
and precipitation 990 mm at 1500 m a.s.l.). Each of the three regions is dominated by forests which contain a strong Picea abies (Norway spruce) component, but differ in their degree of landscape heterogeneity due to topographical differences as well as differences in their management and disturbance history. In particular, between 1995 and 2005 a large European bark beetle (Ips typographus) disturbance
occurred in the Bavarian Forest National Park and increased landscape heterogeneity. In our simulations
this heterogeneity was characterized by differences in stand composition and structure.

2.2

Climate scenarios

Regionally downscaled climate data, based on monthly observed climate data between 1900-2000 obtained from the Climatic Research Unit (CRU) of the University of East Anglia, Norwich, UK (Mitchell et
al., 2004), was used to represent historic and current climate conditions. We analyzed three climate scenarios (2001-2100) from the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC 2007: scenario A1B, A2, B1). Regionally downscaled monthly temperature means and precipitation sums (Fischer et al., 2011, van der Linden et al., 2009), derived from ECHAM5 climate model,
were used.

2.3

Process based vegetation models

The forest model ForClim (Bugmann, 1996, Rasche et al., 2012) was used to simulate the impacts of climate change on tree recruitment, growth and mortality, and the resulting impacts on forest composition
and structure at the forest stand scale, while the landscape model LandClim (Elkin et al., 2012,

3
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Schumacher et al., 2004) was used evaluate the impact of climate change on forests at the landscape
scale.

2.4

Simulation experiments and assessment of ES sensitivity

In Saas and Dischma valleys we simulated vegetation development from bare ground for an initial 300
year spin-up period followed by a second 200 year spin-up period during which current forest management practices were simulated. Climate data from the 1900-2000 period was used during the spin-up
simulations. In the Bavarian Forest National Park, forest dynamics was simulated from current state of
the forest by distinguishing 19 strata with different forest properties. Following the spin-up the period
2001-2100 was simulated using the projected climate data.
In Saas and Dischma valleys we performed both stand and landscape level simulations, while in the Bavarian Forest National Park only stand level simulations were done. Stand level simulations were conducted along elevation gradients in each region, and beetle disturbed vs. non-disturbed stands were
simulated in the Bavarian Forest National Park. In addition to examining the impact of climate change on
forest structure we also considered the impact on three forest ES; timber production, protection forests
provide against rockfall, and carbons storage. This framework allowed us to examine the projected impact of climate change on forest ES at the plot, stand, elevation band, and landscape resolutions.

3
3.1

Results
Threshold responses of forest and forest ES to climate change

The projected impact of climate change on forests differed among the three case study regions, and depended heavily on elevation and initial climatic conditions. At sites that are currently warm and dry, such
as areas below 1500m a.s.l. in the Saas valley, an increase in temperature and decrease in summer precipitation is projected to further increase drought and facilitate a shift towards more drought tolerant
species. At sites that are currently more mesic, such as intermediate elevation sites in the Saas valley and
regions of the Bavarian Forest National Park, drought is projected to become much more important and
have a strong negative impact on non-drought tolerant species, such as Norway spruce, that currently
dominate these areas. At sites that are currently cool and wet, such as the Dischma valley and the higher elevations in the Saas valley and the Bavarian Forest National Park, increased temperatures are projected to improve growing conditions and to initially favor forest development.

4
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Importantly, the negative impacts associated with increased drought at low and intermediate elevation
sites are projected to result in strong non-linear shifts in forest composition. These abrupt changes in
forest biomass and species composition, which can occur within a decade, reflect threshold responses
from species as their tolerance to drought is exceeded under future climate conditions.
Changes in forest structure are projected to also influence forest ES. At lower and intermediate elevations, drought induced reductions in forest biomass, and high mortality in drought intolerant species,
that are projected to have strong negative impacts on forest ES such as timber production, potential carbon storage and the protection that forests provide against rockfall. In contrast, at higher elevations, and
in areas that are currently cool and wet, climate dependent increases in forest growth are projected to
have a positive impact on forest dependent ES.

3.2

Spatial grain of ES response

The large elevation gradient in the Saas valley resulted in forest properties and forest ES projections being different for plots and stands at high elevation compared to those at low elevation (Fig. 1). In contrast, the smaller elevation gradient and cool-wet initial conditions in the Dischma valley and the Bavarian Forest National Park, resulted in projected changes being smaller and comparatively homogeneous
across the landscape. High elevation stands in the Dischma valley and the Bavarian Forest National Park
did differ from low elevation stands, but the magnitude of difference was much smaller than in the Saas
valley (Fig. 1).
Projected variability in forests response to climate change was largest at the smallest spatial grains we
analyzed (plot, stand). The magnitude and direction of climate impact on forest ES, and the timing of
non-linear changes, often differed between plots. This variability was reduced considerably when results
were aggregated at the stand level, and even more when results were aggregated by elevation band.
When forest ES were aggregated at the landscape level, variability was further reduced and the projected impact of climate change was dampened compared to smaller spatial grains that incorporate elevation and aspect differences. The dampening effect of landscape aggregation was largest for forest ES that
exhibit strong differences along the elevation gradient, such as timber and rockfall protection.
Aggregating results at larger spatial grains not only dampened the projected magnitude of climate impacts, but also altered the projections of when forest ES would exhibit threshold responses. Sharp reductions in timber production and rockfall protection are projected to occur earlier at lower elevations
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where drought stress is more sever. When results are aggregated at the landscape scale the timing of
the non-linear changes in forest ES are represented as occurring later, and the duration of the change is
more protracted.
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4

Discussion

Our results suggest that the impact of climate change on forest ES can vary greatly within a region due
landscape heterogeneity and the presence of strong environmental gradients. We focused on mountainous case study regions where elevation results in strong temperature and precipitation gradients that
dictate both forest composition and potentially how the forest will respond to future climate change.
While each case study region encompassed a relatively broad elevation range, the importance of the associated temperature and ecological gradients for making robust assessments of changes in forest ES at a
regional scale also depended on the sensitivity of the region to changes in temperature and precipitation. Of our three case study regions, the cool-wet Dischma valley and the Bavarian Forest National Park
were projected to be the least sensitive to climate change and to exhibit the most uniform response with
respect to ES impacts. In contrast, forests in the Saas valley were projected to exhibit strong within region heterogeneity as a result of the divergent impacts that climate change is projected to have on forests at low and high elevations. Our projections of site specific climate impacts correspond with past
studies that have documented local increases in mortality (Bigler et al., 2006, Dobbertin et al., 2005) and
reductions in tree growth (Eilmann et al., 2011, Rigling et al., 2013) at the most drought prone sites in
the Saas valley.
In regions that exhibit a heterogeneous response to climate change efforts to up-scale fine grain climate
impact projections to the landscape or regional scale risk misrepresenting climate impacts. Our results
highlight two specific challenges, first, if net ES impacts at a regional scale are compiled in a nonthoughtful way, negative local impacts in some areas will be masked by positive impacts in other areas.
In such cases regional evaluations of climate impacts must either explicitly take into account site specific
difference, or if a single ES metric for the region is needed, it must reflect directional changes in ES provision or evaluate absolute changes. The second problem associated with up scaling ES impacts to the regional scale is that the timing of ES threshold responses, and the rate at which ES change, can be incorrectly assessed. Misleading projections regarding when ecological and associated ES thresholds are projected to be reached can be particularly detrimental when trying to efficiently implement adaptive land
use and land management plans (Lindner, 2000, Hans Rudolf, 2010).
The importance of accurately projecting the impact of landscape heterogeneity, and effectively up scaling local projections to the regional scale, will depend on the ES in question, the spatial grain at which
the ES is relevant (Eigenbrod et al., 2010, Bennett et al., 2009), and on the spatial grain at which the ES is
managed (Anderson et al., 2009). For example, projections of future changes in carbon sequestration
8
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are often made at a catchment or regional scale. Even though carbon fluctuations may differ greatly
within regional environmental gradients (Tupek et al., 2010), the spatial grain at which the ES is functionally evaluated is large, and accounting can be done by calculating the projected net change in carbon
storage within a region. In contrast, other ES, such as the protection that forests provide against gravitational hazards (Bebi et al., 2001, Bigot et al., 2009), are used and managed at a much smaller grain. For
this type of ES, an evaluation of the net flux in the ES at a regional level isn’t relevant because potential
gains in one part of the landscape do no negate losses in other areas. For this type of ES, more thought
needs to be put into how local changes can be summarized at landscape and regions scales, and reporting may need to explicitly account for different responses along relevant gradients.

5
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Abstract: The Tibetan Plateau is one of the most sensitive areas to climate change and its climatic

14

and ecological conditions are important for Asia and the world. In this research, we have modified

15

the LPJ model (Lund-Potsdam-Jena Dynamic Global Vegetation Model) to make it applicable to

16

simulate in the Tibetan Plateau, then used the Representative Concentration Pathways (RCP)4.5 and

17

RCP8.5 climate change scenarios to drive the modified LPJ model, simulating vegetation distribution

18

and net primary productivity patterns on the Tibetan Plateau in the future. The results showed that

19

the distributions of forests (both broadleaf and coniferous) and shrubs have increasing trends while

20

alpine meadows decreased and were mainly replaced by shrubs in the future. Alpine grassland

21

expanded to the northwest and occupied a large area of the western and northern plateau. Net

22

primary productivity increased 78.8% under the RCP4.5 scenario, comparing the Baseline period

23

(1961-1990) to the future period (2071-2100). Under RCP8.5, the increase in net primary production

24

was 133.6%. Productivity generally increased in most parts of the plateau to 200 gC·m-2·a-1 and

25

showed the gradual rise from the eastern to western region of the Tibetan Plateau at the end of this

26

century.

27

Key Words: Vegetation distribution, Net primary productivity (NPP), The Representative

28

Concentration Pathways (RCP), Dynamic Global Vegetation Model, Tibetan Plateau
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29

1. Introduction

30

As one of the "most sensitive areas" to global climate change (Liu et al., 2000), the Tibetan Plateau,

31

exhibits changes that exceed those in the rest of the Northern Hemisphere and even the world (Feng

32

et al., 1998; Liu et al., 2002), especially showing a clear warming trend and greater precipitation (Niu

33

et al., 2004; Wu and Yin, 2007). The Tibetan Plateau has extremely harsh and variable weather

34

conditions and has ecosystems that are relatively unstable. Thus, external disturbance can easily

35

cause changes in ecosystem pattern, processes and function. Therefore, it is urgently necessary to

36

evaluate the comprehensive impacts of climate change on alpine ecosystem structure and function,

37

to understand the influence of climate change on the alpine ecosystem of the Tibetan Plateau, and

38

to provide a scientific basis for sustainable development and adaptation to climate change on

39

Tibetan Plateau.

40

The objectives of this study are 1) to modify climate, vegetation and plant physio-ecological

41

parameters of the LPJ (Lund-Potsdam-Jena Dynamic Global Vegetation Model) model based on field

42

observations and other works and 2) to predict the influence of future climate change on alpine

43

ecosystem structure (vegetation distribution) and function (NPP) of the Tibetan Plateau with the

44

Representative Concentration Pathways (RCP) recommended by the Fifth Assessment Report (AR5)

45

of the Intergovernmental Panel on Climate Change (IPCC). Results will provide a theoretical basis for

46

future climate change adaptation in the alpine ecosystem on Tibetan Plateau.

47

2. Material and Methodology

48

2.1 Study area

49

The Tibetan Plateau exceeds 4000 m in average altitude (Figure 1), is the largest high-altitude area

50

on the Earth and is called "Third Pole of the Earth” with following the Antarctic and the Arctic (Yao

51

and Wang, 1997; Wu and Yin, 2007). The Tibetan Plateau is the headstreams of the Yangtze, Yellow,

52

Salween, Mekong and other major rivers, and its amount of ice is next only to the Antarctic and the

53

Arctic (ECENRTR, 2002). The Tibetan Plateau is covered with a large area of alpine grassland and

54

alpine meadows, and shrubs are mainly distributed in the southeast, whereas coniferous and

55

broadleaf forests are mainly in the south and the southeast of the plateau, and a large area of bare

56

land exists in the northwest.
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57

2.2 Data sources and processing

58

2.2.1 Spatial interpolation of historical meteorological data

59

Historical monthly precipitation, temperature and sunshine rate data of the 187 meteorological

60

stations which are all stations in the Tibetan Plateau plus the neighboring stations from 1961 to 1990

61

were extracted from the “Monthly Value Data Sets of Surface Climate Data” of the National

62

Meteorological Information Center of China Meteorological Administration. The spatial database of

63

monthly meteorological elements in the IPCC Baseline period (1961-1990) was obtained through

64

spatial interpolation.

65

2.2.2 Generation of the future climate change scenarios

66

The future climate scenario data were provided by the National Climate Center of China

67

Meteorological Administration. In this database, the global model BCC-CSM1.1 was used to drive the

68

regional model RegCM4.1 and to obtain the CO 2 concentration, monthly mean temperature,

69

monthly precipitation and other estimated climate data in the Tibetan Plateau under the RCP4.5

70

(Stabilization without overshoot pathway to 4.5 W/m² at stabilization after 2100) – the best estimate

71

emissions reduction scenario and RCP8.5 (Rising radiative forcing pathway leading to 8.5 W/m² in

72

2100) – the business as usual emissions scenario (Moss et al., 2010). The simulation periods were

73

divided into (i) the Baseline Period: 1961-1990, (ii) Future Period I: 2011-2040, (iii) Future Period II:

74

2041-2070, and (iv) Future Period III: 2071-2100.

75

2.2.3 Collection and processing of other data

76

The soil type maps᧤with 0.5° × 0.5° spatial resolution᧥, the DEM (with 1 km2 resolution) and the

77

Vegetation Map (scale 1:1,000,000) of the Tibetan Plateau were collected and used in this study.

78

2.3 Model modifications

79

The LPJ model (Lund-Potsdam-Jena Dynamic Global Vegetation Model) can predict the distribution

80

of regional vegetation types and other structural characteristics, and estimate the net primary

81

productivity (NPP) of vegetation and other functional characteristics under the impact of climate

82

change (Sitch et al., 2003). The LPJ model is a dynamic global vegetation model, and the 10 plant

83

functional types (PFTs) in its original parameters are applicable to simulations at global scale. But it is

84

necessary to modify the LPJ model parameters and add PFTs for the area of the Tibetan Plateau

85

where major grasslands are alpine meadow and alpine grassland. By consulting the relevant
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86

literature and research results (Wong and Zhou, 2005; Zhao et al., 2011), the number of PFTs for this

87

model was increased to 19, and then categorized into vegetation types as Broadleaf forest,

88

Coniferous forest, Shrub, Alpine meadow, Alpine steppe, and Bare land (Table S1). The modifications

89

were made to the bioclimatic limit parameters and physiological and ecological parameters of the

90

PFTs by the observed data (Tables S2 and S3).

91

3. Results

92

3.1 Vegetation distribution pattern in the future climate change scenarios

93

Under the RCP4.5 scenario, coniferous and broadleaf forests showed significant expansion, and

94

were mainly distributed in the southeast of the Plateau in the future (Figure 2). The distribution of

95

shrubs extended from the eastern fringe to the hinterland of the Plateau, occupying part of the

96

region where alpine meadows grew in the Baseline Period, and the area of shrubs rose from 6% in

97

the Baseline Period (1961-1990) to 17.3% in Future Period III (2071-2100). The area of alpine

98

meadows was decreasing, down from 21.9% in the Baseline Period (1961-1990) to 9% in Future

99

Period III (2071-2100) mainly in the central Plateau, and was intermingled with shrubs (Figure 2,

100

Table 1). The alpine grassland expanded northwestwards and occupied 61.5% of the area of the

101

whole Tibetan Plateau in the future (2071-2100). The region of bare land reduced gradually in the

102

northwest region of the plateau, down from 18.6% to 3.3% (Figure 2, Table 1). Under the RCP8.5

103

scenario, the overall trend of the distribution and composition of vegetation types on the Tibetan

104

Plateau was basically the same as that in the RCP4.5 scenario, but the responses of individual

105

vegetation types differed slightly (Figure 2, Table 1).

106

3.2 NPP patterns in future climate change scenarios

107

With changes in the hydrothermal conditions caused by climate change, the NPP of the Tibetan

108

Plateau showed an increasing trend, but the range differed under varied scenarios (Figure 3). Under

109

the RCP4.5 scenario, the annual average NPP was 493.3 gC·m-2·a-1, 571.7 gC·m-2·a-1, and 606.8

110

gC·m-2·a-1 respectively in the whole region of the Tibetan Plateau from Future Period I (2011-2040)

111

to Future Period III (2071-2100). That is an increased of 45.3%, 15.9%, and 6.1% respectively over

112

the previous period, and a total increase of about 78.8% from the Baseline to Future Period III

113

(Figure 3). Under the RCP8.5 scenario, the annual average NPP of the Tibetan Plateau in Future

114

Period I (2011-2040) was 502 gC·m-2·a-1, up 47.9% over that in the Baseline Period (1961-1990),
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115

followed by a 29.8% rise to 651.7 gC·m-2·a-1 in Future Period II (2041-2070). NPP was 792.9

116

gC·m-2·a-1 in Future Period III (2071-2100), increasing by 21.7% over the previous period and by 133.6%

117

over the Baseline Period (Figure 3).

118

The trends in the distributions and range of NPP also differed significantly (Figure 4). The areas of

119

relatively low NPP (i.e., 0-200 gC·m-2·a-1 and 200-400 gC·m-2·a-1) were reduced while the area with

120

NPP of above 400 gC·m-2·a-1 increased significantly. Under the RCP8.5 scenario, the area of NPP

121

production at 800-1000 gC·m-2·a-1 even occupied the entire eastern plateau in the late Future Period

122

(2071-2100). The spatial changes of NPP in different periods varied under future climate change

123

scenarios. NPP in all the regions of the Tibetan Plateau continued to increase, and the increasing

124

trend showed the gradual rise from east to west, but gradually reduced over time. At the end of this

125

century, our modeling suggests that NPP will increase in most parts of the plateau by about 200

126

gC·m-2·a-1(Figure 4). The region of bare land in the northwest had no significant change, and the area

127

of coniferous and broadleaf forests in the southeastern plateau showed an overall decline.

128

4. Discussion

129

Under the RCP4.5 and RCP8.5 scenarios, the CO 2 concentration, temperature, precipitation, and

130

radiation intensity increased and led to changes in the distribution of the hydrothermal conditions

131

on the Tibetan Plateau, and hence changes in the structure and function of ecosystems. The areas of

132

alpine grassland and shrubs increased greatly and showed the same expansion from southeast to

133

northwest under both scenarios. Ding et al. (2010) indicated that the grasslands, meadows and

134

shrubs were sensitive to changes in temperature and precipitation changes on the Tibetan Plateau,

135

which is consistent with our simulation results. The changes in vegetation distribution under the

136

RCP8.5 were more rapid than under the RCP4.5 scenario, and forests and shrubs expanded greatly in

137

the northern plateau. The effect of rising temperature on vegetation growth in the high latitude also

138

played a role (Zhou and Zhang, 1995; Nemani et al., 2003).

139

NPP increased significantly in simulations of future change, due to rising precipitation, temperature

140

and CO 2 concentration on Tibetan Plateau, especially under the RCP8.5 scenario. Temperature rise

141

played an important role in increasing local ecosystem productivity according to related research

142

results, especially in temperature-restricted areas (Nemani et al., 2003). The increase in temperature,

143

precipitation or both had either positive or negative influences on the NPP in different regions of
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144

China, but the NPP of the Tibetan Plateau consistently showed an increasing trend (Huang, 2011).

145

This suggests that improvement in the hydrothermal conditions brought by future climate change

146

will play a positive role in increasing ecosystem productivity in the Tibetan Plateau. The increased

147

CO 2 concentration and solar radiation have positive effects on plant-produced energy and material

148

resources, and hence on NPP. These effects work in a synergistic way to with improved

149

hydro-thermic condition to further increase NPP.

150

5. Conclusions

151

Under future climate change scenarios, broadleaf forests on the Tibetan Plateau further expanded to

152

the southeast. The coniferous forest showed an increasing trend and extended gradually to the

153

hinterland of the plateau; the shrubs were had the most obvious increasing trend, gradually

154

becoming the main vegetation type on the eastern plateau. Alpine meadows decreased and were

155

mainly replaced by shrubs under future climate change. Alpine grasslands expanded to the

156

northwest and increased significantly, occupying a large area of the western and northern plateau.

157

Bare land continued to decline in area because of the westward extension of the alpine grassland.

158

The change of vegetation NPP in the Tibetan Plateau was an increasing trend under future climate

159

change scenarios with 78.8% and 133.6% more productivity in the future period (2071-2100) as

160

compared to that in the Baseline Period (1961-1990) for RCP4.5 and RCP8.5 scenario, respectively.

161

Areas with productivity of blow 400 gC·m-2·a-1 declined, mainly in the northwestern plateau. The

162

area with NPP of above 400 gC·m-2·a-1 increased significantly. The NPP in all the regions of the

163

Tibetan Plateau continued to increase, and the increasing trend showed the gradual rise from east to

164

west, but gradually reduced over time. At the end of this century, our modeling suggests that NPP

165

will increase in most parts of the plateau by about 200 gC·m-2·a-1.

166
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5.97%
21.86%
49.57%

Shrub

Alpine meadow

Alpine steppe

0.21%
3.84%
5.97%
21.86%
49.57%
18.55%

Coniferous forest

Shrub

Alpine meadow

Alpine steppe

Bare land

1961-1990

Baseline period

Broadleaf forest

Periods

RCP8.5 Scenario

18.55%

3.84%

Coniferous forest

Bare land

0.21%

1961-1990

Baseline period

Broadleaf forest

Periods

RCP4.5 Scenario

-12.26%

+8.42%

-6.18%

+8.96%

+0.53%

+0.53%

2011-2040

To

1961-1990

-11.62%

+8.42%

-4.48%

+5.54%

+1.71%

+0.43%

2011-2040

To

1961-1990

6.29%

58.00%

15.67%

14.93%

4.37%

0.75%

2011-2040

Future period I

6.93%

58.00%

17.38%

11.51%

5.54%

0.64%

2011-2040

Future period I

-4.05%

-0.11%

-2.67%

+1.81%

+4.90%

+0.11%

2041-2070

To

2011-2040

-2.03%

-0.96%

-3.20%

+4.16%

+2.03%

+0.00%

2041-2070

To

2011-2040

2.24%

57.89%

13.01%

16.74%

9.28%

0.85%

2041-2070

Future period II

4.90%

57.04%

14.18%

15.67%

7.57%

0.64%

2041-2070

Future period II

-2.03%

-2.24%

-7.36%

+2.24%

+8.96%

+0.43%

2071-2100

To

2041-2070

-1.60%

+4.48%

-5.12%

+1.60%

+0.32%

+0.32%

2071-2100

To

2041-2070

cover, and columns spanning two periods show the percent change in cover.

0.21%

55.65%

5.65%

18.98%

18.23%

1.28%

2071-2100

Future period III

3.30%

61.51%

9.06%

17.27%

7.89%

0.96%

2071-2100

Future period III

-18.34%

+6.08%

-16.20%

+13.01%

+14.39%

+1.07%

2071-2100

To

1961-1990

-15.25%

+11.94%

-12.79%

+11.30%

+4.05%

+0.75%

2071-2100

To

1961-1990

Table 1 Cover percentages of various vegetation types in the Tibetan Plateau under climate change scenarios. Columns with labeled periods show percent

Figure captions

Figure 1 Projected change of annual mean temperature and annual total
precipitation on Tibetan Plateau under RCP4.5 and RCP8.5 scenarios
In this figure, RCP4.5T is the annual mean temperature under RCP4.5 scenario, RCP4.5P is
the annual total precipitation under RCP4.5 scenario, RCP8.5T is the annual mean
temperature under RCP8.5 scenario, RCP8.5P is the annual total precipitation under
RCP8.5 scenario, BP is the baseline period, FP I is the future period I, FP II is the future
period II, FP III is the future period III.

Figure 2 Distribution of vegetation on Tibetan Plateau under RCP4.5 and RCP8.5
scenarios
In this figure, a is the vegetation distribution in baseline period (1961-1990), b is the
vegetation distribution in future period I (2011-2040) under RCP4.5 scenario, c is the
vegetation distribution in future period II (2041-2070) under RCP4.5 scenario, d is the
vegetation distribution in future period III (2071-2100) under RCP4.5 scenario, e is the
vegetation distribution in future period I (2011-2040) under RCP8.5 scenario; f is the
vegetation distribution in future period II (2041-2070) under RCP8.5 scenario, g is the
vegetation distribution in future period III (2071-2100) under RCP8.5 scenario; the
vegetation type BL is the bare land, BF is the broadleaf forest, CF is the coniferous forest,
SH is the shrub, AM is the alpine meadow, and AS is the alpine steppe.

Figure 3 Predicted change of annual mean NPP in Tibetan Plateau under climate
change scenarios
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Figure 4 Distribution of NPP on Tibetan Plateau under RCP4.5 and RCP8.5 scenarios
In this figure, a is the distribution of NPP in baseline period (1961-1990), b is the
distribution of NPP in future period I (2011-2040) under RCP4.5 scenario, c is the
distribution of NPP in future period II (2041-2070) under RCP4.5 scenario, d is the
distribution of NPP in future period III (2071-2100) under RCP4.5 scenario, e is the
distribution of NPP in future period I (2011-2040) under RCP8.5 scenario; f is the
distribution of NPP in future period II (2041-2070) under RCP8.5 scenario, g is the
distribution of NPP in future period III (2071-2100) under RCP8.5 scenario
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T

BP

T

P

FP I

FP II

P

FP III

In this figure, RCP4.5T is the annual mean temperature under RCP4.5 scenario, RCP4.5P is the
annual total precipitation under RCP4.5 scenario, RCP8.5T is the annual mean temperature under
RCP8.5 scenario, RCP8.5P is the annual total precipitation under RCP8.5 scenario, BP is the
baseline period, FP I is the future period I, FP II is the future period II, FP III is the future period III
Figure 1 Projected change of annual mean temperature and precipitation under RCP4.5 and
RCP8.5 scenarios in Tibetan Plateau
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Vegetation Types

BL

BF

AS

AM

CF

SH

Figure 2 Distribution of vegetation under future climate scenarios in Tibetan Plateau
(In this figure, a is the vegetation distribution in baseline period (1961-1990), b is the vegetation distribution in
future period I (2011-2040) under RCP4.5 scenario, c is the vegetation distribution in future period II (2041-2070)
under RCP4.5 scenario, d is the vegetation distribution in future period III (2071-2100) under RCP4.5 scenario, e is
the vegetation distribution in future period I (2011-2040) under RCP8.5 scenario; f is the vegetation distribution
in future period II (2041-2070) under RCP8.5 scenario, g is the vegetation distribution in future period III
(2071-2100) under RCP8.5 scenario; the vegetation type BL is the bare land, BF is the broadleaf forest, CF is the
coniferous forest, SH is the shrub, AM is the alpine meadow, and AS is the alpine steppe.)
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Figure 3 Predicted change of annual mean NPP in Tibetan Plateau under climate change
scenarios
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Figure 4 Distribution of NPP under RCP4.5 & RCP8.5 scenarios in Tibetan Plateau
(In this figure, a is the distribution of NPP in baseline period (1961-1990), b is the distribution of
NPP in future period I (2011-2040) under RCP4.5 scenario, c is the distribution of NPP in future
period II (2041-2070) under RCP4.5 scenario, d is the distribution of NPP in future period III
(2071-2100) under RCP4.5 scenario, e is the distribution of NPP in future period I (2011-2040)
under RCP8.5 scenario; f is the distribution of NPP in future period II (2041-2070) under RCP8.5
scenario, g is the distribution of NPP in future period III (2071-2100) under RCP8.5 scenario)
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Supplementary materials

Table S1 PFTs in modified LPJ model
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Abbreviations
TrBE
TrBR
TeNE
TeBE
TeBS
BNE
BNS
BBS
TeSS
TeDS
MES
AlSS
AlDS
C4G
TeMG
TeSG
AlMG
AlSG
Bare

Plant Functional Types (PFTs)
Tropical Broad-leaved Evergreen
Tropical Broad-leaved Raingreen
Temperate Needle-leaved Evergreen
Sub-tropical Broad-leaved Evergreen
Temperate Broad-leaved Summergreen
Boreal Needle-leaved Evergreen
Boreal Needle-leaved Summergreen
Boreal Broad-leaved Summergreen
Temperate Summergreen Shrubs
Temperate Desert Shrubs
Mountainous Evergreen Shrubs
Alpine Summergreen Shrubs
Alpine Desert Shrubs
Warm Grasses
Temperate Meadow Grasses
Temperate Steppe Grasses
Alpine Meadow Grasses
Alpine Steppe Grasses
Barren land

662

Life Form
Woody
Woody
Woody
Woody
Woody
Woody
Woody
Woody
Woody
Woody
Woody
Woody
Woody
Herbaceous
Herbaceous
Herbaceous
Herbaceous
Herbaceous
--

Vegetation Types
Broadleaf forest
Broadleaf forest
Coniferous forest
Broadleaf forest
Broadleaf forest
Coniferous forest
Coniferous forest
Broadleaf forest
Broadleaf forest
Shrub
Shrub
Shrub
Shrub
Shrub
Alpine meadow
Alpine steppe
Alpine meadow
Alpine steppe
Bare land

Table S2 Threshold values of herbaceous PFTs’ partial bioclimatic and eco-physiology
parameters in modified LPJ model
PFTs
Parameters
rootdist

C4G

TeMG

TeSG

AlMG

AlSG

0.9 0.1

0.9 0.1

0.9 0.1

0.95 0.05

0.95 0.05

-1

0.5

0.5

0.5

0.5

0.5

-1

Emax (mm·d )

7

6

6

5

5

pstemp_min (ഒ)

6

-4

-4

-4

-4

pstemp_low (ഒ)

20

20

20

15

15

pstemp_high (ഒ)

45

30

30

30

30

pstemp_max (ഒ)

55

45

45

40

40

fireresist

1

1

1

1

1

-8

-8

-12

-12

4000

1600

1350

900

Gmin (mm·s )

tcmin_est (ഒ)

15.5

tcmax_est (ഒ)
twmin_est (ഒ)

22

gdd5max_est (ഒ)

500

400

dtymax_est (ഒ)

30

30

premin_est (mm)

350

120

gdd5min_est (ഒ)

0

900

In this table, C4G is the Warm Grasses, TeMG is the Temperate Meadow Grasses, TeSG is the Temperate Steppe Grasses, AlMG is
the Alpine Meadow Grasses, AlSG is the Alpine Steppe Grasses, and rootdist is the distribution proportion of fine roots in the upper
and lower soil layer, gmin is the minimum canopy conductance, emax is the maximum transpiration rate, pstemp_min is the
approximate low temperature limit for photosynthesis (deg C), pstemp_low is the approximate lower range of temperature optimum
for photosynthesis (deg C), pstemp_high is the approximate upper range of temperature optimum for photosynthesis (deg C),
pstemp_max is the maximum temperature limit for photosynthesis (deg C), fireresist is the fire resistance (0-1), tcmin_est is the
minimum coldest month mean temperature for the last 20 years, tcmax_est is the maximum coldest month mean temperature for the
last 20 years, twmin_est is the minimum warmest month mean temperature, gdd5max_est is the maximum growing degree day sum
on 5 deg C base, gdd5min_est is the minimum growing degree day sum on 5 deg C base, dtymax_est is the maximum difference
between the warmest month mean temperature and the coldest month mean temperature, premin_est is the minimum annual
precipitation for successful sapling establishment.
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-1

-1

2

0

10

15.5

0

12

0.5

0.5

1.0

1.0

7.0

0.5

0.7 0.3

TrBR

1200

30

1200

0

10

-17

3

200

0.12

0.5

1.0

1.0

5.0

0.5

0.65 0.35

TeBS

18.8

0.5

1

1.0

1.0

5.0

0.5

0.7 0.3

TeBE

350

-2

200

0.12

0.5

1.0

1.0

5.0

0.3

0.9 0.1

BBS

20

900

10

22

-2

0.12

2

0.5

0.5

5.0

0.3

0.6 0.4

TeNE

600

-2

-32.5

0.12

2

0.5

0.5

5.0

0.3

0.9 0.1

BNE

20

350

-2

100

0.12

0.5

1.0

1.0

5.0

0.3

0.9 0.1

BNS

30

900

-5

-17

200

0.12

0.5

1.0

1.0

5.0

0.3

0.7 0.3

TeSS

30

1350

10

-5

-17

200

0.12

1

1.0

2.0

5.0

0.5

0.6 0.4

TeDS

300
25

20

1600

-2

200

0.12

0.5

1.0

1.0

5.0

0.5

0.8 0.2

AlSS

300

1600

-2

-32.5

0.12

1

0.5

1.0

5.0

0.3

0.9 0.1

MES

30

350

1350

-2

200

0.12

0.5

1.0

2.0

5.0

0.5

0.75 0.25

AlDS

between the warmest month mean temperature and the coldest month mean temperature.

minimum growing degree day sum on 5 deg C base, dtymax_est is the maximum difference between the warmest month mean temperature and the coldest month mean temperature, dtymin_est is the minimum difference

maximum coldest month mean temperature for the last 20 years, twmin_est is the minimum warmest month mean temperature, gdd5max_est is the maximum growing degree day sum on 5 deg C base, gdd5min_est is the

fireresist is the fire resistance (0-1), phengdd5ramp is the growing degree day requirement to grow full leaf coverage, tcmin_est is the minimum coldest month mean temperature for the last 20 years, tcmax_est is the

and lower soil layer, gmin is the minimum canopy conductance, emax is the maximum transpiration rate, turnover_leaf is the leaf turnover time, turnover_root is the fine root turnover time, leaflong is the leaf longevity,

TeDS is the Temperate Desert Shrubs, MES is the Mountainous Evergreen Shrubs, AlSS is the Alpine Summergreen Shrubs, AlDS is the Alpine Desert Shrubs, and rootdist is the distribution proportion of fine roots in the upper

Temperate Broad-leaved Summergreen, BNE is the Boreal Needle-leaved Evergreen, BNS is the Boreal Needle-leaved Summergreen, BBSis the Boreal Broad-leaved Summergreen, TeSS is the Temperate Summergreen Shrubs,

In this table, TrBE is the Tropical Broad-leaved Evergreen, TrBR is the Tropical Broad-leaved Raingreen, TeNE is the Temperate Needle-leaved Evergreen, TeBE is the Sub-tropical Broad-leaved Evergreen, TeBS is the

dtymin_est (ഒ)

dtymax_est (ഒ)

gdd5min_est (ഒ)

gdd5max_est (ഒ)

twmin_est (ഒ)

tcmax_est (ഒ)

tcmin_est (ഒ)

phengdd5ramp

0.12

Leaflong (yr)

fireresist

0.5

0.5

7.0

0.5

0.85 0.15

TrBE

Table S3 Threshold values of woody PFTs’ partial bioclimatic and eco-physiology parameters in modified LPJ model

turnover_root (yr )

-1

turnover_leaf (yr )

Emax (mm·d )

-1

Gmin (mm·s )

rootdist

Ps PFTs
Parameters

Up-scaling from plot level to country level:
estimating forest carbon balance based on
process-based modeling, National Forest
Inventory data and satellite images
Härkönen, S., Lehtonen, A., Manninen, T., Muukkonen, P., Mäkelä, A., Peltoniemi, M.

Abstract
Climate-sensitive process-based models are essential for predicting forest growth and carbon
balance in changing environmental conditions, but they are often difficult to apply with the input
data from basic forest inventories. Climforisk LIFE+ project has improved the data availability in
Finland by producing raster maps of stand-level variables such as leaf area index (LAI), fraction of
photosynthetically active radiation (fAPAR), mean stand height, stand basal area and biomasses
covering the whole country with 100m resolution. In addition, areas with high drought risk were
mapped based on digital elevation model and other map resources.
The raster maps were produced based on the National Forest Inventory (NFI) data from years 20042008 and k-nearest-neighbor (kNN) imputation using on 18 Landsat 5 TM satellite images (bands 1-5
and 7) from years 2004-2007. The generalized maps were evaluated by comparing the fieldmeasured and imputed basal area estimates, the results showing similar accuracy (RMSE% of 45.864.4%) as those in the previous studies. Further, the LAI maps were compared with the MODIS LAI
(500 m resolution) products, the results showing that the estimated LAIs were on average at the
similar level, even though there were regional differences between the estimates.
The testing database is currently being applied in modeling studies with process-based growth
models, such as HIFI-MS (Helsinki Integrated Forest Impact Model System), for predicting the carbon
balance in different climate scenarios. Further information and the map products of LAI and fAPAR
can be found in the Climforisk web site: http://www.metla.fi/life/climforisk/
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Introduction

Climate-sensitive process-based models are essential for predicting forest growth and carbon
balance in changing environmental conditions. However, they are often difficult to apply with basic
forest inventory data and require complex parameterization. In addition, gathering and processing of
input data for testing the models is very laborious.
In order to facilitate developing and testing of process-based growth models, Climforisk project at
the Finnish Forest Research Institute has produced a data-model platform, which contains countrywise maps of the common forest characteristics, which can be directly applied to the process-based
growth modeling and carbon balance estimation.
The maps were produced based on the National Forest Inventory (NFI) data from years 2004-2008
and k-nearest-neighbor (kNN) imputation using 18 Landsat 5 TM satellite images from years 20042007, and they cover all the forested areas of Finland with 100 m resolution.

2

Material and methods

The estimates of the target variables (e.g. biomasses, leaf area index and fraction of
photosynthetically active radiation) were first estimated for the Finnish National Forest Inventory
(NFI) sample plots using the tree- and stand-level inventory data. These estimates were generalized
for all the forested areas in Finland using k-nearest-neighbour imputation based on similarity in the
Landsat 5 TM image bands (see Härkönen et al. 2011).
The NFI data were from 2004-2008 consisting the whole Finland (excluding the north-most part in
the Lapland). Only the NFI plots, which consisted of only a single stand and where the productivity
was >1 m3 ha-1 year-1, were selected to the analysis (in total 29 319 sample plots, out of which 21 572
were of heath forests and the rest peat land forests).
The NFI data contained the diameter and tree species for the tally trees, and tree heights and crown
base heights for the sample trees. Tree heights and crown base heights for all the tally trees were
estimated using a multivariate linear mixed-effects model with species-specific parameters designed
for multi-response NFI data (Eerikäinen 2009). Other NFI data used in the study contained stand
basal area (BA, m2 ha-1), stand crown coverage (%), site type (Cajander 1925) and tree species.
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Tree-wise needle, stem, branch, stump and coarse root biomasses for conifers were estimated using
multivariate biomass equations of Scots pine (Repola 2009), Norway spruce (Repola 2009) and for
deciduous trees with birch models by Repola (2008). The fine root biomasses were estimated using
site-type specific needle to fine root biomass ratios (see Härkönen et al. 2011). Leaf area indices
were calculated based on the stand-level leaf biomass estimates and the specific leaf areas (Scots
pine: Stenberg et al. 2001, Palmroth et al. 1999; Norway spruce: Stenberg et al. 1999; birches:
Lintunen et al. 2011, Sellin et al. 2006, Parviainen et al. 1999). Fraction of photosynthetically active
radiation, fAPAR, was calculated for the NFI sample plots utilizing the Lambert-Beer formula based on
the effective extinction coefficient kEff (Duursma & Mäkelä 2007) and the all-sided leaf area index
(Härkönen et al. 2010).
Imputations of the plot-wise data to the regional level were run based on a teaching data set, which
was created by linking the NFI-based estimates with the Landsat 5 TM pixel values (bands 1-5 and 7)
at those plots. In the imputation all the forested pixels were assigned with the most similar
neighbor’s (k=1) value in the teaching data set. The imputations were evaluated by comparing the
field-measured and imputed basal area estimates (leave-one-out cross validation).

3

Results

The data platform contains raster maps of several stand-level variables: leaf area index (Fig. 1),
fraction of photosynthetically active radiation (Fig. 2), mean stand height, stand basal area and tree
biomasses with 100m resolution. In addition the database contains map of the areas with high
drought risk, which were recognized using digital elevation model, digital topographic maps and
other GIS resources.
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Fig. 1. Fraction of photosynthetically active radiation with 100m resolution.

Fig. 2. Effective LAI (m2 m-2) with 100m resolution.
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The imputations were evaluated by comparing the field-measured and imputed basal area
estimates, the results showing similar accuracy (RMSE% of 45.8-64.4%) as those in the previous
studies (e.g. Tuominen 2007). Further, the LAI maps were compared with the MODIS LAI (500 m
resolution) products. The estimates were on average at the same level, but there was a lot of scatter
between them. One of the main differences between these products is that our LAI is calculated
based on only the forested pixels and the estimates are not mixed with other land use types or
water, which is the case with the original MODIS LAI estimates.

4

Conclusions

The produced database contains raster maps of variables applicable directly for estimating carbon
balance and forest growth with process-based models. The database contains also maps expressing
the areas with high drought risk. These data can be easily applied with the current climate data
available from Finnish Meteorological Institute (10 x 10 km resolution) in order to produce up-todate estimates of e.g. carbon balance in the country level (see Härkönen et al. 2011).
The data-model platform is currently being applied with process-based growth models, such as HIFIMS (Helsinki Integrated Forest Impact Model System; unpublished), to predict the carbon balance
with different climate scenarios. Future goals include appending the LAI estimates with the ground
vegetation LAI and linking the Yasso07 soil carbon model (Tuomi et al. 2011) to the calculation
process in order estimate the net ecosystem exchange of the forests. Reliability of all the produced
estimates, e.g fAPAR and drought risk, should be evaluated further in the future.
Climforisk project is currently producing a web site, where the contents of the database will become
freely available for examination and downloading. Further information can be found in the
Climforisk web site: http://www.metla.fi/life/climforisk/.
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Bridging the global and regional scales in
climate impact assessment: an example for
selected river basins
F. F. Hattermann, Ch. Müller, V. Krysanova, J. Heinke, M. Flörke, S. Eisner, V. Aich, Sh. Huang, T. Vetter, J.
Tecklenburg, S. Fournet, S. Liersch, H. Koch and S. Schaphoff
Abstract— Policy relevant information on climate change impacts is available from global and
regional impact assessments. The global model results are used by policy makers for the
global-scale assessments and could be considerd as the boundary conditions for the regional
modelling studies, while information from the regional scale, which is applicable for creating
regional adaptation strategies, can help to improve global simulations. Ideally, the results
from both scales should agree in trend direction and strength of impacts. However, this
implies that the sensitivity of impact models from both scales to climate variability and
change is comparable. In this study we compare hydrological results simulated by global
(LPJmL and WaterGAP) and regional (SWIM) impact models for the water sector in two
regions under reference and scenario conditions. The aim is to start the discussion on how to
bridge the global and regional scales for impact assessment in order to provide more reliable
information on future projections for the global and regional decision makers.
Index Terms— Climate impact models, global and regional scale, ISI-MIP, Rhine, Niger.
————————————————————

1

Introduction

Climate change is a global phenomenon, but the impacts manifest at the regional scale (IPCC 2007). The
regional scale is also the scale, where most adaptation measures can be planned and implemented (Hattermann et al. 2008). However, a global view on climate change impacts is important because certain
developments in a distant region or at the global scale can influence driving forces in the region under
study, for example when looking at changes in crop distribution and crop yield having possibly a global
impact via the global food market. The interplay of global and regional drivers requires bridging the
scales in impact assessment. Thereby, it is desirable that results from the regional and global scales are in
line for the same sectors.
Impact models for the global and regional scales of assessment often implement common processes,
with regional models typically having finer resolution in temporal and spatial scales as well as in process
representation. Besides, calibration and validation of regional models usually include data of with fine
spatial and temporal resolution leading to higher reliability of results for planning of adaptation
measures, whereas calibration and validation of global models is either not possible or is substituted by
testing for selected regions considering aggregated variables . On the other hand, global models are de-

1
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signed to supply consistent impact assessment for larger regions and whole continents and allow for direct comparisons between regions.
In this study we investigate the consistency of climate change impact assessments on hydrological processes in two selected river basins, one in Europe and one in Africa, using mainly two global models
(LPJmL and WaterGAP) and one regional impact model (SWIM). Though climate change impacts are often reported as relative change rates, we investigate differences in both absolute values (runoff, discharge) as well as their relative changes under climate change scenarios.
We analyze reasons for disagreement in impact projections by harmonizing inputs and comparing model
assumptions. To minimize the differences in projections, we run the regional model SWIM with the
coarse-resolution climate input data as used in the global models. The results of the comparison of model outputs for two river basins in Africa and Europe are presented.

2
2.1

Methods and Data
Models

The eco-hydrological model SWIM integrates the relevant hydrological and plant processes like evapotranspiration, percolation, surface runoff, interflow, groundwater recharge, plant water uptake, vegetation dynamics and river routing (Krysanova et al. 1998, Hattermann et al. 2005) at the regional scale. A
three-level scheme of spatial disaggregation from basin to subbasins and finally to hydrotopes is used in
SWIM. A hydrotope is a set of elementary units in the sub-basin, which have the same geographical features like land use, soil type, and average water table depth. Water fluxes, plant growth and nutrient dynamics are calculated for every hydrotope, where up to 10 vertical soil layers can be considered, on a
daily time step. The outputs from the hydrotopes are aggregated at the subbasin scale, taking water and
nutrient retention into account. The lateral fluxes are routed over the river network, considering transmission losses e.g. in wetlands. SWIM is usually calibrated using observed runoff by adjusting a few parameters for river routing, evapotranspiration and soil properties.
The Dynamic Global Vegetation and Hydrology Model LPJmL (Sitch et al., 2003; Gerten et al., 2004) computes establishment, abundance, vegetation dynamics, growth and productivity of the world’s major
plant functional types, as well as the associated carbon and water fluxes. The model is typically applied
on a grid of 0.5°×0.5° longitude/latitude and at daily time steps. Carbon fluxes and vegetation dynamics
are directly coupled to water fluxes. Modeled soil moisture, runoff and evapotranspiration were found to
reproduce observed patterns for most of the test regions well and the model’s quality is comparable to
2
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that of the stand-alone global hydrological models (Gerten et al., 2004, 2008). The version used in this
study considers feedbacks of CO2 increase on biomass production and stomata processes. In the river
routing module of LPJmL (described by Rost et al., 2008) each grid cell is considered to have a surface
water storage pool representing the water storage and retention in reservoirs and lakes. River routing is
implemented as a cascade of linear storage functions. LPJmL is applied without calibration of the hydrological processes.
The large scale hydrological model WaterGAP (Water – Global Assessment and Prognosis) was developed
to provide a basis both for assessment of the current state of water resources and water use, and for
gaining an integrated perspective of impacts of global change on the water sector (Döll et al. 2012, Flörke
et al. 2013). WaterGAP3 consists of two main components: a global water use model and a global hydrology model. The aim of the hydrological model is to simulate the characteristic macro-scale behaviour
of the terrestrial water cycle in order to estimate renewable water resources. Based on daily meteorological fields, the model calculates the daily water balance for each grid cell, taking into account physiographic characteristics like soil type, vegetation, slope and aquifer type. Cell runoff is routed to the
catchment outlet based on a global drainage direction map, taking into account the hydrological impact
of lakes, wetlands, reservoirs, and dams. The model is calibrated by adjusting one free parameter controlling the fraction of total runoff from effective precipitation in order to minimize the error in simulated
long-term annual discharge. WaterGAP was applied in this study on a 0.5°×0.5° grid.
These three models have been chosen for our study because they represent typical state-of-the-art
models currently applied in impact studies: uncalibrated global impact models, global impact models
calibrated for the variables under study, and calibrated regional impact models considering processes
with finer resolution and some additional regional features not implemented in global models.
The results of these three models are compared against the results of a set of global hydrological models
applied in the framework of the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP; Warszawski et al., 2013) comprising a set of nine global hydrological models, one global land-surface model
and one dynamic global vegetation model, among them LPJmL and WaterGAP (see also Schewe et al.
2013).

2.2

Climate data

Important for the impact model intercomparison is that the models are driven by the same scenario data, whereby this study focuses on sensitivity to climate change. The climate data used have been provided by ISI-MIP. Five Earth System Models (HadGEM2-ES, IPSL-5 CM5A-LR, MIROC-ESM-CHEM, GFDL-
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ESM2M, NorESM1-M) which have been bias corrected using a trend-preserving method and the WATCH
data (Weedon et al. 2011) as reference are stored on a 0.5°x0.5° grid with the daily temporal resolution
(Hempel et al. 2013). The “Representative Concentration Pathways” (rcp) cover different emissions and
land-use change projections. In this study only the high end scenario 8.5 was used.
Other data important to set-up the impact models at both scales are soil and land cover information, the
elevation and hydrological information such as the river network and were taken from global data
sources.
The observed runoff data for the gauges Rees (Rhine) and Dire (Niger) have been provided by the Global
Runoff Center (GRDC 2013).

2.3

Two river basins

Figure 1: The basins of the Rhine and Niger rivers and the gauge stations Rees (Rhine) and Dire (Niger).
The blue area in the Niger catchment indicates thearea of the Inner Niger Delta.
The Rhine river basin covers an area of 185,000 km2 and spreads over nine countries (Table 1). The basin
can be subdivided into three major hydrological areas: the Alpine area, the German Middle Mountain
area and the Lowland area. In the Alpine part the annual precipitation is about 2000 mm, in the lowland
between 570 and 1100 mm. The Rhine is moderately influenced by human water management like
dams.

4
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The Upper Niger Basin at the gauging station Dire covers an area of about 340,000 km2. It spreads over
the countries Guinea, Mali and a small part of the Ivory Coast. The catchment is subject to enormous
seasonal and interannual variation in rainfall and river flow (Zwarts et al., 2006) and rainfall is very unequally distributed, where the headwater regions receive up to 2000 mm of rainfall during the rainy season (July–October) and the northern regions only 200–500 mm. The catchment area of the gauge Dire
includes the Inner Niger Delta (IND), a seasonally inundated floodplain and network of tributaries, channels, swamps, and lakes providing vital habitats supporting livelihoods in fishing, farming, and stock
farming (Zwarts et al., 2006) for 1.5 million people. In the literature, the area of the Inner Delta varies
from 36,000 km2 (Kuper et al., 2003) to 80,000 km2 (Schuol et al., 2008).
Table 1: Characteristics of the two river basins.

Area
Altitude range (mean, max, min)
Average temperature (1971-2000)
[°C]
Annual precipitation (1971-2000)
[mm]
Dominant land use [%]

3

Rhine until gauge Rees
170.000 km2
495, 4725, 10
8.6

Niger until gauge Dire
340.000 km2
380, 1407, 220
26.5

987

1320

cropland 38, forest 25,
grassland 9

Forest 34, savanna 30,
cropland 24

Results

The results of the global and regional impact models are compared for the Rhine and Niger basins located in temperate humid and subtropical monsoon types of climate, respectively. Figure 2 shows the longterm average annual runoff of the reference (1971-2000) and the scenario periods (2070-2099) simulated by several global and one regional model using the five ISI-MIP scenarios as climate drivers: a) the
range of results for the twelve global hydrological models, b) the respective results of the LPJmL, WaterGAP and SWIM models, and c) the observed values for the reference period. In both basins, most
global models notably overestimate runoff and thus water availability and the same can be stated for the
LPJmL model. While the bias is moderate for the Rhine basin representing a temperate climate, it is
much more pronounced for the Niger basin. The WaterGAP model, also global but calibrated for the water balance at the outlet of the river basin, gives a very good reproduction of the Rhine water balance,
however, it overestimates the runoff and consequently water availability for the Niger basin. The SWIM
model, being calibrated to the specific hydrological features of the basins (see Aich et al. 2013) and considering also the wetland dynamics, gives a good reproduction of the long-term runoff, only slightly
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overestimating the observed values. The relative changes simulated by the models until 2099 are, however, comparable at both scales with a decrease in mean annual runoff simulated by the global as well as
by the regional models in the Rhine basin and no clear trends in the Niger basin.

a) Rhine

b) Niger

Figure 2: The boxplots summarize the long-term average daily runoff simulated by 12 global hydrological
models fed by 5 ISI-MIP climate runs (reference period 1971-2000 und scenario period 2070-2099). The
blue line indicates the observed value for the reference period, and the red, green and orange lines - the
values simulated by the regional (SWIM) and global (LPJmL and WaterGAP) models fed by the same five
6
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climate runs. Left: Rhine basin, gauge Rees; right: Niger basin, gauge Dire
Figure 3 gives the long-term average daily runoff observed and simulated for the Rhine and Niger basins
for the period 1971-2000 driven by the GCM HadGEM2 (top), and the relative changes until end of this
century as the differences between the periods 2099-2070 and 1971-2000 (bottom). The simulated values of the LPJmL model overestimate the observed values of the Rhine river at gauge Rees by approximately 35 %, which is a moderate discrepancy when considering that the model was not calibrated for
hydrological processes in the basin. Smaller are the biases for the results of the WaterGAP (~11 %) and
the SWIM models (~14 %).
Looking at the relative changes, one can see that all three models agree astonishingly well in the seasonal changes for the Rhine river, and a small increase in winter and early spring and a stronger decrease in
the summer months can be stated.

a) Rhine

b)

Niger

Figure 3: Top: Long-term daily runoff for the period 1971-2000 (left: Rhine at gauge Rees, right: Niger at
gauge Dire). The values of LPJmL for the Niger are divided by ten, and the values of WaterGAP by 2.5.
Bot-tom: The relative changes in daily runoff (difference 2070-2099 minus 1971-2000)
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For the Niger river, the results of the single models show larger differences. The LPJmL model overestimates the observed runoff and therefore water availability by approximately 550 %, the WaterGAP model by ~110 % and the SWIM model underestimates the observed runoff by ~6 %. The overestimation of
runoff by the LPJmL and WaterGAP models can partly be explained by the Inner Niger Delta, periodically
flooded by the Niger river during the monsoon season, where about 40-50 % of the inflowing water
evaporate. Also, flow velocity in the delta decreases and the hydrograph of the outflow is smoothed and
the flood peak delayed by approximately two months, a feature only reproduced by SWIM with integrated inundation module.
The relative changes until 2099 are mostly negative, the ones of LPJmL and WaterGAP are in their seasonal development more comparable, possibly due to the lack of an inundation module (results only
shown for days of the high flow period).

4

Discussion and Outlook

Comparing the simulation results of the LPJmL, WaterGAP and SWIM models for the Rhine and Niger
basins we can see that the models agree much better for the Rhine than for the Niger, and the relative
changes agree much better than the absolute values in both cases. The differences are larger for the absolute values, especially under arid and monsoon type of climate. This is a pattern also visible in other
catchments worldwide for the LPJmL model (Biemanns et al. 2009). The larger differences for the LPJmL
model can be explained by the fact that the model is not calibrated to the local hydrological features.
The WaterGAP model, on the other hand, also running at the global scale shows a better reproduction of
the water balance in both river bains discussed here. However, such specific feature as the IND in this
study make internal hydrological processes more complex, and require an adaptation of impact models.
Naturally, this can be easier done by a regional impact model adapted to the regional scale using specific
data for the model set-up.
The largest challenge for hydrological models when simulating the long-term water balance is to estimate evapotranspiration correctly. In the Rhine basin, where the runoff coefficient (share of precipitation reaching the surface waters) is relatively high with more than 20 %, the hydrological results are not
so sensitive to uncertainties in calculating the losses by evapotranspiration. However, in the Niger basin,
where about 95 % of precipitation is lost to the atmosphere and only 5 % reach the rivers, small changes
in evapotranspiration have a huge impact on river runoff and therefore water availability. It seems like
global hydrological models have a tendency to overestimate runoff – at least, this follows from examples
8
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of these two basins. This has to be taken into account when using results of global hydrological models in
follow up investigations, for example for estimating water availability for irrigation at the global scale or
for analyzing the trend in per capita water availability under climate change (Schewe et al. 2013), while
the relative changes can still be of use.
This study is only a first step in comparing hydrological results and impacts at the global and regional
scales, and more studies including more regions and more regional models and investigating the processes in more detail have to follow.
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SeaͲlevelrisedamageandadaptationcosts:
Acomparisonofmodelcostsestimates
AndriesF.Hof,ChrisHope,DetlefP.vanVuuren
Abstract—Oneofthemainchallengesforcomparingcostswithbenefitsofclimatechange
policyisthattheknowledgeonclimatechangedamageisverymeagre.AnexceptionisseaͲ
levelrise,forwhichinformationonadaptationcostsanddamageshasrecentlybeenprovided
oncountryͲlevelbytheClimateCostproject,usingtheDIVAmodel.TheoftenͲusedIntegrated
AssessmentModels(IAMs)RICEandPAGE,whichhavebeenusedforcostͲbenefitanalysesof
climatechange,includeseparatemodulesforseaͲlevelrise.Thispapercomparesthedamage
andadaptationcostsestimatesoftheseIAMswiththeprojectionsbytheClimateCostproject.
Largedifferences,onaregionalaswellasonagloballevel,arefound.Onaverage,RICEand
PAGEprojecthigherdamagesthanClimateCost.Basedonourresults,wesuggestthe
followingimprovementsinseaͲlevelrisedamageprojectionsinIAMs:i)asdamagesstrongly
dependonthelevelofadaptation,IAMsshouldincludeadaptationasadecisionvariable;ii)
asdamages,measuredinabsoluteterms,seemtodependmainlyonseaͲlevelriseandlesson
socioͲeconomicvariables,absolutedamagescouldberepresentedsimplybyafunctionofseaͲ
levelriseandthelevelofadaptationinIAMs.
IndexTerms—Adaptationcosts,Climatechangedamages,IntegratedAssessmentModels,
SeaͲlevelrise
————————————————————

1

Introduction

Assessmentsofthecostandbenefitsofclimatepolicyhavebeenperformedsincethebeginningofthe
1990s,withNordhausasoneofthepioneers(Nordhaus,1991,Nordhaus,1992,Nordhaus,1994,Manne
et al., 1995, Hope et al., 1993, Tol, 1999). These assessments rely on Integrated Assessment Models
(IAMs),thataimtodescribethecomplexrelationsbetweenenvironmental,socialandeconomicfactors
that determine future climate change and the effectiveness of climate policy (Weyant et al., 1996,
HarremoësandTurner,2001,Hope,2005).AmajorchallengeofapplyingIAMstocomparethecostsand
benefitsofclimatepolicyisthatliteratureonclimatedamagesonaglobalscale–onwhichdamageesͲ
timatesinIAMsarebased–isverylimited(Tol,2009).Therearerelativelyfewstudiesfocusingonglobal
impacts,andhardlyanyglobaldamageestimatesexistforglobalwarminglevelsofmorethan3°CrelaͲ
tivetopreͲindustrialtimes,whileawarmingintheorderof3°Cto6°CattheendofthiscenturyisexͲ
pectedwithoutclimatepolicy(vanVuurenetal.,2008).Assuchstudiesformthebasisoftheclimate
damage estimates in costͲbenefit studies, heroic assumptions need to be made as to the estimates of
climatechangedamages,especiallyforclimatechangeabove3°C.Relatedtothis,Pattetal.(2010)arͲ
guesthatalsotherepresentationofadaptationwithinIAMsneedstobeimproved.
1
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Recently,detailedestimatesoftheeconomiceffectsofclimatechangeandthecostsandbenefitsofadͲ
aptationwereprovidedwithintheEuropeanFP7ClimateCostproject(Brownetal.,2011).Physicaland
monetaryestimateswereprovidedoncountryͲlevelfordifferentimpactcategories:coasts,riverfloods,
energy,health,agriculture,ecosystems,andwindstorms.ComparingsuchestimateswiththoseofIAMs
providesinsightintherobustnessofclimatechangedamageestimatesofIAMs,andtherebyofthebeneͲ
fitsofmitigationandadaptationpolicies.However,mostIAMsthatfocusoncostͲbenefitanalysesdonot
distinguish specific impact categories, but include more aggregated impact functions. The exception is
sealevelrise,forwhichtwooftenusedIAMs–RICEandPAGE–includeseparateimpactfunctions.
TheoverallaimofthisstudyistoprovidemoreinsightintherobustnessofclimatechangedamageestiͲ
matesofIAMs,andtherebyofthebenefitsofmitigationandadaptationpolicies.Asecondaryaimisto
providesuggestionsforimprovingthedamageandadaptationcostestimatesofseaͲlevelriseinIAMs.

2

Scenarios

Fivesetsofscenarios,all taken from the ClimateCost project (Brownet al., 2011),are includedin this
assessment. These scenarios reflect possible seaͲlevel rise based on academic literature, ranging from
0.28m (climate mitigation) to 1.75m in the 2080s, compared with preͲhistorical levels1 (Table 1). The
A1B(IMAGE) and E1 scenarios (Lowe et al., 2009, Pardaens et al., 2011) were derived following the
methodologyofMeehletal.(2007)basedonapatternedriseinsealevelfromtheENSEMBLESHadGͲ
EMͲA0model,wheresomeoceanicareasriseatfasterratesthanothers,basedonobservations.Arange
ofseaͲlevelriseisgivenduetouncertainitiesinicemeltcontribution,basedonMeehletal.(2007)and
GregoryandHuybrechts(2006).AstheIPCCdidnotindicateanupperboundofseaͲlevelrise,this,toͲ
gether with new scientific evidence, suggests that rises in excess of 1m are considered plausible, altͲ
hough of a lowerprobabilityduringthiscentury(Nicholls et al., 2011,Rahmstorf,2008).These higher
scenariosareimportantforlanduseandadaptationplanning.Furthermore,duetothecommitmentto
seaͲlevel rise (i.e. a time lag between oceanic warming and sea levels rising), sea levels would be exͲ
pectedtocontinuetoriseoverlongtimescales,evenifgreenhouseemissionsdecreaseandtemperaͲ
turesstabilise.
Todeterminetheeffectofclimatechangeonly,thedamagescausedbysocioͲeconomicchangearesubͲ
tracted from total seaͲlevel rise damages. In this paper, damages are presented for the 2020s (2011Ͳ
1

NotethatinClimateCost,temperatureandseaͲlevelchangeswerereportedrelativeto1961Ͳ1990levels.

2
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2040),2050s(2041Ͳ2070),and 2080s(2071Ͳ2100).Forthispaper,results aregivenfortheregionsEU,
USA,Japan,China,IndiaandAfrica.

Table1.Overviewofscenarios.Source:BasedonBrownetal.(2011)
GlobalmeantemͲ
peratureriseinthe
2080s,relativeto
preͲindustrial

GlobalmeanseaͲ
levelriseinthe
2080s,relativeto
preͲindustral

SocioͲeconomic
scenario

Scenario

Model/notes

H++

Highimpactrise,lowprobaͲ
bility.Globallyuniformrise

n/a

1.75m

A1B

HighͲend

Representativeofhigherrise
in postͲIPCC AR4 scenarios.
Globallyuniformrise.

n/a

1.1m

A1B

A1B(IMAGE)95%
A1B(IMAGE)Mid
A1B(IMAGE)5%
E195%
E1Mid
E15%
NoseaͲlevelrise

MediumͲhighemissionsceͲ
narioofpatternedseaͲlevel
risefromHadGEMͲA0.



0.56m

A1B

3.8°C

0.47m

A1B



0.38m

A1B

MitigationpatternedseaͲ
levelrisefromtheHadͲ
GEMͲA0.



0.43m

E1

1.85°C

0.37m

E1



0.28m

E1

Hypothetical risetoact asa
baseline to assess the efͲ
fects of relative land levels
andsocioͲeconomicchange.

0°C

0m

Resultsaveraged
fromA1BandE1
modelruns


EachclimatescenariowasmappedtoitsequivalentsocioͲeconomicscenario(Table1).IntheA1BsceͲ
nario,globalpopulationcontinuestoriseuntilmidͲcenturyat9.5billionpeople,beforedecliningto7.5
billionin2100.IntheE1scenario,populationincreasesto9billionpeople,decliningtoasimilarlevelas
A1Bin2100.WorldGDPincreaseto$650trillion(A1B)and$550trillion(E1)inthe2090s.

3
3.1

Modelandcostingmethodology
DIVAmodel

TheClimateCostproject(Brownetal.,2011)usedtheDIVAmodeltodetermineglobalimpacts(Hinkel
andKlein,2009,Hinkel,2005,Hinkeletal.,2012).DIVAisdrivenbyclimateandsocioͲeconomicscenariͲ
os,combinedwithadaptationoptions,throughanumberofmodulestodeterminebioͲgeophysicalimͲ
pacts and associated costs. To undertake this, DIVA breaks the world’s coastline into approximately
3
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12,000linearsegments(averagelength85km)andassociateseachsegmentwitharound100piecesof
socioͲ and geophysical data. The seaͲlevel rise scenarios are downscaled to these segments and comͲ
binedwithlocalnaturalchangesinlandlevel(uplift/subsidence)(Peltier,2000a,Peltier,2000b),except
in76oftheworld’sdeltaswhereactuallevelsofsubsidenceareapplied,followingworkofEricsonetal.
(2006).Impactsresultingfromextremeeventsareassessedbyraisingmeansealevelssothatthereturn
periodofanextremeeventisreduced.Nochangestostorminesswereassumed.
AfulldescriptionofthemethodologyforassessingdamagescanbefoundinBrownetal.(2011).DamͲ
ages include the cost of sea floods, coastal river floods, land loss through flooding and submergence,
salinisationandthoseforcedtomoveduetofrequentflooding.ImpactsanddamagedependonthelevͲ
elofprotection, andsea andcoastal riverdikes weremodelledinthe baseyear1995,basedonadeͲ
mand for safety (no dikes where population density is less than 1 person/km2. Above this threshold,
thereinanincreasingproportionfordemanduptothe90%thresholdat200person/km2).Tworoutes
weretakenassuming:a)Noupgradetoadaptation measuresassealevelsrise andpopulationdensity
increases;andb)Adaptationwasupgradedthroughraisingdikeheight(toreduceflooding)andbynourͲ
ishing beaches (to counteract erosion), again based on a demand for safety. Only capital costs are reͲ
ported.Itisassumedthatalladaptationisundertaken,andthereisnoadaptationdeficit.

3.2

RICEmethod

TheseaͲlevelrisemoduleofRICE,2010version(Nordhaus,2010),projectsseaͲlevelriseandthedamͲ
ages caused by it. For seaͲlevel rise, we use the ClimateCost projections (Table 1), since our aim is to
comparedamagesfor the samelevel of searise(infact, theseaͲlevel rise projections of RICE usethe
samemethodasusedintheClimateCostproject).TheregionaldamageestimatesofRICEwerecalculatͲ
edbasedonthemodelversionwhichwasdownloadedfromhttp://nordhaus.econ.yale.edu/.
ThedamageestimatesofRICEarebasedontheassumptionthatanestimateof0.1%ofincomeisareaͲ
sonablewillingnesstopayestimateforpreventinga2.5°CwarmingforthecoastalsectoroftheUnited
States(NordhausandBoyer,2000).Thisassumptionismainlyderivedfromaveragedamagesfrommajor
tropicalstormsovertheperiod1987Ͳ1995,whichamountedto0.083%ofGDP.Forotherregions,aninͲ
dexisusedthattakesintoaccounttheshareofcoastalareaintotallandarea.Furthermore,anincome
elasticityof0.2isusedtoreflecttherisingurbanizationandrisinglandvalueswithhigherpercapitainͲ
comes.FormoredetailsseeNordhausandBoyer(2000).
4
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NodistinctionismadebetweendamagesandadaptationcostsinRICEandtheprojectionsshouldbeinͲ
terpretedasestimatesincludingadaptationcostsatan“optimal”level(deBruinetal.,2009).

3.3

PAGEmethod

Asthecalculation of seaͲlevel rise isembeddedinthePAGEmodel,the risein sealevelonwhichthe
damagesarebasedslightlydifferswiththeClimateCostscenarios.IntheA1Bscenario,thedifferenceof
themeanlevelsisnegligibleuptothe2050s,butamountsto6cm(withPAGEprojectingahigherrise)in
the2080s.IntheE1scenario,PAGEhasa2cmhigherprojectionbythe2050sand9cmbythe2080s.The
uncertaintyrangeinseaͲlevelriseofPAGEisalsohigherthanClimateCostprojections.
InPAGE09(Hope,2011),sealevelimpactsbeforeadaptationareapolynomialfunctionofsealevelrise.
ThisfunctioniscalibratedfortheEUbasedonameanestimateofdamagesof1%ofGDPfora0.5mseaͲ
levelrise–withanuncertaintyrangeof0.5Ͳ1.5%ofGDP.Forotherworldregions,weightfactorsrangͲ
ingfrom0.4to0.8relativetotheEUareused.IncontrasttoClimateCostandRICE,damagesinPAGEare
probabilistic.Inthispaper,themeanvalues,aswellasthe10thͲ90thpercentileuncertaintyrange,aregivͲ
en.
Thereductioninimpactsduetoadaptationisrepresentedbythestartdate,thenumberofyearsittakes
tohavefulleffectandthemaximumsealevelriseforwhichadaptationcanbebought;beyondthis,imͲ
pactadaptation isineffective. ThispaperonlyreportsglobaldamageprojectionsfromPAGE, assuming
effectiveadaptation.

4
4.1

Comparisonofresults
Globalcomparison

Fig.1showshowestimatesofthesumofseaͲlevelrisedamagesandadaptationcostscomparebetween
themodels.TheuncertaintyrangesofBrownetal.andRICEincludeuncertaintiesduetoseaͲlevelrise
only;PAGEalsoaccountsforuncertaintyindamagesforacertainriseinsealevel.Thiscouldexplainthe
largeruncertaintyrangesfoundbyPAGEcomparedtoRICEandBrownetal.
ThedamageestimatesofRICEandPAGEaresubstantiallyhigherthantheBrownetal.projections:inthe
A1Bscenario,themeanprojectionsofPAGEareaboutfivetimesthelevelofBrownetal.withoutadapͲ
tationand9(2020s)to70times(2080s)thelevelofBrownetal.withadaptation.Thedamagefunction
ofRICEleadtoevenlargerdifferencesof7Ͳ10timesthelevelofBrownetal.withoutadaptationand15
5
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tomorethan100timesthelevelofBrownetal.withadaptation.SoeventhoughtheRICEandPAGEesͲ
timatesassumethatadaptationtakesplace,theirdamageprojectionsareeven(much)higherthanthe
estimatesofBrownetalwithoutadaptation.Anotherinterestingfindingisthatthesumofdamagesand
adaptationasshareofGDPinthescenarioswithadaptationdecreaseovertimeintheBrownetal.proͲ
jections,whereastheyincreaseintheRICEandPAGEprojections.Theincreasingdamageprojectionsof
RICEcanbeexplainedbythepositiveincomeelasticityappliedtothedamagefunctions–whichleadto
increasingdamagesasshareofGDPovertimeevenforconstantsealevels.InPAGE,anegativeincome
elasticityisassumedfordamages,butstilldamagesareincreasingovertimeastheeffectofseaͲlevelrise
morethancompensatesthenegativeincomeelasticity.
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Figure1.SumofglobalseaͲlevelrisedamageandadaptationcostsundertheA1BandE1scenario(for
ClimateCostandRICE,theerrorbarsindicateuncertaintyinseaͲlevelriseonly,witha5%Ͳ95%confidenceinterͲ
val.ForPAGE,theerrorbarsindicateuncertaintyinseaͲlevelriseaswellasdamageprojections,witha10%Ͳ90%
confidenceinterval)


4.2

Regionalcomparison

AregionalcomparisonbetweentheBrownetal.andRICEresults(noregionalestimatesareyetavailable
forPAGE)showsthatfortheUSA,bothmodelsshowsimilarprojections(Fig.2).Onlyatthetheendof
thecentury,RICEprojectionsaresignificantlyhigherthantheonesofBrownetal.withadaptation–but
stilllowerthantheonesofBrownetal.withoutadaptation.Thisisinteresting,astheUSdamageprojecͲ
tions form the basis of the damage projections of all other world regions (Section 3.2).
6
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Figure2.SumofregionalseaͲlevelrisedamageandadaptationcostsundertheA1Bscenario(theerͲ
rorbarsindicateuncertaintyinseaͲlevelriseonly,witha5%Ͳ95%confidenceinterval)
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TheresultsfromBrownetal.showthatsmalldifferencesinseaͲlevelrisecouldhavelargeimpactson
damagesifnoadaptationisundertaken.ForJapan,forinstance,anaverageriseinsealevelof47cmin
the2080s(whichisthemedianestimateintheA1Bscenario)resultsindamagesequalto0.02%ofGDP.
WouldseaͲlevelrisebe56cmin thesameperiod,damages areprojectedtobemorethan3timesas
high.DamagesintheUSAandIndiaarealsoverysensitivetosmallchangesinseaͲlevelrise,againasͲ
sumingnoadaptation.

4.3

Comparisonofextremescenarios

FormoreextremeseaͲlevelrise,thefindingsaresimilartotheA1Bscenario,althoughtheabsolutecosts
aremuchhigher(Fig.3).FortheUSA,Japan,andIndia,theRICEdamageprojectionsareofasimilarorͲ
derofmagnitudeastheBrownetal.projectionswithoutadaptation–butmuchhigherthantheBrown
etal.projectionswithadaptation.Fortheotherthreeregions,thedamageestimatesofRICEare(much)
higherthanBrownetal.AnotherinterestingfindingisthatdamagesintheH++scenariobythe2080s
arenotalwayshigherthandamagesintheHighͲendscenario.Thereasonforthisisthatsomeregions
facerelativelyhighdamagesearlierinthecenturyintheH++scenario,asmostofthedamagesoccurat
seaͲlevelriseupto1meterwheremostoftheinfrastructureislocated.Thisimpliesthatthedynamics
ofseaͲlevelrisedamagesismuchdifferentinBrownetal.projectionsthaninIAMs,thelatterofwhich
generallyassumegraduallyincreasingdamagesovertimeandoverhigherincreasesinsealevels.

8
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Figure3.SumofseaͲlevelrisedamageandadaptationcostsinthe2080sunderextremeseaͲlevelrise
scenarios
9


689

IMPACTS WORLD 2013, INTERNATIONAL CONFERENCE ON CLIMATE CHANGE EFFECTS,
POTSDAM, MAY 27-30

4.4

RelationshipbetweenseaͲlevelriseanddamages

IAMstypicallyuserelativelysimpleequationsorsetsofequationstosimulatethebehaviourofthesoͲ
cioͲeconomicandenvironmentalsystems.InRICEandPAGE,damagesareafunctionofseaͲlevelriseand
incomelevelrelativetothebaseyear(2005inRICE;2008inPAGE).Totestwhethersimpleequationscan
simulatethedamagesofseaͲlevelrise,Fig.4plotsannualseaͲlevelrisedamagesandadaptationcosts
fromBrownetal.asfunctionofseaͲlevelrise.TheresultsofallA1BandE1scenariosandforalltimepeͲ
riodsareallplottedinonegraph.TheleftͲhandsidefiguresplotadaptationcostsordamagesinabsolute
numbers;therightͲhandsidefiguresasshareofGDP.Inordertoclearlyshowtherelationshipbetween
seaͲlevelriseanddamageandadaptationcostestimates,theresultsoftheHighͲendH++scenarioshave
beenomittedfromthefigures.
Fig.4showsthatthereisnotastrongrelationshipbetweenannualadaptationcostsandseaͲlevelrise:
forseaͲlevelriseofabout0.28meter,forinstance,annualglobaladaptationcostsareprojectedat2to6
billionEuro,dependentonthescenario(morespecifically,2billionEurofortheE15%scenariointhe
2080sand6billionEurofortheA1B5%scenariointhe2050s).Mostlikely,thereasonisthattheadaptaͲ
tionlevelintheDIVAmodeldependsmoreonfutureseaͲlevelrisethanthecurrentsealevel.InallsceͲ
narios, adaptation costs as share of GDP decrease over time. Absolute adaptation costs increase over
timeintheA1Bscenarios,butdecreaseslightlyintheE1scenarios.
Inthescenarioswithadaptation,absoluteannualdamagesseemtoberelativelyindependentonsocioͲ
economicassumptions.Thisimpliesthatonagloballevel,absoluteannualdamageprojectionscanbe
reasonablywellapproximatedbyseaͲlevelriseonly,withouttakingintoaccountfactorssuchasincome
levels.Therelationshipisalmostperfectlinearly,fromabout1billionEuroforaseaͲlevelriseof0.17m
relativetopreͲindustriallevelstoabout12billionEuroforaseaͲlevelriseof0.56m.ForhigherseaͲlevel
rise,therelationshipisnotlinear:annualdamagesareprojectedat39billionEurofor1.1m,whereasa
linearrelationshipderivedfromtheA1BandE1scenarioswouldimply26billionEuro.Fora1.75mseaͲ
levelriseannualdamagesareprojectedat73billion–whereasalinearrelationshipwouldimply43bilͲ
lionEuro.
Absoluteannualdamage projectionswithoutadaptationarerelativelyindependentonsocioͲeconomic
assumptions as well, but here the relationship is not linear: for seaͲlevel rises from about 0.25 meter,
annualdamagesstarttoincreaserapidlytoalmost400billionfor0.56mseaͲlevelrise.
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Figure4.AnnualseaͲlevelrisedamageandadaptationcostsfromBrownetal.asfunctionofseaͲlevel
rise
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5

Conclusions

The main conclusions from the comparison of damage and adaptation costs of seaͲlevel rise between
differentmodelsare:


Even in the case of seaͲlevel rise, for which relatively large literature on damages is available,
there are very large differences in damage projections between IAMs and models which are
based ondetailedinformationonseaͲlevelrisepatternsandcoastlinedata.This impliesarecͲ
ommendationforIAMstobettertakeintoaccountglobaldamageestimatesforimpactcategoͲ
riesforwhichsuchestimatesareavailable.



IAMsshouldexplicitlytakeintoaccountthepossibilitytoadapt,sincethisstronglydetermines
totalcosts.PAGEalreadyincludesadaptationasapolicyoption,butRICEdoesnot.



Onagloballevel,RICEandPAGEproject(much)higherdamagesthanBrownetal.Onregional
level, RICE damage projections of especially the EU, China, and Africa are much higher than
thoseofBrownetal.



TheresultsofClimateCostindicatethatabsoluteannualseaͲlevelrisedamages– atleastona
globallevel–arerelativelyscenarioͲindependentandaremainlyafunctionofseaͲlevelrise.This
impliesthatdamagesarebettercalculatedasabsolutenumbersandcouldbeafunctionofseaͲ
levelriseonly(currently,theyarecalculatedasshareofGDPanddependonGDPgrowth).This
doesnotholdforadaptationcosts.


Acknowledgements: This paper has been written as part of the RESPONSES project
(www.responsesproject.eu), funded by the European Commission within the Seventh Framework ProͲ
gramme. The ClimateCost data was generated as part of the Seventh Framework Programme project
ClimateCost(www.climatecost.eu).TheMetOfficeHadleyCentregeneratedtheseaͲlevelrisescenarios
forClimateCost.
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Howtoincludewatermanagementinregional
scaleimpactassessmentforlargeriverbasins
usingfreelyavailabledata
HagenKoch,StefanLiersch,ValentinAich,ShaochunHuang,FredF.Hattermann

Abstract—Todaythereareveryfewlargeriverbasinsnotaffectedbyhumaninterventionand
regulation,i.e.watermanagement.Besidenaturalprocessesaffectingriverdischarge,water
managementhastobeconsideredinimpactstudiesforlargeriverbasins.Withoutthat,a
reasonablecalibrationandvalidationofimpactmodelsforthehistoricalperiodishardly
possible,andimpactassessmentattheregionalscaleisusuallydoneaftertestingofthe
modelforcurrentconditions.Insomebasinsunsustainablewaterwithdrawalsmayleadto
zerodischargeinsomeseasons,whileinotherbasinsreservoirmanagementessentially
changesthetimingandvolumeofwaterdischarge.Furthermore,reservoirmanagementisa
topicoftendiscussedwhendesigningadaptationstrategiesconsideringimprovedwater
supplyandreliableelectricityproduction.
Thebasicdataonwatermanagementusedinourimpactstudiesforlargeriverbasinsare
availablefromliteratureorinternetpresentationsofnationalagenciesandlocalcompanies.
Theycanbeusedtosimulatereservoirmanagementandwaterwithdrawalsfromtheriver
reacheswhenthemodelissetͲup,calibratedandvalidatedforthehistoricalperiod.
ExamplesfromstudiesontheNile,Niger,Limpopo(Africa)andSãoFrancisco(SouthAmerica)
riverbasinsarepresented.Inthesebasinstheeffectofwatermanagementonwater
dischargeissignificant.Withoutconsiderationofwatermanagementitisnotpossibleto
reachsatisfactorycalibrationandvalidationresultsintheselargescalesimulationsͲunless
parametersetsareusedtoforcethemodelintostatesoutofphysicalboundaries.Thisfact
meansthatareliablesimulationoflanduseorclimatechangescenariosisonlypossibleby
theinclusionofwatermanagementinthemodels.
IndexTerms—Dataavailability,Impactassessment,Riverbasin,Watermanagement
————————————————————

1

Introduction

The assessment of possible changes in ecoͲhydrological systems due to climate change or landͲuse
changesisofhighinterest.Thisassessmentisneeded,forinstance,todevelopadaptationstrategiesto
thesechangingconditions.Tosimulatethechangesthemostimportantnaturalprocessesgoverningthe
ecoͲhydrologicalsystem,e.g.plantgrowthorriverdischarge,mustbeincluded.
AnthropogeniclandandwatermanagementcanmagnifyorreducetheeffectsofclimateandlandͲuse
change.Inasmuchasmostlargeriverbasinsaremanaged,theseanthropogenicimpactsshouldalsobe
integratedinassessmentstudiesthatrelyonsimulations.Anumberofriverbasinsallovertheworldare
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alreadyunderhighstressduetooverexploitationofwaterresources.Thisanthropogenicpressureresults
from population growth, increasing living standards accompanied by growing demand for agricultural,
industrialandpotablewateraswellasnonͲsustainablewateruse.Therefore,measuredtimeseriesconͲ
tain, beside natural effects, impacts of anthropogenic management. Using measured time series from
highlymanagedriverbasinsforthecalibrationandvalidationofmodelscanleadtoextremeparameters
settings,e.g.theevapotranspirationisincreaseddrasticallytoreproduceagriculturalwaterwithdrawals.
ThisinturnwillleadtoerroneoussimulationresultsinclimateandlandͲusechangesstudies.TheincluͲ
sionofanthropogeniclandandwatermanagement,however,isoftenconstrainedbylackingmodelcaͲ
pacityand/ordataavailability.Whilethemodelscapacitycanbeexpandedtoallowfortheconsideration
ofmanagementprocesses,dataavailability,dependingontheregionorcountry,canbringaboutprobͲ
lemsthatcannotbesolvedbymodelers.
Inthefollowingofthispaperitisshownhowwatermanagementandwaterusedata,availablefromlitͲ
eratureorinternetareusedtocalibrateandvalidateanecoͲhydrologicalmodel.

2

TheSoilandWaterIntegratedModelSWIM

Themodel SoilandWaterIntegrated Model(SWIM;Krysanovaetal.1998,2000)isacontinuousͲtime
spatiallysemiͲdistributedecoͲhydrologicalmodel.ItwasdevelopedforclimateandlandusechangeimͲ
pact assessment. It combines approaches developed for the models SWAT (version '93, Arnold et al.
1993)andMATSALU(Krysanovaetal.1989).UsingSWIMhydrologicalprocesses,vegetationgrowth,eroͲ
sion,andnutrientdynamicsattheriverbasinscalecanbesimulated.ItisaprocessͲbasedmodel,comͲ
biningphysicsͲbasedprocessesandempiricalapproaches.

3
3.1

Datasourcesusedinthestudies
DataforsettingupaSWIMmodel

ThesettingupofamodelforariverbasinusingSWIMrequiresanumberofinputdatasets.Hydrotopes
orhydrologicalresponseunits(HRUs)arethecoreelementsinthemodel.Theseelementsaregenerated
byoverlayingGISͲmapsoflanduse/cover,soil,andsubͲbasins.ThelatterarederivedfromdigitalelevaͲ
tion models (DEM). The hydrotopes are considered as units with the same properties regarding bioͲ
physicalprocesses.Lateralconnectionsbetweenhydrotopesarenotincludedinthemodel.Allprocesses
arecalculatedatthehydrotopelevelusingdailytimeͲsteps.TheecoͲhydrologicalmodelSWIMrequires

2
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spatial and temporal input data that are described in the following. A daily climate dataset providing
precipitation,airtemperature,radiation,andhumidityisrequired.Unlessstatedotherwise, forthereͲ
sults presented climate datasets produced within in the EU FP6 WATCH project (http://euͲwatch.org/)
are used (Weedon et al. 2011). These datasets are based on monthly CRU, GPCC, and subͲdaily reͲ
analysisdata(ERA40).ForthecomputationofthesubͲbasinsdigitalelevationdatafromtheShuttleRaͲ
darTopographyMissions’(SRTM)witha90mresolutionwereused.Dependingonthesizeofthebasin
thesewerechangedtolowerresolutions.SoilparameterswerederivedfromtheDigitalSoilMapofthe
World(FAO)whilelanduse(cover)datawerereclassifiedfromGlobalLandCover(GLC2000).

3.2

Dischargeandwatermanagementdata

Foralargenumberofgaugingstationsworldwideriverdischargedatacanbeobtainedonrequestfrom
theGlobalRunoffDataCentre(GRDC).However,forsomeregionsorriverbasinslittleornodataisavailͲ
ableorthetimeseriesarerathershort.Intheinternetdifferentsourcesfordischargemeasurementsare
available.Oftenthesedataareprovidedfreelybybasinauthorithiesorotherinstitutions.Inanycasefor
aninternetsearchitisfavourabletohavesomebasicknowledgeofthecountrieslanguage.Forinstance
discharge measurement data for South Africa, in this study used for the Limpopo River basin, can be
downloaded

from

the

homepage

of

the

Department

of

Water

Affairs

(http://www.dwaf.gov.za/Hydrology/hymain.aspx).ForBrazildischargemeasurementdata,hereusedfor
the São Francisco River basin, can be obtained from Agência Nacional de Águas
(http://portalsnirh.ana.gov.br/).
Besidedischargemeasurementsdataonwatermanagement,i.e.reservoirs,watertransfers,withdrawals
andreturnflowareneededinhighlymanagedriverbasins.ForSouthAfricadocumentswithregardto
these topics can be downloaded from the homepage of the Department of Water Affairs
(http://www.dwaf.gov.za/documents/),someofwhicharelistedinthereferences.FromtheDepartment
ofWaterAffairsandForestry(2011)alsomeasuredmeanmonthlyreservoirvolumesareavailable.
DataaboutthemainreservoirsandmainwaterwithdrawalsintheMozambiquianpartoftheLimpopo
River

basin

can

be

found

under

http://www.waternetonline.ihe.nl/workingpapers/WP11%20Limpopo%20Basin%20in%20Mozambique.p
df.
FortheNileRiverbasindataaboutreservoirmanagementcanbefoundinSutcliffeandParks(1999).For
instancethesocalled“agreedcurve”forwaterreleasefromtheLakeVictoriadependingonthewater
3
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levelisgiventhere.AlsomeasuredwaterlevelsforLakeVictoriaarepresented.
DataaboutwateruseandreservoirmanagementfortheNigerRiverbasinareprovidedbyZwartsetal.
(2005).Measuredmeanmonthlyreservoirvolumesforselectedreservoirsareavailablefromthissource.
ForBrazilfromOperadorNacionaldoSistemaElétrico(http://www.ons.org.br/)volumesforlargereserͲ
voirscanbedownloaded.IntheSãoFranciscobasinthesearethereservoirsItaparica,Sobradinhoand
Tres Marias. On this homepage also water levelͲvolumeͲsurface area relationships for these reservoirs
areavailable.Furthermore,waterusedatafrom2002Ͳ2012canbeobtainedfromAgênciaNacionalde
Águas (http://www2.ana.gov.br/Paginas/institucional/SobreaAna/uorgs/sof/geout.aspx). Data regarding
reservoirmanagementintheSãoFranciscobasincanbefound,e.g.,indoNascimento(2006).

4

SWIMapplicationtoriverbasins

4.1.1 Generaldescription
AgeneraloverviewaboutthemaincharacteristicsofthebasinspresentedisgiveninTable1.ForallbaͲ
sinsthereservoirmoduledescribedinKochetal.(2013)isapplied.Iftherequireddataareavailablealso
waterwithdrawals,e.g.foragriculturalirrigationordomestic/industrialdemand,areincluded.
Table1Overviewonriverbasins

Name
Limpopo
Nile
UptoLakeVictoria(outlet)
SãoFrancisco
UptoReservoirTresMarias(outlet)
Niger
UptoReservoirSélingué(outlet)


Catchmentarea[km2]
410.000
3.000.000
193.000
631.000
50.600
2.260.000
31.200

Meandischarge[m3/s]
180
2.660
1.112
2.756
688
6.000
242

4.1.2 LimpopoRiverbasin
Using the measured inflow data and data about the volume and management of the Blyderivierpoort
reservoirtheSWIMͲreservoirmodulewasapplied.InFigure1observedandsimulatedvolumes,inflow
andoutflowforthisreservoiraredisplayed(observedinflowisusedasinputinthissimulation).
TheresultsoftwodifferentsimulationrunsforthewholeLimpopoRiverarecomparedtomeasureddisͲ
chargesinFigure2.InthefirstsimulationrunareasonablecalibrationresultwasonlyachievedbysetͲ

4
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tingtheevaporationparametertoanunreasonablyhighvalue(ecal=4.5).Avalueof4.5meansthatthe
potential evaporation is increased by the factor 4.5. In this simulation run, water management, reserͲ
voirs and water withdrawals, were not included. Losses due to withdrawals and reservoir evaporation
arecompensatedbyincreasingthepotentialevaporationdrastically.Inthesecondsimulationrun(ecal
1.5) the ecalͲparameter is set to a value of 1.5. Furthermore, a number of reservoirs and water withͲ
drawals are included in the model. In this simulation run the potential evaporation is increased to a
muchlowerdegree.However,duetomissingdataaboutwateruseinsomepartsoftheriverbasin,e.g.
Botswana,andunaccountedforwithdrawalsinSouthAfrica,theecalͲparametercannotbesettounity.


Figure1Observedandsimulatedvolumes,inflowandoutflowfromBlyderivierpoortreservoir(Limpopobasin)

5


699

ImpactsWorld2013,InternationalConferenceonClimateChangeEffects,
Potsdam,May27Ͳ30


Figure2ObservedandsimulateddischargeforLimpopoRiverbasin(simulationswithdifferentsettings),calibraͲ
tionperiod1972–1979,validationperiod1980Ͳ1985

4.1.3 NileRiverbasin–LakeVictoria
TheresultsdisplayedinFigure3wereobtainedbyapplyingpplyingthesocalled“agreedcurve”forwaͲ
terreleasefromtheLakeVictoria(WhiteNile)dependingonthewaterlevelintheSWIMͲreservoirmodͲ
ule.Inoursimulationthe“agreedcurve”withamaximumwaterlevelatgaugingstationJinjaof13m
(approximately1136.3ma.s.l.)isused.Incasethewaterlevelishigherthanthisallwaterisreleased.In
thesimulationobservedinflowisusedasinput.Besideriverinflowrainfallisanimportantpartofthe
waterbalanceofLakeVictoria(lakesurfaceapproximately60,000km2).MeasurementsfromafewrainͲ
fallgaugesinthelakeareinterpolatedtothewholelakeareaandusedasinputinthesimulation.ThereͲ
fore,heavyrainfalleventsmeasuredatoneorafewrainfallgaugesaretransferredtolargeareasandcan
haveastrongimpactonsimulationresults(e.g.extremelyhighsimulateddischargesinthe1960s).
Whilethegeneralmanagementofthelakecanbereproduced,i.e.highoutflowsforhighwaterlevels,
some deviations between observation and simulation are visible. As shown in Figure 4, the real manͲ
agementisnotalwaysaccordingtotheagreedcurve,whichisstrictlykeptinthesimulationrun.Uptoa
water level of 1136.3 m a.s.l. the simulated outflow follows the agreed curve. If this water level is
6
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reachedtheoutflowcannotbecontrolledandallwaterisdischarged(strongincreaseofoutflowifwater
levelreaches1136.3ma.s.l.).


Figure3Observedinflow,outflowandwaterlevel,andsimulatedoutflowandwaterlevelforLakeVictoria


Figure4ObservedandsimulatedwaterlevelͲoutflowͲrelationforLakeVictoria
7
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4.1.4 SãoFranciscoRiverbasin
AnotherexamplefortheuseoffreelyavailabledataandtheapplicationoftheSWIMͲreservoirmoduleis
given in Figure 5. In the simulation observed inflow is used as input. The observed and simulated volͲ
umesandoutflowsfromTresMariasreservoirareingoodagreement.Thefillingofthereservoir,months
JanuarytoApril,andtheemptyingfromMayonaswellasthereductionofhighflowsandtheincrease
oflowflowsissimulatedquitewell.However,deviationsbetweenobservationandsimulationmayarise
becauseofshortͲtermadaptationofrealreservoirmanagementunaccountedforinthesimulations.


Figure5Observedandsimulatedvolumes,inflowandoutflowfromTresMariasreservoir(UpperSãoFrancisco
basin)

4.1.5 NigerRiverbasin
Forthe SélinguéreservoirintheUpperNigerbasininFigure6resultsfromaclimateimpactstudyare
displayed(seeLierschetal.2012).Inthisstudyaclimatewarmingofapproximately2°Cby2050isasͲ
sumed. For both time periods, 2010 and 2050, the effect of the Sélingué reservoir on the discharge
downstream is clearly visible. While in the first half of the year (drought period) the discharge is inͲ
creasedsignificantly,thedischargeisdecreasedespeciallyinthefirstpartoftherainyseasonwhenthe
highflowsareusedtorefillthereservoir.

8
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Figure6SimulatedmeaninflowandmeanoutflowfromSélinguéreservoirunderrecent(2010)andclimatesceͲ
nario(2050)conditions(UpperNigerbasin)

5

Discussionandconclusion

ThispapershowsthatfordifferentriverbasinsworldwidetherequireddatatoincludewatermanageͲ
mentinsimulationstudiesarefreelyavailablefromtheinternetandothersources.Thedatacanbeused
toincreasethereliabilityofsimulationresults.However,thesearchforthesedataistimeconsumingand
oftentimeserieshavelargegaps.Alsotherealmanagementofreservoirs,duetoshorttermadaptation
tocurrentconditions,andthequantitieswithdrawnforagriculturalirrigationordomestic/industrialuses
maydiffermarkedlyfromavailabledata,e.g.planningdata.
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Analysing Urban Heat Island Patterns and
simulating potential future changes
Eric Koomen, Jesse Hettema, Sem Oxenaar, Vasco Diogo
Abstract— This paper analyses the strength of the urban heat island effect in a temperate
climate, explains local variation in the observed temperatures and quantifies how this
urban heat island effect may develop in the coming 30 years due to projected climatic and
socio-economic changes.
Index Terms— climate change, land-use change, UHI
————————————————————

1

Introduction

Various studies measure the urban heat island (UHI) effect using different data sources such as satellite images (Nichol and Wong, 2009; Döpp, 2011), weather stations (Steeneveld et al., 2011) and
mobile devices (Heusinkveld et al., 2010). Yet, few studies exist that explain spatial variation in observed urban temperatures from local urban conditions. This paper analyses the strength of the urban heat island effect in a temperate climate (Amsterdam, the Netherlands) and attempts to explain
local variation in the observed temperatures. Based on that, a quantitatitve assessment is made of
the potential changes in the magnitude and spatial pattern of the urban heat island effect in the
coming 30 years as a result of projected climatic and socio-economic changes. The analysis is based
on our own measurement of the UHI effect that we define as UHImax: the maximum temperature
difference between local urban temperatures and a rural reference station observed during a 24 hour
period (Van Hove et al., 2011). To assess potential future changes we build on existing scenario studies and a land-use simulation model. Using observed relations between average maximum daily temperatures and observed UHI values we are able to assess the impact of global climate change on local
UHI values. The land-use change model allows the translation of macro-level socio-economic changes
into potential future urbanisation patterns and thus the assessment of increased urbanisation on
UHI.
In section 2 the selected methods for this study are discussed. Section 3 then presents the main results, and the final section (4) summarises them.

1
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2
2.1

Methodology
Analysing Current Urban Heat Island Patterns

We describe current urban heat island patterns based on two separate analyses. Spatial variation in
urban temperatures is measured along a route using mobile measurement devices and then explained using regression analsyis and spatially explicit explanatory variables, while temporal variation
is described based on local temperature measurements derived from amateur weather stations.

2.1.1 Spatial Variation in Urban Temperatures
Urban temperatures were measured using a GPS Logger and a USB-thermometer fixed to a bicylce
while travelling along a circular tour around the city of Amsterdam that passed open areas outside
the city, various neighbourhoods with different densities and the historic centre. Measurements
were taken every minute during a two-hour period after sunset on an average-temperature summer
day. This particular day (June 17 2012) an average maximum daily temperature of 19.7°C was measured at the nearby Dutch Royal Meteorological Institute’s weather station (Schiphol Airport) that
was considered as the rural reference station in this study. The observed maximum daily temperature
corresponds very well to the 30-year average maximum daily temperature of 19.8°C for the same
station. The late evening period was chosen because maximum UHI values are known to be highest
after sunset when the heat stored in artificial surfaces is slowly released (Van Hoven et al., 2011). The
Urban Heat Island-effect was described by comparing the collected urban temperatures with those
measured at 10-minute intervals at the Schiphol Airport reference station. The observed variation in
Urban Heat Island-effect was explained from local spatial conditions using linear regression. With a
geographical information system various explanatory variables (presence of different types of land
use, degree of sealed surface, number of houses) were made available for differently sized neighbourhoods surrounding the temperature observation locations. The amount of urban volume in a
500x500 metres neighbourhood turned out to best explain variation in Urban Heat Island-effect (R2 =
0.569, constant and coefficient significant at 1% level). Additional explanatory variables (e.g. proximity to water and green spaces, local degree of sealed surface) were also incorporated in the regression
analysis, but this did not improve the explained amount of variance (R2). This leads us to believe that
urban volume is able to capture similar spatial characteristics as the other variables. As a simple explanatory model allows us to assess potential future changes in a more straightforward way (without
requiring too many additional assumptions) we preferred to keep this model for subsequent analysis.

2.1.2 Temporal Variation in Urban Temperatures
Hourly records of air temperature were collected from five amateur weather stations in Amsterdam
for a 30-day period in the summer of 2010 (June 15 and July 15). This period was chosen because of
2
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the occurrence of relatively high temperatures, calm wind and clear sky conditions, which enhance
UHI effects (Arnefield, 2003). Although amateur stations are not fully compliant with the standards of
the World Meteorology Organization, they offer the possibility to study long-term temporal weather
data in urban areas (Steeneveld et al., 2011). Again, the weather station at Schiphol Airport was considered as reference station. All amateur stations showed a consistent relation between between
daily UHI max and daily maximum temperatures in the observed period. For our analysis we selected
the Watergraafsmeer station (Fig. 1) because of its proximity to the location where spatial variation
in temperatures was analysed.

Figure 1: Relation between UHI max and daily maximum temperature at Watergraafsmeer weather station

2.2

Simulating Future Urban Heat Island Patterns

The UHI effect is likely to become stronger in the future as both temperature and amount of urban
area are expected to increase. Dutch climate change scenarios indicate an increase of either 1°C or
2°C in the average yearly temperature for 2050 (Van den Hurk et al., 2006). This increase can be
translated into a likely UHI increase with the observed relation between daily UHI max and daily maximum temperatures described above: for each degree increase in daily maximum temperature the
UHI max is expected to increase by about 0.15°C. This impact is expected to be present within the urban area of Amsterdam (close to the amateur station on which it was based) and will decrease to 0
near the reference station. This relation is used to create a climate change correction factor that can
be applied to update the map depicting spatial variation in UHI effect.
To provide an outlook on future urban patterns we apply a land-use simulation model that is wellestablished in spatial planning and climate adaptation research in the Netherlands and beyond: Land

3

707

IMPACTS WORLD 2013, INTERNATIONAL CONFERENCE ON CLIMATE CHANGE EFFECTS,
POTSDAM, MAY 27-30

Use Scanner (Kuhlman et al., 2012; Koomen and Borsboom-van Beurden, 2011; Te Linde et al., 2011).
This GIS-based model is rooted in economic theory and integrates sector-specific inputs (e.g. regional
demand for residential land) from other, dedicated models. It is based on a demand-supply interaction for land, with sectors competing within suitability and policy constraints. To reflect the inherent
uncertainty in future socio-economic changes we have selected the two most diverging scenarios
from an existing Dutch scenario study (CPB et al., 2006). The Global Economy scenario is part of the
A1-scenario family in the SRES terminology and shows a substantial population growth and strong
economic growth. In the Regional Communities scenario (based on the B2-scenario family of SRES)
the population remains more or less stable, with modest economic growth and a higher unemployment rate.
Based on the simulated land-use patterns for 2040 we created two updated versions of the 2006
urban volume data set; one for each scenario. These were created according to the following rules: 1)
for locations where land use did not change between 2008 (base year for simulation) and 2040, the
urban volume values for 2006 were maintained; 2) for locations where land use changed the urban
volume value was updated to the average 2006 urban volume value of the corresponding new landuse type. This approach is an obvious simplification of potential future developments, but allows for
inclusion of changes in the urban fabric. The updated uban volume values were then used to create a
new set of maps depicting spatial variation in UHI effect.

3

Results

Using the statistical relations obtained in our explanatory analysis of local measurements of spatial
variation in UHI effect and a data set describing urban volume in Amsterdam we mapped spatial variation in the UHI effect for the entire city (Fig. 2). The results indicate how the UHI effect is thought
to be distributed over the greater Amsterdam area on an average June day corresponding to the
moment of our measurements.The inner city is clearly distinguishable with values up to 2.9° C. Moving outwards the temperature shows a gradual decrease. In the areas surrounding the old centre,
with lower urban density, the UHI effect is found to be between 1.5° C and 2.5° C. Still further from
the city the UHI pattern becomes more heterogeneous; with several areas with low UHI values representing open areas and areas with moderate UHI values following the suburban lobes of Amsterdam.
A second area with high UHI values represents a dense commercial district. It is interesting to note
that the outskirts of Amsterdam still show an UHI effect of around 0,95 °C, which is probably due to
the fact that we did not travel out of the uban sphere of influence.

4
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Figure 2: Spatial variation in UHI values the greater Amsterdam area

The simulated future UHI patterns are shown in Fig. 3-8. The legends for these maps are the same as
in Fig. 2. From these maps it can be observed that the UHI effect increases in both scenarios. This is
because of the increase in urban volume in both scenarios compared to the situation in 2006. The RC
scenario shows a concentrated UHI increase in areas with high urban volume values in the centre,
whereas the GE scnenario shows a more dispersed spread of the UHI. This follows from the stronger
focus on concentration of activity in the RC scenario, while the GE scenario allows more urban development at the edges of town. The increases in temperature following the climate scenarios result in
more extreme UHI values with maximum UHI valus in the centre rising to about 3.4° C.This may not
seem much, but one has to consider that we base our depictions on an average June night. On hot
summer days the UHI will be much larger.

5
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Figure 3: scenario RC with current temperature

Figure 4: scenario GE with current temperature

Figure 5: scenario RC with 1C° increase

Figure 6: scenario GE with 1C° increase

Figure 7: scenario RC with 2 C° increase

Figure 8: scenario GE with 2 C° increase
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4

Conclusion

Our measurements for the Amsterdam region in the Netherlands show that the urban heat island
effect induces maximum temperature differences with the surrounding countryside of over 3° C on
moderately warm summer days with a maximum daytime temperature of 20° C. The observed temperature difference between urban and rural areas increases by about 0.15° C for each degree increase in maximum daytime temperature. The simulations of potential future changes in urban heat
island patterns indicate that strong local temperature increases are likely due to urban development.
Climate change will, on average, have a limited impact on these changes. Large impacts can, however, be expected from the combination of urban development and potentially more frequent occurrences of extreme climatic events such as heat waves.
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Somemethodologicalissuesforimpact
modelsintercomparisonattheregionalscale
(watersector)
ValentinaKrysanovaandFredHattermann
PotsdamInstituteforClimateImpactResearch


Abstract—Bridgingthescalesbetweenglobalandregionalimpactresearchisneeded.Itcan
bedoneasatopͲdownorbottomͲupapproach.Forthat,projectionsofclimateimpactsmust
beprovidedattheregionalscalemoresystematically,andintercomparisonofregionalimpact
models is important to assure the robustness of results. Many questions arise on
methodologyoftheregionalmodelintercomparison.Theywillbeshortlydiscussedbelowin
relationmainlytotheregionalͲscalemodelintercomparisonforthewatersector.
IndexTerms—Hydrologicalmodel,modelintercomparison,regionalscale,riverbasin.
————————————————————

1

Introduction

Settingadequateclimatestabilizationgoalsanddesigningappropriateadaptationpoliciesshouldrelyon
asoundquantitativeunderstandingoftheanticipatedimpactsofclimatechangeunderdifferentemisͲ
sionscenariosand levelsof global warming. Inparticular, acomprehensive assessmentof climate imͲ
pactsisurgentlyneededwithintheIPCCprocess.However,thescientificknowledgeabouttheimpacts
ofclimatechangestillremainsfragmentary.Manystudieshavebeenundertakentoinvestigateclimate
changeimpactsforspecificsectorsandregionsaswellasglobally.Thoughthesestudiesareofvaluein
theirownright,aquantitativesynthesisofclimateimpacts,includingconsistentestimationofuncertainͲ
ties,ismissing.
Assessment of climate change impacts using globalͲscale models is necessary to provide a global
overviewandinformationfortheglobalpolicymakers.However,itisnotsufficientfordecisionmakersat
the regional scale, where impacts occur and adaptation strategies are designed, as the globalͲscale
modelling results are often not reliable at the regional scale. Therefore, bridging the scales between
globalandregionalimpactresearchisneeded,andcouldberealisedviaextensionoftheInterͲSectoral
Impact Model Intercomparison Project (ISIͲMIP) to the regional scale. It can be done as a topͲdown
approach,ifhotspotsareidentifiedattheglobalorcontinentallevel,andtheninvestigatedfurtherby
“zooming in” with the regional models. It can also follow a bottomͲup approach, if the outputs of
regionalmodelsareaggregatedandcomparedwiththeglobalresultseithertoincreasethereliabilityof
globalanalysis,ortoidentifyproblematicareasthatneedfurtherresearch.
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Therefore, projections of climate impacts must be provided at the regional scale more systematically,
and intercomparison of regional impact models is importanttoassure the robustness of results which
could be used later for exploring the adaptation strategies. The objectives of the impact models
intercomparisoncouldbeasfollows:
(1) tocompareimpactsanduncertaintyrangesproducedbyglobalandregionalimpactmodelsfor
thehotspotorrepresentativeregions,or
(2) to compare impacts andquantify uncertainties from differentsources in a systematical way at
theregionalscale:byusingasetofclimatescenariosfromseveraldrivingclimatemodelsanda
setofregionalͲscaleimpactmodels.
Besides, the intercomparison of the regionalͲscale impact models for one sector (e.g. water) can
contribute to the crossͲsectoral integration of impacts for selected regions, when impact studies for
different sectors are combined. In this paper some important methodological questions in relation to
study objectives (1) and (2) and mainly related to the intercomparison of regionalͲscale hydrological
impactmodelswillbediscussed.

2

Discussionofmethodologicalquestions


Many questions arise on methodology of the regional model intercomparison related to the choice of
representative regions, datasets, metrics for the intercomparison, methods of uncertainty estimations,
etc.Ofcourse,itisnotfeasibletodiscussallthesequestionsindetailinashortpaper.Therefore,only
someimportanthintsbasedontheownexperience(seee.g.Aichetal.,Hattermannetal.,Huangetal.,
Vetteretal.onthiswebpage)willbesuggestedforthefollowingninequestions:
1) Whatistheappropriatescalefortheregionalimpactassessment?
2) Howtochooseasetofrepresentativeregionsondifferentcontinents?
3) How to apply spatially distributed and point models for the same region doing intersectoral
assessments?
4) Whichdatasetsshouldbeused?
5) Whichcommoncriteriashouldbeusedforthemodelsvalidationpriortoimpactassessment?
6) Whatareappropriatemetricstobeusedformodelperformanceandcomparisonofimpacts?
7) Howtoaccountforhumanmanagement,whichcouldinfluencethemodellingresults?
8) Howtoquantifyandcompareuncertaintiesfromdifferentsources?
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9) How could the results of impact assessment be linked most effectively to the development of
adaptationstrategies?

2.1

Appropriatescalefortheregionalintercomparisonandchoiceofregions

Whichcriteriatouseforchoosingthefocusregions?FortheglobalͲscalemodellingtherearelessspeͲ
cificmodellingrestrictions,asmostofsuchmodelsarenotadjustedorvalidatedforspecificregionsin
advance.Therefore,thechoiceoffocusregionscouldbebasedonsuchcriteriaas“maximumdiversity“:
covering different climatic zones and geomorphological conditions on all continents, or “maximum
threat”:includingmost vulnerable forhumansociety regions.However, the regional modelling usually
involves adjustment to specific regional conditions and verifying how the model represents observed
variables, such as river discharge or crop yield, and the same procedure is also used by some global
models.Thisprovideshigherreliabilityandcloserconnectiontoadaptationstrategies,butrequiresmore
effortsforthemodelvalidation.Besides,theinputdatarequirementsfortheregionalscaleareusually
higher.Therefore,thechoiceoffocusregionsfortheregionalͲscalemodellersdependsondataavailabilͲ
itytoalargerextent,andisnotasfreeasfortheglobalscalemodellers.
Appropriatescale:howlargeshouldtheregionsbe?Fortheimpactassessmentconsideringwatersector
theriverbasinrepresentsanaturalspatialunitfortheanalysis.BasinsofdifferentscalescouldbeconͲ
sidered,forexample:
Riverbasinscale

Drainagearea

Examples

thelargest

above1.000.000km2

Niger,Amazon,Lena,Mackenzie,Volga
2

verylarge

500.000Ͳ1.000.000km 

Danube,Ganges,Yukon,Mekong

large

100.000Ͳ500.000km2

Rhine,BlueNile,UpperMississippi

mediumtolarge

2

20.000Ͳ100.000km 

subbasinsoftheabovebasins

Thebasinswhichwererecentlysuggestedbyregionalmodellers(watersector)invitedtoparticipatein
theISIͲMIPandwhichcouldbepotentiallyincludedintheintercomparisonarepresentedinFig.1.For
the globalͲscale impact study providing results for the largest basins like Amazon is not a problem
(though the results quality is another question). However, for the regional modellers the model
validation for a basin with the drainage area of about 500.000 km2 is a challenge. In this case the
modelling results should be verified not only for the total area and the river outlet, but also for
intermediategauges.TheregionalͲscalemodelsareoftenscaleͲspecific,andtheirapplicabilitydepends
alsoonthemodeller’sexperience.
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Fig.1.Riverbasinsthatcouldpotentiallybeincludedinthemodelintercomparisonattheregionalscale
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Therefore,iftheideaistointercomparebothglobalandregionalͲscalemodels,thefocusregionsshould
bechosenconsideringclimaticandgeomorphologicalconditions,dataavailability,andputtingattention
on regions or river basins where the regionalͲscale models have already been validated and applied
(followingapragmaticchoice).BothlargeandmediumͲscaleregionscouldbecoveredinthestudy.
Howtoapplybothspatiallydistributedandpointmodelsforthesameregion?Thisquestionariseswhen
the regionalͲscale study involves several sectors, e.g. forestry and agriculture along with the water
sector. Then the spatially distributed or semiͲdistributed hydrological models could be applied at the
river basin scale, and the lumpedpointmodels(crop models,vegetationmodels) could beappliedfor
selectedrepresentativepointswithintheseriverbasins.Itisimportanttotakeintoaccountdiversityof
climateconditionswithintheregionwhenchoosingthepoints.

2.2

Datasetstobeused

Forthemodelintercomparisonnecessaryinputdatacouldbetakenfromnationalsourcesoravailable
global datasets. If the study is planned to be done for river basins on all continents, data from global
datasets,suchastopography,soils,vegetation,landuse,climateanddischargeshouldbepreferred.For
the model validation observed climate data for the historical period or data from the WATCH project
couldbeused.Regardingregionalclimatescenariodata,CORDEXisnowproducinganimprovedgeneraͲ
tion of regional climate change projections (http://www.meteo.unican.es/en/projects/CORDEX) worldͲ
wideforimpactstudieswithintheAR5andbeyond.CORDEXsimulationsforEuropeandAfricaareready.
Forexample,thefollowingdatafromtheglobaldatasetscouldbeconsideredforthewatersector:
Variable

Source/Name

Description

Climate

Climatescenarios
Topography

WATCH

CORDEX
SRTM

GLC2000

Dailyprecipitation,temperature(mean,min,max),humidityandsolar
radiationreanalysisdataat0.5arcdegreegridglobaldataset,1957Ͳ2001.
Mainclimateparameterswitha50kmgridspacing.

Landuse/cover

Corine2000

GlobaldigitalelevationmodelconstructedfromtheShuttleRadarTopograͲ
phyMission(SRTM)indecimaldegreesat3arcsecondsresolution(~90m).
GlobalLandCover(GLC)2000mapbytheECJointResearchCentrewith22
landcovertypes.
CorineLandCover2000bytheEuropeanEnvironmentalAgencywith44land
covertypes.

Soil

HWSD

TheHarmonisedWorldSoilDatabase(HWSD)fromtheFAO.

Soil

ESDB

Europeansoildatabase(JRC).

Waterdischarge

GRDC

Daily/monthlydischargedatafromtheGlobalRunoffDataCenter(GRDC).
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Checking important inputdata, such as climate, may be alsonecessary in advance. For example, solar
radiation is an important input parameter definingto a large extent the simulated evapotranspiration.
Therefore,incasethereanalysisdata(e.g.themeteorologicalforcingdatasetfromtheWATCHproject)is
used,theradiationdatashouldbecomparedwiththeavailableobserveddatawherepossible.

2.3

Modelvalidationandmetricstobeusedforintercomparisonofimpacts

ThemodelvalidationisausualprocedurefortheregionalͲscalehydrologicalmodels.Commoncriteriaof
fitshouldbeusedforallmodelsandregionssuchastheNashandSutcliffeefficiency(NSE)andpercent
bias(PBIAS),seeanexample:riverdischargefortheNigermodelledwithVIC(fromVetteretal.).
Niger, NSE = 0.88, PBIAS = 4%
9000

9000

obs

obs
7500

7500

VIC

6000
m3/s

m3/s

6000
4500

4500
3000

3000

1500

1500

0

0
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VIC

1

1963 1964

1965 1966

1967 1968

2

3

4

1969 1970

5

6

7

8

9

10 11 12

mon.


Forlargerscalehydrologicalstudies,ideally,thevalidationshouldbedoneasmultiͲscale(attheoutlet,
for main tributaries, and including gauges located in different landscapes of the basin), multiͲcriterial
(usinge.g.dataongroundwaterdynamicsorevapotranspirationinadditiontoriverdischarge)andconͲ
sideringdifferenttimeperiodsforcalibrationandvalidatin.Thisofcourseputshighrequirementsonthe
datasetsneededintermsofinputandvalidationdata,andcompromisesregardingdataavailabilityand
validation strategyfor certain regionscouldbe needed. In addition, sensitivityand uncertainty studies
arenowadaysastandardinmodelstudiesthoughtheyareoftentimeconsuming.
Ifanintercomparisonofglobalandregionalmodelsisplanned,checkingthequalityoftheglobalmodelͲ
lingresultsforthefocusregionsisalsonecessary.
Themetricstobeusedfortheintercomparisonwillsurelybesectorspecific.Forthewatersectorsuch
metricsas30Ͳyraverageseasonal(monthly)riverdischargeandmappedspatialpatternsofmajorwater
flow components could be used. For the comparison of impacts on hydrological extreme events such
metricsasreturnperiodof50yrflood,deficitvolume,andpercentilesQ10andQ90couldbeused.
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2.4

Accountingforhumanmanagementorignoringit?

Thelargebasinsusuallyincludewatermanagementfacilities,whichcansubstantiallydisturbwatercycle
inabasin.Probably,themostimportantinfluencessuchasthelargereservoirs,largewatertransfersand
major irrigation schemes should be considered in the impact models. For some hydrological models,
whichdonotincludeanalgorithmrepresentingwatermanagement,thiscouldbeachallenge.Forthat,a
possiblesolutioncouldbetodevelopthesimplemodulesfor“reservoirs”and“irrigation”(seee.g.Koch
etal.onthiswebpage)whichcouldbeincludedinthemodels.
Howeverthebasinswithveryheavywatermanagement,wherewaterdemandisapproachingthewater
availability level and the natural river discharge is hardly biased, and data on water management is
scarce,shouldprobablybeexcludedfromtheintercomparison,becausetheprimarypurposeistoevaluͲ
ateclimateimpactonthenaturalwaterdischarge.

2.5

Quantificationofuncertainties

Whileitisimpossibletoquantifytheentireuncertaintyrangerelatedtoclimatechangeimpacts,theaim
oftheimpactmodelintercomparisonistofocusonthequestionhowmuchuncertaintyisaddedbythe
impactmodelsinrelationtotheemissionscenariosandclimatemodelsuncertainties.Thishasnotyet
beendoneinasystematicwayandfordifferentregionsandsectorsatthesametime,andisthereforea
major concern when discussing climate change impacts worldwide in the light of potential adaptation
strategiesthatareoftencostly.What,forexample,istherangeofpossiblechangesinriverdischargeor
crop productivity in a certain region when comparing impacts driven by different emission scenarios,
global and regional climate models, and to what extent do the impact models agree in the trends of
change?Isthisconsistentindifferentregionsorclimatezonesandfordifferentsectors?WhatiftheunͲ
certaintyrangesareveryhigh,andagreementlow?Thesequestionshavetobeaddressedbythemodel
intercomparisonstudies.

2.6

Linkingimpactresultstoadaptationstrategies

Quantifying the impacts is normally the logical first step when designing climate change adaptation
strategies.Theresultsoftheimpactmodelintercomparisonhavecertainlythepotentialtoincreasethe
robustnessofimpactquantificationsforcertainregionsandinturnalsothereliabilityofpossibleadaptaͲ
tionstrategiesbasedonthem.However,itisalsopossiblethatinsomecasestheuncertaintyrangeswill
betoolarge,andnoclearstatementscouldbederived.Linkingoftheimpactresultstoadaptationcan
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bedonein two ways:A) inregions, whereclimatechangeadaptationstrategies alreadyare being disͲ
cussedorinplace,theoutcomesoftheimpactmodelintercomparisoncanbeappliedtocrossͲcheckthe
underlyingassumptionse.g.ontrendsandstrengthofchange;B)inotherregionstheimpactmodelscan
beusedinordertoinvestigateeffectsofcertainpotentialadaptationmeasures.WhilevariantAisdoable
inafasttrackmanner,variantBwouldcertainlyimplymoreworkandbasicdiscussionsonpossibleadapͲ
tationmeasuresandassociatedsocioͲeconomicscenarios.

3

Summary

ThediscussedquestionscouldcontributetothedevelopmentofaConceptualframeworkfortheImpact
ModelsIntercomparisonattheregionalscaleintheframeworkofISIͲMIP.Moreover,themethodological
issuesraisedanddiscussedinthispapershouldbuildabasisforpreparingthemodellingprotocolforthe
modelintercomparisonattheregionalscale.
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RapidUrbanImpactAppraisal
MatthiasK.B.Lüdeke&OleksandrKit


Abstract
BridgingtheglobalͲregionaldivideinclimateimpactresearchforurbanareasmeansto
establishacomprehensivepicturewhichcoversallurbanagglomerationoftheworld.This
isdifferentfromthecaseof,e.g.,hydrologicalimpactmodelingwherecoarseͲscaled
(spatialandfunctional)globalmodelsanddetailedregionalstudieshavetobebrought
together.Thereforewesuggestastructuredapproachtowardsafullspatialand
functionalcoverageofurbanimpactanalyses:(1)FilteringͲallurbanagglomerationsare
identifiedwhereaspecificClimateChangeimpactpathisprobablyrelevantoreventhe
dominantoneand(2)atargeted,fastquantitativeimpactassessmentoftherespective
impactpathisperformedfortheseurbanareas.Step(1)startswiththeexisting
knowledgeonpotentialurbanimpactpathsandextractsthroughdifferentnatural,social
andeconomicfilteringstepstheurbanagglomerationswheretheseimpactpathshaveto
bestudiedquantitatively.Instep(2)thisisdonebyapplyingasetoftoolswhichare
mainlybasedonurbanremotesensingtoovercomethedatascarcitybottleneck.Itoccurs
thatsinglefilteringstepsandtoolscanbereusedfordifferentimpactpaths.Toillustrate
theapproachwepresentafilteringexample,resultinginaglobalmapwhichshowsthe
urbanagglomerationswherethefollowingimpactpathisrelevant:pluvialfloodingof
slumsettlementsunderincreasingfrequencyofheavyraineventsToexemplifystep(2)
wepresentaremotesensingbasedtoolsetforquantitativeassessment.
IndexTerms—climateimpactassessment,urbanagglomerations,remotesensing,data
scarcity
————————————————————

1 Introduction
Severalsinglestudiesonclimatechangeimpactsonurbanagglomerationsareavailablewhilea
globalimpactmodelfortheurbanagglomerationsoftheworlddoesnotexist.Soinurbanimpact
researchthemethodologicalchallengeofbridgingtheglobalͲregionaldivideisdifferentfromthe
caseof,e.g.,hydrologicalimpactmodelingwherecoarseͲscaled(spatialandfunctional)globalmodͲ
elsanddetailedregionalstudieshavetobebroughttogether.However,globalcoverageofurbanimͲ
pactassessmentsisnecessarybecause(1)eachurbanareashouldhaveatleastaroughestimateof
climatechangeimpactstheywillencounterasafirstorientationforlocaladaptationdecisions,(2)
thesumofalllocalurbanadaptationcosts/effortshastobeincludedintotheglobalbalancebeͲ
tweenadaptationandmitigationand(3)international(EU,UN)policiesthatneedtostrikeabalance
betweenthecostsandbenefitsforindividualmemberstatesneednationalquantitativeestimateds
ofimpactsonurbanareas.
Inthispaperwesuggestanapproachtowardsamorecomprehensiveandsystematicglobalurban
impactassessmentwhichidentifiessubsetsofcitiesbeingsensitivitetospecificclimatechangeimͲ
pactsandprovidestoolsforquantitativeimpactassessmentalongthesespecifities.Inparticular
thesequantitativeassessmentsareratherdifficultinlargeurbanagglomerationsindevelopingand
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newlyindustrializedcountries.Mostoffutureurbanizationwillhappenherebutduetoinformality
andrapidnessofdevelopmentthedatabasisisforquantitativeimpactassessmentisoftenunsuffiͲ
cient.Theassessmenttoolshavetoreflecttheseconditionsby,e.g.,usingurbanremotesensing
techniquesfordataacquisitiontoovercomethedatabottleneck.Startingfromexperiencesgainedin
acomprehensiveimpactassessmentforHyderabd/Indiaweproposeasystematicandfeasiblewayto
obtainaglobalandquantitativeoverviewonclimatechangeimpactsoncities.Wefurthermoreshow
aspecificexamplewherewealreadyappliedthisapproach.Inthefollowingsectionwesketchthe
basicstructureoftheapproach,insection3wegiveanexamplefortheidentificationofcitysubsets
withsimilarimpactsensitivitiesandinsection4anexampleforaquantitativeimpactassessment
tool.

2 BasicIdea:atwoͲstepprocedure
Wesuggestastructuredapproachtowardsafullspatialandfunctionalcoverageofurbanimpact
analyses:
(1)FilteringͲallurbanagglomerationsareidentifiedwhereaspecificClimateChangeimpactpathis
probablyrelevantoreventhedominantoneand
(2)Atargeted,fastquantitativeimpactassessmentoftherespectiveimpactpathisperformedfor
theseurbanareas.









Figure1:Subsetofurbanclimateimpactpaths.Theredpathwillbeexemplarilyanalyszedusingthe
suggestedrapidurbanimpactappraisalapproach(hereimpactpathsweretakenfromReckienetal.
2011)

Step(1)startswiththeexistingknowledgeonpotentialurbanimpactpathsandextractsthroughdifͲ
ferentnatural,socialandeconomicfilteringstepstheurbanagglomerationswheretheseimpact
pathshavetobestudiedquantitatively.Theimpactpathsarecharacterizedbyaspecificclimatic
stimulus(e.g.aflood,heatwaveorstormevent),anexposureunit(e.g.thetrafficsystem,settleͲ
ments,thewatersupplysystem)andthetypeofimpact(e.g.structuraldamage,operationaldeterioͲ
rationorhealthimpacts)–seeFig.1.Sourcesfortheseimpactpathsarethenumerousdetailedcase
studiesforsinglecities(forourexampleweusedtheHyderabadcaseasastartingpoint).Oncean
impactpathischosen,filterscanbeconstructedwhichexcludeurbanareaswheretherespective
climaticstimulusortheexposureunitareirrelevant.ThesefiltersarebasedonglobaldatasetscharͲ
2
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acterizingclimatological,physicalandsocioͲeconomicpropertiesoftheurbanareasfromdifferent
sources.Theclimaticstimulus“Pluvialflooding”forinstancewillbeonlyrelevantforcitiesinclimatic
zoneswithstrongrainevntsandahillyurbanorography.Ontheotherhand,“fluvialflooding”reͲ
quiresacitywithalargeupstreambasin.ThisstimulusisnottobeexpectedforlocationsnearwaterͲ
sheds.Thebenefitofthisfilteringstepforaspecificcasestudyisthepriorisationoftheimpactpaths
tobestudied.Regardingtheglobaloverviewalreadythisfirststepresultsinaninterestingmapof
urbanagglomerationsbeingsensitivetowardsthesamespecificimpactpath.Forstep(2)anurban
remotesensingorientedtoolboxwasdevelopedtoquantifyimpactsalongthechosenrelevantimͲ
pactpath.InFigure1differenturbanimpactpathsaredisplayedexemplarily(see,e.g.,Reckienetal.,
2011).Theredimpactpathasksforthenumberofslumdwellersseverelyaffectedbypluvialflooding
andhowthiswouldchangeunderclimatechange.

3 Anexampleforthefilteringstep
InthefollowingwewilldemonstratethefilteringstepsfortheredimpactpathinFig.1,dealingwith
theclimaticstimulusofpluvialflooding.
Figure2illustratesthefilteringstepsnecessarytoidentifyurbanareaswhicharesusceptibletothe
choosenimpactpath.Thefirstfilteringstepexcludescitiesinclimaticzoneswhichtypicallydonot
experiencehighintensityrainfalleventsasgivenbytheKoeppenͲGeigerclimaticzones.Thesecond
step identifies urban agglomerations which are not sensitive to fluvial flooding because they are
closetoawatershed(i.e.veryupstreamintheriverbasin,withinabufferzonearoundthewatershed
of100km)andfarfromcoasts(noestuary,atleast50kmdistancefromcoast).Step3excludescities
whichdonotshowahillyurbanlandscape(smallmeanabsolutcurvature)andatleasturbanareas
withalowprobabliltyofslumoccurrence(lessthen3%urbanslumpopulationaccordingtoUNstaͲ
tistics)arefilteredout.ThereddotsinFig.2ddenotetheremainingurbanareaswhicharesusceptiͲ
bletowardsthechosenimpactpath.Fig.3zoomsintotheglobalresultandshowsthecitieswhere
theslumpopulationispotentiallyendangeredbypluvialflooding.Insection4wewillshowforone
ofthesecitieshowtodoafastquantitativeimpactassessmentalongthisimpactpath.
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A


B


C


D


Figure2:Largeurbanagglomerations(>1000km2)filteredforthefollowingcharacteristics:
a)experiencinghighintensityrainfall,b)additionallyclosetowatershedsanddistantto coasts,c)
additionally hilly urban landscape d) additionally high probability of urban slum settlements. Red:
urbanagglomerationsremainingaftertherespectiveconsecutivefilteringsteps.Blackandgrey:agͲ
glomerationsexcluded.
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Figure3:LargeurbanagglomerationsinIndiawhicharesusceptibleforpluvialfloodingofslumsetͲ
tlements(detailofFig.2d)

4 Fastquantitativeimpactassessment
In this section we present an example for the second step. We choose the impact path of pluvial
floodingofslumsettlementsforwhichweintroducedtheglobalfilteringinsection3.Theidentified
urbanagglomerationsareaffectedbythisprocessbutthequantitativeimpacthasstilltobedeterͲ
mined.InFigure4weshowallstepstobeperformedforobtainingthequantitativeimpactandits
uncertainty for the example of Hyderabad/India. Fig. 4a shows urban locations which are severely
floodedunderdifferentprojectionsofthe“onceintwoyearpercentile”ofexpecteddailyprecipation
depending on different global emission scenarios (B1, A2). For the present Hyderabad climate this
percentileamountsto80mm/dayandwaschosenduetohistoricalevidenceofsevere,cityͲwideimͲ
pacts.Ifpossible,forothercitiesaffectedbythisimpactpaththisthresholdhastobeempiricallyverͲ
fified.TherangeoftheprojectionsoftheconsideredclimatevariableisdenotedbythehatchedrecͲ
tangles in Fig. 4a, top. Half of the considered global climate models (AOGCMs from the IPCC AR4
modelensemble)projectvalueswithinthisrangeaftertheywerestatisticallydownscaledtotheHyͲ
derabad region (Lüdeke et al., 2012). To identify which additional areas will be affected by severe
floodinginthefutureaflowͲaccumulationanalysiswasperformed(DEMtakenfromSRTMremote
sensing, see Kit et al., 2011). To identify the exposure unit, a remote sensing (QuickBird satellite)
based identification of slum areas was developed. Here we use the relation of the urban texture
(measuredbylacunarity)withtheprobabilityofslumoccurrencebecauseslumareasshowatypical
settlementstructure(Kitetal.,2012).AppliedtodifferentQuickBirdtimeslicesitallowstoidentify
spatiallyexplicittrendsinslumdevelopmentduring2003to2010(Kitetal.,2013)asshowninFig.
4b.Thiscurrenttrend(roughly:reducedslumpopulationinthecentralpartofthecity,mostlydueto
slumupgradeandnewlyoccurringslumareasatthefringeoftheinnercity)wasusedtogetherwith
5
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projectionsofthetotalpopulationtoproduceplausiblescenariosoffutureslumdevelopmentupto
2050.InFig4ctheimpactonslumdwellersisquantified.ItshowsthewardͲwiseevaluationofaddiͲ
tional slum dwellers severly affected by future pluvial flooding in 2050 under the A2 scenario, the
extrapolated current slum development and the assumption of exponential population growth
withinthecity.Clearspatialhotspotscanbeidentifiedwhichimplyprioritizationofe.g.stormdrainͲ
age improvement activities. The total number amounts to about 78000 dwellers additionally afͲ
fected,theuncertaintyrangeof[20000,193000]takesintoaccountthewholerangeofclimateproͲ
jectionsbytheensembleoftheAOGCMs,includingtheoutliers.AssumingtheaverageclimateproͲ
jection and changing between exponential and linear population growth generates an uncertainty
rangeofthesameorderofmagnitude.



Fig.4:FastquantitativeclimatechangeimpactassementforHyderabad/IndiawithregardtotheexͲ
pectednumberofslumdwellersseverelyaffectedbypluvialfloodingunderclimatechange.a)DriveͲ
r:onceintwoyearpercentileofexpecteddailyprecipationunderdifferentglobalemissionscenarios
(B1,A2,fordetailsseetext).FlowͲaccumulationbasedidentificationofareasseverelyaffectedbythe
resultingpluvialflooding(Kitetal.,2011).b)Remotesensingbasedidentificationofslumareas(Kit
et al., 2012). c) WardͲwise evaluation of the number of slum dwellers additionally severly affected
underfuturepluvialflooding(fordetailsseetext)undertheA2scenarioandtheassumptionofexͲ
ponentialpopulationgrowthwithinthecity.
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5 Conclusions
ThepresentedexamplesforthefilteringofcitiesaffectedbyspecificimpactpathsshowedhowcomͲ
parable subsets of cities can be identified and then, in a second step, be further investigated with
similaranalysistoolstoobtainquantitativeimpacts.Theexamplefromsection4forsuchatoolset
mailydependsonremotelysensedandgloballyavailableinputdatasets,i.e.globaldataavailability
wouldallowtoapplyittoallfilteredcitiesresultinginaworldwidequantitativeevaluationofthe“seͲ
verepluvialfloodingofslumdwellers”impactpath,relyingonaminimumofgroundbaseddata,inͲ
cluding some calibration data for the slum identification algorithm, at least exemplarily for larger
worldregionslikeIndia,SouithͲAmerica,Africa.
Slightmodificationsandrecombinationofthefilteringstepsinsection3yielddifferentbutalsovery
relevantpathssothatanincreasingcollectionofsuchpartialfilterswillcoveraverylargenumberof
relevantclimateimpactpaths.Thesefiltersrelyonaggregated,structuralindicatorsforurbanareas
whicharerelatedtothesensitivitytowardsclimatechange.FurtherresearchtodiscoversuchrelaͲ
tions is a prerequisite for achieving a more comprehensive overview on climate impacts on cities.
The proposed approach provides a framework to integrate this kind of partial knowledge in a sysͲ
tematicmannerͲpossiblyleadingtoawellfoundedglobalpictureofurbanclimatechangeimpacts.
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WƌĞƉĂƌŝŶŐĨŽƌůŝŵĂƚĞŚĂŶŐĞ͗ĂŶĂĚŝĂŶ
ŐƌŝĐƵůƚƵƌĞĚĂƉƚŝŶŐĂŶĚ/ŶŶŽǀĂƚŝŶŐ
Z͘:͘DĂĐ'ƌĞŐŽƌϭ͕d͘Žůǁŝůůϭ͕͘ŚĂŶŐϮ


ďƐƚƌĂĐƚ
tĞĂƚŚĞƌ ĚĞƉĞŶĚĞŶƚ ƐĞĐƚŽƌƐ ƐƵĐŚ ĂƐ ĂŐƌŝĐƵůƚƵƌĞ ĂƌĞ ŚŝŐŚůǇ ǀƵůŶĞƌĂďůĞ ƚŽ ǁĞĂƚŚĞƌ ĂŶĚ ĐůŝŵĂƚĞ
ĐŚĂŶŐĞ͘ 'ŽǀĞƌŶŵĞŶƚƐ ŝŶǀĞƐƚ ĐŽŶƐŝĚĞƌĂďůĞ ĚŽůůĂƌƐ ĂŶĚ ŚĂǀĞ ŵƵůƚŝƉůĞ ƉŽůŝĐŝĞƐ ƚŽ ŝŵƉƌŽǀĞ
ƉƌŽĚƵĐƚŝǀŝƚǇ͕ ĞŶŚĂŶĐĞ ĐŽŵƉĞƚŝƚŝǀĞŶĞƐƐ͕ ƐƵƉƉŽƌƚ ŝŶŶŽǀĂƚŝŽŶ ĂŶĚ ŚĞůƉ ŵĂŶĂŐĞ ƌŝƐŬƐ͘ dŚĞ ĂŶĂĚŝĂŶ
ĂŐƌŝĐƵůƚƵƌĂůƐĞĐƚŽƌĐŽŵƉĞƚĞƐŝŶƚŚĞŐůŽďĂůŵĂƌŬĞƚƚŚƵƐƵŶĚĞƌƐƚĂŶĚŝŶŐŚŽǁƌĞŐŝŽŶĂůĐŚĂůůĞŶŐĞƐĐŽƵůĚ
ŝŵƉĂĐƚĂŶĂĚĂ͛ƐĂďŝůŝƚǇƚŽĐŽŵƉĞƚĞŝŶŐůŽďĂůŵĂƌŬĞƚƐǁŝůůďĞĐƌŝƚŝĐĂůƚŽĚĞǀĞůŽƉŝŶŐĂƉƉƌŽƉƌŝĂƚĞƉŽůŝĐǇ
ƌĞƐƉŽŶƐĞƐ͘ ŵƉůŽǇŝŶŐ ĂŶ ŝŶƚĞŐƌĂƚĞĚ ĂƐƐĞƐƐŵĞŶƚ ĨƌĂŵĞǁŽƌŬ͕ 'ĞŶĞƌĂů ŝƌĐƵůĂƚŝŽŶ DŽĚĞů ;'DͿ
ƐĐĞŶĂƌŝŽƐǁŝůůďĞĚŽǁŶƐĐĂůĞĚƚŽƉƌŽǀŝĚĞƌĞŐŝŽŶĂůĐůŝŵĂƚĞĚĂƚĂƚŽƌƵŶĐƌŽƉŵŽĚĞůƐƚŽĂƐĐĞƌƚĂŝŶŚŽǁ
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/ŶƚĞŐƌĂƚĞĚůŝŵĂƚĞ;W/ͿŵŽĚĞůŝƐĞŵƉůŽǇĞĚ͘dŚŝƐĚĂƚĂǁŝůůĨĞĞĚŝŶƚŽĂƉĂƌƚŝĂůĞƋƵŝůŝďƌŝƵŵ͕ƌĞŐŝŽŶĂů͕
ƐĞĐƚŽƌŵŽĚĞůĨŽƌĂŶĂĚĂ͘dŚŝƐǁŝůůƉƌŽǀŝĚĞƚŚĞďĂƐŝƐƚŽŝŶŝƚŝĂƚĞĂŶĂůǇƐŝƐŽĨǀĂƌŝŽƵƐĂĚĂƉƚĂƚŝŽŶƉŽůŝĐŝĞƐ
ĐŽǀĞƌŝŶŐ ĂŐƌŽŶŽŵŝĐ ĚĞĐŝƐŝŽŶƐ ĂŶĚďƵƐŝŶĞƐƐ ƌŝƐŬ ŵĂŶĂŐĞŵĞŶƚ ƉƌŽŐƌĂŵƐ ;ĐƌŽƉ ŝŶƐƵƌĂŶĐĞͿ͘ dŚĞ
ŽďũĞĐƚŝǀĞŝƐƚŽƉƌŽǀŝĚĞƉŽůŝĐǇƌĞůĞǀĂŶƚĂŶĂůǇƐŝƐƚŽŚĞůƉĚĞĨŝŶĞƚŚĞƌĂŶŐĞŽĨƉůĂƵƐŝďůĞŽƵƚĐŽŵĞƐƚŚĂƚ
ĐŽƵůĚĐŚĂůůĞŶŐĞĂŶĂĚŝĂŶĨĂƌŵĞƌƐŝŶƚŚĞĨƵƚƵƌĞ;ϮϬϰϬͲϮϬϲϵͿĂŶĚƌĞĨůĞĐƚƚŚŝƐďĂĐŬŝŶƚŽƚŚĞƐƚƌĂƚĞŐŝĐ
ƉŽůŝĐǇ ĚŝƌĞĐƚŝŽŶ ĨŽƌ ƚŚĞ ƐĞĐƚŽƌ ƚŽ ĚĞƚĞƌŵŝŶĞ ŚŽǁ ƌŽďƵƐƚ ĂŶĚ ƌĞƐŝůŝĞŶƚ ĐƵƌƌĞŶƚ ƉŽůŝĐǇ ŝƐ ĂŶĚ ŝĨ ƚŚĞ
ĐƵƌƌĞŶƚŝŶǀĞƐƚŵĞŶƚŝŶƚĞĐŚŶŽůŽŐŝĐĂůĚĞǀĞůŽƉŵĞŶƚŝƐƐƵĨĨŝĐŝĞŶƚ͘
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ŵĂŐŶŝƚƵĚĞ͕ƐŽŵĞƚŝŵĞƐŝŶƉŽƐŝƚŝǀĞǁĂǇƐ͕ďƵƚĂůƐŽǁŝƚŚĞŵĞƌŐŝŶŐŶĞŐĂƚŝǀĞĐŽŶƐĞƋƵĞŶĐĞƐ;EĞůƐŽŶĞƚĂů
ϮϬϬϵͿ ŝŶ ƉĂƌƚŝĐƵůĂƌ ĚƵĞ ƚŽĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ƚŚĞ ŽĐĐƵƌƌĞŶĐĞ ĂŶĚ ƐĞǀĞƌŝƚǇ ŽĨ ĞǆƚƌĞŵĞ ĞǀĞŶƚƐ ;>ĞŵŵĞŶ


ϭ

Ϯ

ŐƌŝĐƵůƚƵƌĞĂŶĚŐƌŝͲ&ŽŽĚĂŶĂĚĂĂŶĚ EĂƚƵƌĂůZĞƐŽƵƌĐĞƐĂŶĂĚĂ͕KƚƚĂǁĂ͕KŶƚĂƌŝŽ͕ĂŶĂĚĂ͘
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ĞĚƐ͕ ϮϬϬϳͿ͘ ĂŶĂĚĂ ŝƐ ŶŽƚ ŝŵŵƵŶĞ ĂŶĚ ĂůƌĞĂĚǇ ǁĞ ƐĞĞ ƐŝŐŶŝĨŝĐĂŶƚ ĐŚĂŶŐĞƐ ĨƌŽŵ ŚŝƐƚŽƌŝĐ ǁĞĂƚŚĞƌ
ƉĂƚƚĞƌŶƐŝŶĐůƵĚŝŶŐƐƵŵŵĞƌƚĞŵƉĞƌĂƚƵƌĞƐĐŽŶƐŝƐƚĞŶƚůǇĂďŽǀĞůŽŶŐƚĞƌŵ ĂǀĞƌĂŐĞƐ͕ ŝŶĐƌĞĂƐĞƐ ŝŶ ĨƌŽƐƚ
ĨƌĞĞ ĚĂǇƐ ĂŶĚ ĞĂƌůŝĞƌ ŽŶͲƐĞƚ ŽĨ ƐƉƌŝŶŐ͕ ĐŚĂŶŐĞƐ ŝŶ ƉƌĞĐŝƉŝƚĂƚŝŽŶ ƉĂƚƚĞƌŶƐ ĂŶĚ ǁŽƌƌŝƐŽŵĞ ƚƌĞŶĚƐ ŝŶ
ĞǆƚƌĞŵĞ ĞǀĞŶƚƐ ʹ ĚƌŽƵŐŚƚƐ ĂŶĚ ƐƵŵŵĞƌ ĨůŽŽĚŝŶŐ ;tŚĞĂƚŽŶ Ğƚ Ăů͕ ϮϬϭϬͿ͘  dŽ ƉƌĞƉĂƌĞ ĨŽƌ ƚŚŝƐ
ĞŵĞƌŐŝŶŐƌĞĂůŝƚǇ͕ƚŚĞĂŶĂĚŝĂŶŐŽǀĞƌŶŵĞŶƚŚĂƐďĞĞŶŝŶǀĞƐƚŝŶŐŝŶƌĞƐĞĂƌĐŚĂŶĚĨŽƌĞƐŝŐŚƚĂĐƚŝǀŝƚŝĞƐƚŽ
ďĞƚƚĞƌƵŶĚĞƌƐƚĂŶĚƚŚĞƌĂŶŐĞŽĨƉŽƐƐŝďůĞŝŵƉĂĐƚƐĂŶĚďǇƐŚĂƌŝŶŐƚŚĞƐĞǁŝƚŚƐƚĂŬĞŚŽůĚĞƌƐĂŶĚŚŽůĚŝŶŐ
ĚŝƐĐƵƐƐŝŽŶƐ ƚŽ ĨŽƌŵƵůĂƚĞ Ă ƐƚƌĂƚĞŐŝĐ ĚŝƌĞĐƚŝŽŶ ĨŽƌ ƉŽůŝĐǇ ƚŽ ƐƵƉƉŽƌƚ ĂĚĂƉƚĂƚŝŽŶ ƚŽ ŵĞĞƚ ƚŚĞ ĨƵƚƵƌĞ
ĐŚĂůůĞŶŐĞƐĂŶĚƚĂŬĞĂĚǀĂŶƚĂŐĞŽĨĞŵĞƌŐŝŶŐŽƉƉŽƌƚƵŶŝƚŝĞƐ͘hƐŝŶŐĂŶŝŶƚĞŐƌĂƚĞĚĂƐƐĞƐƐŵĞŶƚŵŽĚĞůŝŶŐ
ĨƌĂŵĞǁŽƌŬ͕ ƚŚŝƐ ƌĞƐĞĂƌĐŚ ƉƌŽǀŝĚĞƐ Ă ƋƵĂŶƚŝƚĂƚŝǀĞ ĂŶĂůǇƐŝƐ ŽĨ ǁŚĂƚ ƚŚĞ ĨƵƚƵƌĞ ŵŝŐŚƚ ŚŽůĚ ĨŽƌ ƚŚĞ
ĂŶĂĚŝĂŶĂŐƌŝĐƵůƚƵƌĂůƐĞĐƚŽƌƚŽƐƵƉƉŽƌƚƚŚĞĞǀŽůƵƚŝŽŶŽĨƌŽďƵƐƚƉŽůŝĐŝĞƐƚŚĂƚǁŝůůƐƵƉƉŽƌƚƚŚĞƐĞĐƚŽƌ͘

Ϯ

KďũĞĐƚŝǀĞ

&Žƌ ƚŚĞ WƌĂŝƌŝĞ ƌĞŐŝŽŶ ŽĨ ĂŶĂĚĂ͕ ĞƐƚŝŵĂƚĞ ŚŽǁ ĐůŝŵĂƚĞ ĐŚĂŶŐĞĐŽƵůĚ ƐƚĂƌƚ ƚŽ ŝŵƉĂĐƚ ƚŚĞ ĐƌŽƉƉŝŶŐ
ƐĞĐƚŽƌ ƚŚƌŽƵŐŚ ĐŚĂŶŐĞƐ ƚŽ ŵĞĂŶ ǇŝĞůĚƐ ĂŶĚ ǀĂƌŝĂďŝůŝƚǇ͕ ŚŽǁ ƉƌŽĚƵĐĞƌƐ ǁŽƵůĚ ƐƚĂƌƚ ƚŽ ĂĚĂƉƚ ƚŚĞŝƌ
ĐƌŽƉƉŝŶŐƐǇƐƚĞŵƚŽƌĞĨůĞĐƚĐŚĂŶŐŝŶŐƚĞŵƉĞƌĂƚƵƌĞĂŶĚƉƌĞĐŝƉŝƚĂƚŝŽŶƉĂƚƚĞƌŶƐ͕ĂŶĚŚŽǁĐƌŽƉŝŶƐƵƌĂŶĐĞ
ƉƌŽŐƌĂŵƐ ŵŝŐŚƚ ďĞ ŝŵƉĂĐƚĞĚ͘  KƵƚƉƵƚ ĨƌŽŵ ĐůŝŵĂƚĞ ŵŽĚĞůƐ ĂŶĚ ĐƌŽƉ ŵŽĚĞůƐ ;ŚĂŶŐ Ğƚ Ăů͕
ĨŽƌƚŚĐŽŵŝŶŐͿǁŝůůďĞŝŶĐŽƌƉŽƌĂƚĞĚŝŶƚŽĂƌĞŐŝŽŶĂůĞĐŽŶŽŵŝĐĂŐƌŝĐƵůƚƵƌĂůŵŽĚĞůƚŽƉƌŽĚƵĐĞĂƌĂŶŐĞŽĨ
ƉŽƐƐŝďůĞŽƵƚĐŽŵĞƐ͘

ϯ

DĞƚŚŽĚŽůŽŐǇ
ŝͿ

ĂŝůǇ ǁĞĂƚŚĞƌ ĚĂƚĂ ĨŽƌ ƚŚĞ ϭϵϱϭ ƚŽ ϮϬϬϭ ƉĞƌŝŽĚ ƉƌŽǀŝĚĞĚ ƚŚĞ ďĂƐĞ ĚĂƚĂ ĨŽƌ ƚŚĞ ĐƌŽƉ
ŵŽĚĞů͘  ůŝŵĂƚĞ ĚĂƚĂ ĨŽƌ ƚŚĞ ϮϬϰϬͲϲϵ ƉĞƌŝŽĚ ĂƌĞ ŽďƚĂŝŶĞĚ ĨƌŽŵ ƚŚĞ ĂŶĂĚŝĂŶ 'D
;'DϭĨŽƌϮ͘ϬͲϰ͘ϱϬĐŚĂŶŐĞͿĂŶĚƚŚĞ,ĂĚůĞǇ'D;,DϯĨŽƌϭ͘ϱͲϯ͘ϬϬĐŚĂŶŐĞͿĨŽƌ
ƚŚĞϮ^Z^;^ƉĞĐŝĂůZĞƉŽƌƚŽŶŵŝƐƐŝŽŶ^ĐĞŶĂƌŝŽƐͿĨƌŽŵƚŚĞ/ŶƚĞƌͲŐŽǀĞƌŶŵĞŶƚĂůWĂŶĞů
ŽŶůŝŵĂƚĞŚĂŶŐĞ;/WͿ&ŽƌƚŚƐƐĞƐƐŵĞŶƚZĞƉŽƌƚ;ZϰͿ͘tĞĂƚŚĞƌƉĂƚƚĞƌŶƐĨŽƌϮϬϰϬͲ
ϲϵǁĞƌĞďĂƐĞĚŽŶŽǀĞƌůĂǇŝŶŐƚŚĞĐŚĂŶŐĞƐĨƌŽŵƚŚĞ'D͛ƐŽŶƚŽƚŚĞŚŝƐƚŽƌŝĐĚĂƚĂƐĞƌŝĞƐ͘
EĞŝƚŚĞƌŵŽĚĞůƐŚŽǁĞĚĂƐŝŐŶŝĨŝĐĂŶƚĚĞĐƌĞĂƐĞŝŶƉƌĞĐŝƉŝƚĂƚŝŽŶĚƵƌŝŶŐƚŚĞŐƌŽǁŝŶŐƐĞĂƐŽŶ
ďƵƚ ďŽƚŚ ĞǆŚŝďŝƚĞĚ ŚŝŐŚĞƌ ƚĞŵƉĞƌĂƚƵƌĞ ƐƚƌĞƐƐ ĂŶĚ ǁĂƚĞƌ ƐƚƌĞƐƐ ŝŶ ƚŚĞ ĞĂƐƚĞƌŶ WƌĂŝƌŝĞƐ
ǁŝƚŚ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ͘  tĞĂƚŚĞƌ ĚĂƚĂ ǁĂƐ ĚŽǁŶƐĐĂůĞĚ ƚŚƌŽƵŐŚ ĂŶ ŝŶƚĞƌƉŽůĂƚŝŽŶƉƌŽĐĞƐƐ
ďĂƐĞĚ ŽŶ ŚŝƐƚŽƌŝĐĂů ŽďƐĞƌǀĂƚŝŽŶ ƐŝƚĞƐ ƚŽ ƚŚĞ ^Žŝů >ĂŶĚƐĐĂƉĞƐ ŽĨ ĂŶĂĚĂ ;^>Ϳ ƉŽůǇŐŽŶƐ͕
ƚŚĞůŽǁĞƐƚƐƉĂƚŝĂůĂŐŐƌĞŐĂƚŝŽŶĨŽƌƌĞŐŝŽŶĂůĂŶĂůǇƐŝƐ͘dŚĞƌĞĂƌĞƐŽŵĞϱ͕ϬϬϬ^>ƉŽůǇŐŽŶƐ
ŝŶƚŚĞĂŐƌŝĐƵůƚƵƌĞĂƌĞĂŽĨĂŶĂĚĂ;&͕ϮϬϬϳͿ͘
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ŝŝͿ

dŚĞ ĐƌŽƉ ŵŽĚĞů ƵƐĞĚ ĨŽƌ ƚŚŝƐ ĂŶĂůǇƐŝƐ ŝƐ W/ ĂƐ ŝƚ ĐŽƵůĚ ƌĞĨůĞĐƚ ŵĂŶĂŐĞŵĞŶƚ ƐǇƐƚĞŵƐ
;ŚŝƐƚŽƌŝĐ ƉůĂŶƚŝŶŐ ĂŶĚ ŚĂƌǀĞƐƚŝŶŐ ĚĂƚĞƐ͕ ƚŝůůĂŐĞ ĂŶĚ ĨĞƌƚŝůŝǌĞƌͿ ĨŽƌ ĞĂĐŚ ĐƌŽƉ Ăƚ ƚŚĞ ^>
ƉŽůǇŐŽŶůĞǀĞůŝŶƚĞƌŵƐŽĨĂϭϬǇĞĂƌĐƌŽƉƌŽƚĂƚŝŽŶ͘ĂŝůǇǁĞĂƚŚĞƌ͕ƐŽŝůƐĂŶĚŵĂŶĂŐĞŵĞŶƚ
ĚĂƚĂǁĞƌĞĂƐƐĞŵďůĞĚĂŶĚW/ǁĂƐĐĂůŝďƌĂƚĞĚĂŶĚƌƵŶĂƚƚŚĞ^> ƉŽůǇŐŽŶůĞǀĞůĨŽƌƚŚĞ
ŚŝƐƚŽƌŝĐĐůŝŵĂƚĞĂŶĚƚŚĞĨƵƚƵƌĞƉĞƌŝŽĚďĂƐĞĚŽŶƚŚĞŽƵƚƉƵƚĨƌŽŵƚŚĞ'D͛Ɛ͘ĚũƵƐƚŵĞŶƚ
ƚŽ ĐƌŽƉ ŐƌŽǁƚŚ ǁĂƐ ŵĂĚĞ ĨŽƌ ŝŶĐƌĞĂƐŝŶŐ KϮ ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ ĂŶĚ ƚŽ ĂĐĐŽƵŶƚ ĨŽƌ ǁŝŶĚ͘
W/ ĐĂůŝďƌĂƚŝŽŶ ĂŶĚ ǀĂůŝĚĂƚŝŽŶ ĞŶƐƵƌĞ Ă ŚŝŐŚ ůĞǀĞů ŽĨ ƉƌĞĐŝƐŝŽŶ ďĞƚǁĞĞŶ ƚŚĞ ŵŽĚĞů
ƌĞƐƵůƚƐĂŶĚƚŚĞĂĐƚƵĂůǇŝĞůĚƐŽǀĞƌƚŚĞŚŝƐƚŽƌŝĐƉĞƌŝŽĚ͕ŝŶĐůƵĚŝŶŐĂŶŶƵĂůǀĂƌŝĂďŝůŝƚǇĨŽƌƚŚĞ
ĂŶĂĚŝĂŶWƌĂŝƌŝĞƐ͘ǆƚĞŶƐŝǀĞƐƚĂƚŝƐƚŝĐĂůƚĞƐƚŝŶŐǁĂƐĐĂƌƌŝĞĚŽƵƚƚŽĐŽŶĨŝƌŵƉĞƌĨŽƌŵĂŶĐĞ
ǁŝƚŚ^>ĚĂƚĂƵƉƐĐĂůĞĚƚŽĞŶƐƵƐŽĨŐƌŝĐƵůƚƵƌĂůZĞŐŝŽŶƐ;ZͿĨŽƌƚŚŝƐĂƐƉĞĐƚ;ŚĂŶŐĞƚ
Ăů͕ĨŽƌƚŚĐŽŵŝŶŐͿ͘

ŝŝŝͿ

W/ƉƌŽĚƵĐĞĚĚĂƚĂŽŶŵĞĂŶŚĂƌǀĞƐƚĞĚǇŝĞůĚƐĂŶĚǇŝĞůĚǀĂƌŝĂďŝůŝƚǇĨŽƌƚŚĞŚŝƐƚŽƌŝĐƉĞƌŝŽĚ
ĂŶĚƚŚĞĨƵƚƵƌĞƉĞƌŝŽĚƐ͘dŚĞƐĞǁĞƌĞƚŚĞŬĞǇŝŶƉƵƚƐ ŝŶƚŽZD͕ƚŚĞĂŶĂĚŝĂŶZĞŐŝŽŶĂů
ŐƌŝĐƵůƚƵƌĞDŽĚĞů;'ŝůůĞƚĂů͕ϮϬϭϯͿ͕ǁŝƚŚĂƐƉĂƚŝĂůĚŝƐĂŐŐƌĞŐĂƚŝŽŶĂƚƚŚĞůĞǀĞůŽĨƚŚĞZ͘
&ŽƌƚŚŝƐĂŶĂůǇƐŝƐƌŝƐŬƌĞůĂƚĞĚƚŽǁĞĂƚŚĞƌĂŶĚŝƚƐŝŵƉĂĐƚŽŶǇŝĞůĚƐĂƌĞĚŝƌĞĐƚůǇŝŶĐŽƌƉŽƌĂƚĞĚ
ŝŶƚŽ Ă ƌŝƐŬ ƚĞƌŵ ŝŶ ƚŚĞ ŽďũĞĐƚŝǀĞ ĨƵŶĐƚŝŽŶ ƚŽ ĐĂƉƚƵƌĞ ƉƌŽĚƵĐĞƌ ƌĞƐƉŽŶƐĞ ƚŽ ĐŚĂŶŐĞƐ ŝŶ
ĞǆƉĞĐƚŽƵƚƉƵƚĂƐǁĞůůĂƐƚŽƚŚĞƌŝƐŬŝŶĞƐƐŽĨƚŚĂƚŽƵƚƉƵƚ͘ƌŽƉ/ŶƐƵƌĂŶĐĞƌĞĨůĞĐƚŝǀĞŽĨƚŚĞ
ĂŶĂĚŝĂŶƉƌŽŐƌĂŵŝƐĂůƐŽŝŶĐŽƌƉŽƌĂƚĞĚŝŶƚŽƚŚĞŽďũĞĐƚŝǀĞĨƵŶĐƚŝŽŶĂŶĚƉĂǇƐŽƵƚŽŶĐĞĂ
ĨĂƌŵƐĂĐƚƵĂůǇŝĞůĚĨŽƌĂĐƌŽƉĨĂůůƐďĞůŽǁϳϬйŽĨƚŚĞůŽŶŐƚĞƌŵĂǀĞƌĂŐĞǇŝĞůĚ͘

ϰ

ĚĂƉƚŝŶŐƌŽƉƉŝŶŐWĂƚƚĞƌŶƐ

dŚĞ ŬĞǇ ƚŽ ƚŚŝƐ ĂŶĂůǇƐŝƐ ŝƐ ĚĞǀĞůŽƉŝŶŐ ŶĞǁ ƚŝŵĞ ƐĞƌŝĞƐ ƉƌŽũĞĐƚŝŽŶƐ ŽĨ ǇŝĞůĚƐ ƚŚĂƚ ƌĞĨůĞĐƚ ĐŚĂŶŐŝŶŐ
ǁĞĂƚŚĞƌ ƉĂƚƚĞƌŶƐ ƌĞƐƵůƚŝŶŐ ĨƌŽŵ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ͘  Ɛ ƐŚŽǁŶ ŝŶ &ŝŐƵƌĞ ϭ ĨŽƌ ƐƉƌŝŶŐ ǁŚĞĂƚ ;ůĂƌŐĞƐƚ
ƐĞĞĚĞĚ ĂƌĞĂ ŝŶ ƚŚĞ WƌĂŝƌŝĞƐͿ ƚŚĞ ĂǀĞƌĂŐĞ ǇŝĞůĚƐ ƉƌŽũĞĐƚĞĚ Ăƚ ƚŚĞ Z ůĞǀĞů ǁŝůů ĐŚĂŶŐĞ ƐŝŐŶŝĨŝĐĂŶƚůǇ
ƌĞůĂƚŝǀĞ ƚŽ ƚŚĞ ŚŝƐƚŽƌŝĐǇŝĞůĚƐ ĂŶĚ ƚŚŝƐ ĚĞƉĞŶĚƐ ŽŶ ƚŚĞ 'D ĂŶĚ ǁŚĞƚŚĞƌ KϮ ĨĞƌƚŝůŝǌĂƚŝŽŶ ŝƐ ƚĂŬĞŶ
ŝŶƚŽ ĂĐĐŽƵŶƚ͘  ^ƚĂƌƚŝŶŐ ŝŶ DĂŶŝƚŽďĂŽŶ ƚŚĞ ĞĂƐƚĞƌŶ ĞĚŐĞ ŽĨ ƚŚĞ WƌĂŝƌŝĞƐ͕ ƚŚĞ ŝŵƉĂĐƚƐ ĂƌĞ ŐĞŶĞƌĂůůǇ
ŶĞŐĂƚŝǀĞĨŽƌďŽƚŚ'DŵŽĚĞůƐďƵƚĂƐǇŽƵƚƌĂǀĞůǁĞƐƚ͕ǇŝĞůĚŝŵƉƌŽǀĞŵĞŶƚĐĂŶĂĐƚƵĂůůǇďĞƐĞĞŶĨŽƌ
ůďĞƌƚĂǁŚĞŶKϮĨĞƌƚŝůŝǌĂƚŝŽŶŝƐƚĂŬĞŶŝŶƚŽĂĐĐŽƵŶƚ͘&ŝŐƵƌĞϮƉƌŽǀŝĚĞƐĂďĞƚƚĞƌǀŝĞǁŽĨƚŚĞƐƉĂƚŝĂů
ŝŵƉĂĐƚ͘  KŶ ĐůŽƐĞ ŝŶƐƉĞĐƚŝŽŶ ŽĨ ƚŚĞ ĚĂƚĂ͕ ĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ŚĞĂƚ ƐƚƌĞƐƐ ƌĞƐƵůƚŝŶŐ ŝŶ ŚŝŐŚĞƌ
ĞǀĂƉŽƚƌĂŶƐƉŝƌĂƚŝŽŶƌĂƚĞƐĂŶĚǁĂƚĞƌƐƚƌĞƐƐŝŶƚŚĞĂƐƚĞƌŶWƌĂŝƌŝĞƐŝƐƚŚĞŬĞǇĚƌŝǀŝŶŐĨŽƌĐĞ͘
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&ŝŐƵƌĞ ϭ͗  ǀĞƌĂŐĞ ǇŝĞůĚ ĐŚĂŶŐĞƐ ďǇ ĐƌŽƉ ĚŝƐƚƌŝĐƚ ϭϵϳϭͲϮϬϬϬ ĐŽŵƉĂƌĞĚ ƚŽ ϮϬϰϬͲϮϬϲϵ ;ŚĂŶŐ Ğƚ Ăů͕
ϮϬϭϭͿ
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&ŝŐƵƌĞϮ͗W/͗^ƉƌŝŶŐǁŚĞĂƚƐĐĞ
ĞŶĂƌŝŽĂƐƐƵŵŝŶŐKϮŝŶĐƌĞĂƐĞŽǀĞƌƚŝŵĞ;ŚĂŶŐĞƚĂůϮϬϭϭͿ

National HAD
D3 Scenario: percentage difference in area
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&ŝŐƵƌĞϯ͗ůŝŵĂƚĞŚĂŶŐĞ^ĐĞŶĂƌŝŽ͗ZDZĞƐƵůƚƐǁŝƚŚ,ϯǁŝƚŚŽƵƚKϮĨĞƌƚŝůŝǌĂƚŝŽŶ
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20

dŚĞ ZD ŵŽĚĞů ĞƐƚŝŵĂƚĞƐ ŚŽǁ ĐƌŽƉ ƐĞůĞĐƚŝŽŶ ǁŽƵůĚ ĂĚũƵƐƚ ƚŽ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ͘  &ŝŐƵƌĞ ϯ
ĚĞŵŽŶƐƚƌĂƚĞƐ ŚŽǁ ƉƌŽĚƵĐĞƌƐ ǁŽƵůĚ ĂĚũƵƐƚ ƚŚĞŝƌ ĐƌŽƉ ƐĞůĞĐƚŝŽŶ ĂĐƌŽƐƐ ƚŚĞ WƌĂŝƌŝĞƐ ĂƐ Ă ƌĞƐƵůƚ ŽĨ
ĐůŝŵĂƚĞĐŚĂŶŐĞ͘dŚŝƐǁŽƵůĚďĞƚŚĞĨŝƌƐƚůĞǀĞůŽĨĂĚĂƉƚĂƚŝŽŶďǇƉƌŽĚƵĐĞƌƚŽĐŚĂŶŐŝŶŐĞǆƉĞĐƚĞĚǇŝĞůĚƐ
ĂŶĚ ƚŚĞ ǀĂƌŝĂďŝůŝƚǇ ŝŶ ƚŚŽƐĞ ǇŝĞůĚƐ͘  'ŝǀĞŶ ǁĂƌŵĞƌ ǁĞĂƚŚĞƌ ǁŝƚŚ ĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ŚĞĂƚ ƐƚƌĞƐƐ͕ ĚƵƌƵŵ
ĂƌĞĂŝŶĐƌĞĂƐĞƐƐƵďƐƚĂŶƚŝĂůůǇǁŚŝůĞĐĂŶŽůĂ͕ůĞŶƚŝůƐĂŶĚĨŝĞůĚƉĞĂƐĚĞĐůŝŶĞ͘dŚŝƐĂŶĂůǇƐŝƐĂƐƐƵŵĞƐƚŚĂƚ
ƚŚĞƐĂŵĞĐƵůƚŝǀĂƌƐĂǀĂŝůĂďůĞŝŶƚŚĞŚŝƐƚŽƌŝĐƉĞƌŝŽĚĂƌĞƚŚŽƐĞĂǀĂŝůĂďůĞŝŶƚŚĞĨƵƚƵƌĞ͕ƐŽŵĞƚŚŝŶŐƚŚĂƚ
ǁŽƵůĚ ĐŚĂŶŐĞ ĂƐ Ă ƌĞƐƵůƚ ŽĨ ĨƵƚƵƌĞ ŝŶŶŽǀĂƚŝŽŶ ;DĂůĐŽůŵ Ğƚ Ăů ϮϬϭϮͿ͘  /Ŷ ƚĞƌŵƐ ŽĨ ŝŶĐŽŵĞ ǁŝƚŚ
ĂĚĂƉƚĂƚŝŽŶĨŽƌĐƌŽƉƐĞůĞĐƚŝŽŶ͕ƐŽŵĞĐƌŽƉĚŝƐƚƌŝĐƚƐ;ƐĞĞ&ŝŐƵƌĞϮͿďĞŶĞĨŝƚĨƌŽŵƚŚŝƐĚĞŐƌĞĞŽĨĐůŝŵĂƚĞ
ĐŚĂŶŐĞ ǁŚŝůĞ ŽƚŚĞƌƐ ĂƌĞ ŝŵƉĂĐƚĞĚ ŶĞŐĂƚŝǀĞůǇ͘  dŚŝƐ ĂŶĂůǇƐŝƐ ŝƐ ƉƌĞůŝŵŝŶĂƌǇ ďƵƚ ƚŚĞ ŝŵƉůŝĐĂƚŝŽŶƐ ĨŽƌ
ƉŽůŝĐǇ ĂƌĞ ƋƵŝƚĞ ĐůĞĂƌ͘  /Ĩ ƚŚĞ ƚǇƉĞƐ ŽĨ ǁĞĂƚŚĞƌ ĐŚĂŶŐĞƐ ƉƌŽũĞĐƚĞĚ ďǇ ƚŚĞ 'D͛Ɛ ĂƌĞ ƌĞĂůŝǌĞĚ ŝŶ
ĂŶĂĚĂ͕ ƐŝŐŶŝĨŝĐĂŶƚ ĂĚũƵƐƚŵĞŶƚ ĂŶĚ ĂĚĂƉƚĂƚŝŽŶ ǁŝůů ƌĞƐƵůƚ Ăƚ ƚŚĞ ĨĂƌŵ ůĞǀĞů͘  dŚŝƐ ǁŽƵůĚ ůŝŬĞůǇ ďĞ
ĂĐĐĞŶƚƵĂƚĞĚ ďǇ ƚŚĞ ŝŵƉĂĐƚƐ ĂƌŝƐŝŶŐ ĨƌŽŵ ŝŶƚĞƌŶĂƚŝŽŶĂů ŵĂƌŬĞƚƐ ǁŚĞƌĞ ƚŚĞ ŝŵƉĂĐƚƐ ĐŽƵůĚ ďĞ ŵƵĐŚ
ůĂƌŐĞƌ;EĞůƐŽŶĞƚĂů͕ϮϬϬϵͿǁŚŝĐŚĂƌĞŶŽƚĂĐĐŽƵŶƚĞĚĨŽƌŝŶƚŚŝƐĂŶĂůǇƐŝƐ͘
 ƐŝŐŶŝĨŝĐĂŶƚ ĨĞĂƚƵƌĞ ŽĨƚŚŝƐ ĂŶĂůǇƐŝƐ ŝƐ ƚŚĂƚ ĐŚĂŶŐĞƐ ŝŶ ƌŝƐŬŝŶĞƐƐƌĞůĂƚĞĚƚŽĞǆƉĞĐƚĞĚǇŝĞůĚƐŝƐƚĂŬĞŶ
ĚŝƌĞĐƚůǇŝŶƚŽĂĐĐŽƵŶƚďǇƐƉĞĐŝĨǇŝŶŐĂŶŽďũĞĐƚŝǀĞĨƵŶĐƚŝŽŶƚŚĂƚŽƉƚŝŵŝǌĞƐĐƌŽƉƉŝŶŐĂĐƚŝǀŝƚŝĞƐƚĂŬŝŶŐŝŶƚŽ
ĂĐĐŽƵŶƚĞǆƉĞĐƚǇŝĞůĚƐĂŶĚƚŚĞƵŶĚĞƌůǇŝŶŐƌŝƐŬƚŽƚŚĞĞǆƉĞĐƚĞĚǇŝĞůĚƐƚŚƌŽƵŐŚĂǀĂƌŝĂŶĐĞͲĐŽǀĂƌŝĂŶĐĞ
ŵĂƚƌŝǆŽĨǇŝĞůĚƐŽǀĞƌƚŚĞƐŝŵƵůĂƚĞĚƉĞƌŝŽĚƐ͕ϭϵϳϬͲϮϬϬϬĨŽƌƚŚĞŚŝƐƚŽƌŝĐƉĞƌŝŽĚĂŶĚϮϬϰϬͲϮϬϲϵĨŽƌƚŚĞ
ĨƵƚƵƌĞ͘  dŚĞ W/ ŵŽĚĞů ƉƌŽǀŝĚĞĚ ƚŚĞ ĚĂƚĂ ĨŽƌ ƚŚĞ ĨƵƚƵƌĞ ƉĞƌŝŽĚ ĂŶĚ ƚŚĞ ƌŝƐŬ ƚĞƌŵ ŝƐ ŝŶĐŽƌƉŽƌĂƚĞĚ
ƵƐŝŶŐ Ă ƐƚĂŶĚĂƌĚ ĨŽƌŵƵůĂƚŝŽŶ ĂƐƐƵŵŝŶŐ ƉƌŽĚƵĐĞƌƐ ĂƌĞ ƌŝƐŬ ĂĚǀĞƌƐĞ ǁŝƚŚ Ă ŐƌĞĂƚĞƌ ƌŝƐŬ ƉĞŶĂůƚǇ
ŝŶĐƵƌƌĞĚĂƐƌŝƐŬŝŶĐƌĞĂƐĞƐĂƐŵĞĂƐƵƌĞĚďǇƚŚĞǀĂƌŝĂŶĐĞͲĐŽǀĂƌŝĂŶĐĞƚĞƌŵĨŽƌĞĂĐŚZ͘/ŶƚŚĞǀĞƌƐŝŽŶ
ŽĨƚŚĞZDŵŽĚĞůƵƐĞĚĨŽƌƚŚĞĂŶĂůǇƐŝƐŵĂƌŬĞƚƌŝƐŬƌĞůĂƚĞĚƚŽƉƌŝĐĞŝƐŶŽƚŝŶĐůƵĚĞĚ͘


ϱ

ZŝƐŬDĂŶĂŐĞŵĞŶƚ

KŶĞŽĨƚŚĞƉƌŝŶĐŝƉůĞĂŶĚůŽŶŐƐƚĂŶĚŝŶŐƌŝƐŬŵĂŶĂŐĞŵĞŶƚƚŽŽůƐĂǀĂŝůĂďůĞƚŽĂŶĂĚŝĂŶĨĂƌŵĞƌƐŝƐĐƌŽƉ
ŝŶƐƵƌĂŶĐĞ ;/Ϳ͘  dŚŝƐ ŝƐ ĐŽͲĨƵŶĚĞĚ ďĞƚǁĞĞŶ ƉƌŽĚƵĐĞƌƐ ;ϰϬйͿ ĂŶĚ ƚŚĞ ŐŽǀĞƌŶŵĞŶƚ ;ϲϬйͿ ǁŝƚŚ
ƉƌĞŵŝƵŵƐƐĞƚƐŽƚŚĂƚƚŚĞƉƌŽŐƌĂŵŝƐĂĐƚƵĂƌŝĂůůǇƐŽƵŶĚŽǀĞƌƚŚĞůŽŶŐĞƌƚĞƌŵ͘&ŽƌƉƌŝŶĐŝƉůĞĐƌŽƉƐŽŶ
ƚŚĞWƌĂŝƌŝĞƐƌŽƵŐŚůǇϳϬƚŽϴϬйŽĨƚŚĞĐƌŽƉŝƐŝŶƐƵƌĞĚ͘ƌŽƉŝŶƐƵƌĂŶĐĞ;ĞĂĐŚĞƚĂů͕ϮϬϭϬͿŝƐƉƌŽƉŽƐĞĚ
ĂƐŽŶĞŽĨƚŚĞŬĞǇƌŝƐŬŵĂŶĂŐĞŵĞŶƚƚŽŽůƐƚŚĂƚǁŝůůŚĞůƉƉƌŽĚƵĐĞƌƐĂĚĂƉƚƚŽĐůŝŵĂƚĞĐŚĂŶŐĞĂƐŝƚǁŝůů
ĂůůŽǁ ƚŚĞŵ ƚŽ ĂĚũƵƐƚ ƉƌŽĚƵĐƚŝŽŶ ƉƌŽĐĞƐƐĞƐ ĂƐ ƚŚĞǇ ŝŶĐŽƌƉŽƌĂƚĞ Ă ĐŚĂŶŐŝŶŐ ĐůŝŵĂƚĞ ŝŶƚŽ ƚŚĞŝƌ
ĚĞĐŝƐŝŽŶƐ͘WƌŽĚƵĐĞƌƐŚŝƐƚŽƌŝĐĂůůǇŚĂǀĞĐŽŶƐŝĚĞƌĞĚǁĞĂƚŚĞƌĂƐĂŐŝǀĞŶŝŶŵĂŬŝŶŐƉƌŽĚƵĐƚŝŽŶĚĞĐŝƐŝŽŶƐ

732

ďƵƚǁŝƚŚĐůŝŵĂƚĞĐŚĂŶŐĞƚŚĞŶĞǁƌĞĂůŝƚǇŝƐƚŚĂƚŝŶƚŚĞĨƵƚƵƌĞǁĞĂƚŚĞƌǁŝůůďĞĐŽŵĞĂŶŽƚŚĞƌǀĂƌŝĂďůĞŝŶ
ƚŚĞŝƌƉƌŽĚƵĐƚŝŽŶĨƵŶĐƚŝŽŶŝŶƚĞƌŵƐŽĨŝŶƉƵƚĂŶĚŽƵƚƉƵƚĚĞĐŝƐŝŽŶƐ͘
tĞĂƚŚĞƌ ǁŝůů ĐŽŶƚŝŶƵĞ ƚŽ ĞǀŽůǀĞ ŽǀĞƌ ƚŚŝƐ ĐĞŶƚƵƌǇ ĂƐ ',' ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ ŝŶ ƚŚĞ ĂƚŵŽƐƉŚĞƌĞ
ĐŽŶƚŝŶƵĞƚŽŝŶĐƌĞĂƐĞ͘dŚĞĨŽůůŽǁŝŶŐĞƋƵĂƚŝŽŶƚƌŝĞƐƚŽĚĞŵŽŶƐƚƌĂƚĞƚŚŝƐƉĂƌĂĚŝŐŵƐŚŝĨƚĂƐĂůůĨƵƚƵƌĞ
ĚĞĐŝƐŝŽŶƐďĞĐŽŵĞĂĨƵŶĐƚŝŽŶŽĨǁĞĂƚŚĞƌ;ʘͿǁŚŝĐŚŝŶƚƵƌŶŝƐĂĨƵŶĐƚŝŽŶŽĨKϮĐŽŶĐĞŶƚƌĂƚŝŽŶƐŝŶƚŚĞ
ĂƚŵŽƐƉŚĞƌĞ ;ŐͿ͘  ,ŝƐƚŽƌŝĐĂůůǇ ŽƵƚƉƵƚ ;zͿ ŝƐ ĚĞƚĞƌŵŝŶĞĚ ďǇ ŽǁŶ ƉƌŝĐĞ ;ƉͿ ĂŶĚ ƉƌŽĚƵĐƚŝŽŶ ďĂƐĞĚ ŽŶ
ŝŶƉƵƚƐ;ǆͿƚŚĞĐŽƐƚŽĨŝŶƉƵƚƐ;ĐͿĂŶĚƚĞĐŚŶŽůŽŐǇ;ʏͿǁŝƚŚǁĞĂƚŚĞƌ;ʘͿƚĂŬĞŶĂƐĐŽŶƐƚĂŶƚ͘


ܻሺȁ߱ሻ ൌ ݂ሺݔǡ ܿǡ ߬ȁ߱ሻ  ՜ ܻ൫ሺ߱ሺ݃ሻ൯ ൌ ݂ሺݔ൫߱ሺ݃ሻ൯ǡ ܿሺ߱ሺ݃ሻǡ ߬ሺ߱ሺ݃ሻሻ

dŽ ƚĞƐƚ ǁŚĞƚŚĞƌ ƚŚĞ / ƉƌŽŐƌĂŵ ǁŽƵůĚ ĐŽŶƚŝŶƵĞ ƚŽ ƉĞƌĨŽƌŵ ǁŝƚŚŝŶ ĐƵƌƌĞŶƚ ĚĞƐŝŐŶ ĨĞĂƚƵƌĞƐ ǁŝƚŚ
ĐůŝŵĂƚĞ ĐŚĂŶŐĞ͕ /ǁĂƐ ŝŶĐůƵĚĞĚ ĚŝƌĞĐƚůǇ ŝŶƚŽ ƚŚĞŽďũĞĐƚŝǀĞ ĨƵŶĐƚŝŽŶŽĨZDƉƌŽǀŝĚŝŶŐĂƉĂǇŽƵƚŝĨ
ƌĞĂůŝǌĞĚĐƌŽƉǇŝĞůĚĨĞůůďĞůŽǁϳϬйŽĨƚŚĞĞǆƉĞĐƚǇŝĞůĚ͘DŽŶƚĞĂƌůŽƐŝŵƵůĂƚŝŽŶƐĂƌĞƌƵŶǁŝƚŚĚƌĂǁƐ
ĨƌŽŵ ƚŚĞ ƉƌŽďĂďŝůŝƚǇ ĚŝƐƚƌŝďƵƚŝŽŶƐ ĨŽƌ ǇŝĞůĚ ĨŽƌ ƚŚĞ ŚŝƐƚŽƌŝĐ ĂŶĚ ĨƵƚƵƌĞ ƉĞƌŝŽĚƐ͘  'ŝǀĞŶ ƚŚĞ ƌĞŐŝŽŶĂů
ĚŝƐĂŐŐƌĞŐĂƚŝŽŶ ŝŶ ƚŚĞ ŵŽĚĞů͕ Ă ŵĞƚŚŽĚ ǁĂƐ ĚĞǀĞůŽƉĞĚ ĨŽƌ ĂŶǇ ŐŝǀĞŶ ĚƌĂǁ ;Ă ǇĞĂƌͿ ƚŽ ůŝŶŬ ƚŚĞ
ǁĞĂƚŚĞƌĨŽƌĂĚũĂĐĞŶƚZŐŝǀĞŶƚŚĂƚǁĞĂƚŚĞƌƉĂƚƚĞƌŶƐǁŽƵůĚŝŵƉĂĐƚƐĞǀĞƌĂůZĂŶĚƚŚĞƌĞĨŽƌĞǁĞ
ĐŽƵůĚŶŽƚƚƌĞĂƚĞĂĐŚZŝŶĚĞƉĞŶĚĞŶƚůǇ͘dŚŝƐŝƐŽŶĞĂƌĞĂǁŚŝĐŚŚĂƐďĞĞŶŝĚĞŶƚŝĨŝĞĚĨŽƌĂĚĚŝƚŝŽŶĂů
ƌĞƐĞĂƌĐŚ ƚŽ ďƌŝŶŐ ŝŶ ƚŚĞ ŐƌĞĂƚĞƌ ƵŶĚĞƌƐƚĂŶĚŝŶŐ ŽĨ ĐůŝŵĂƚĞ ĂŶĚ ǁĞĂƚŚĞƌ ƉĂƚƚĞƌŶƐ ƚŚĂƚ ŝƐ ďĞŝŶŐ
ĚĞǀĞůŽƉĞĚďǇĐůŝŵĂƚĞƐĐŝĞŶƚŝƐƚƐ͘
dŚĞ ŵĞƚƌŝĐ ƵƐĞĚ ƚŽ ĂƐƐĞƐƐ ƚŚĞ ƌĞůĂƚŝǀĞ ƌŽďƵƐƚŶĞƐƐ ŽĨ / ŝƐ ƚŚĞ ĂǀĞƌĂŐĞ ĂŶŶƵĂů ƐƵƌƉůƵƐ Žƌ ĚĞĨŝĐŝƚ
ƌĞƐƵůƚŝŶŐŽǀĞƌƚŚĞϭϬ<ƐŝŵƵůĂƚŝŽŶƌƵŶƐĨŽƌďŽƚŚŚŝƐƚŽƌŝĐĐůŝŵĂƚĞĂŶĚĨƵƚƵƌĞĐůŝŵĂƚĞ͘dĂďůĞϭƉƌŽǀŝĚĞƐ
ƚŚĞ ƌĞƐƵůƚƐ ĂŶĚ ďĂƐĞĚ ŽŶ ƚŚŝƐ ŵĞƚƌŝĐ ŝŶĚŝĐĂƚĞƐ ƚŚĂƚ / ĂƐ ĚĞƐŝŐŶĞĚ ƉĞƌĨŽƌŵƐ ĂƐ ǁĞůů ƵŶĚĞƌ ĞŝƚŚĞƌ
ĐůŝŵĂƚĞ ƌĞŐŝŵĞ͕ ƚŚĞ ĨƵƚƵƌĞ ŚĂǀŝŶŐ ĂƐŽŵĞǁŚĂƚƐŵĂůůĞƌ ĂǀĞƌĂŐĞ ĂŶŶƵĂů ĚĞĨŝĐŝƚĚƵĞ ƚŽ ƐůŝŐŚƚůǇ ůŽǁĞƌ
ĂǀĞƌĂŐĞǇŝĞůĚƐ͘dŚĞƐŝǌĞŽĨƚŚĞĂŶŶƵĂůĚĞĨŝĐŝƚŝƐŶŽƚĐŽŶƐŝĚĞƌĞĚƐŝŐŶŝĨŝĐĂŶƚĂƐŝƚƌĞƉƌĞƐĞŶƚƐĂƌĞůĂƚŝǀĞ
ƐŵĂůůƉĞƌĐĞŶƚĂŐĞŽĨĂŶŶƵĂůƉƌĞŵŝƵŵƐ;ĂƌŽƵŶĚϭϬйͿ͘
dĂďůĞ ϭ͗  ƵŵƵůĂƚŝǀĞ ZĞƐƵůƚ ĨƌŽŵ DŽŶƚĞ ĂƌůŽ ^ŝŵƵůĂƚŝŽŶ ĨŽƌ ƌŽƉ /ŶƐƵƌĂŶĐĞ ĨŽƌ ƚŚĞ ĂŶĂĚŝĂŶ
WƌĂŝƌŝĞƐ͕ϭϵϳϬͲϮϬϬϬĂŶĚϮϬϰϬͲϮϬϲϵ

^ĐĞŶĂƌŝŽ

ǀĞƌĂŐĞŶŶƵĂů^ƵƌƉůƵƐ;ĞĨŝĐŝƚͿ

/ƚĞƌĂƚŝŽŶƐ

,ŝƐƚŽƌŝĐ

;ΨϵϵDŝůůŝŽŶͿ

ϭϬ͕ϭϰϬ

&ƵƚƵƌĞ;'DͿ

;ΨϴϲDŝůůŝŽŶͿ

ϭϬ͕ϭϰϬ

&ƵƚƵƌĞ;,ĂĚϯͿ

;ΨϵϮDŝůůŝŽŶͿ

ϭϬ͕ϭϰϬ
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ŽŶĐůƵĚŝŶŐŽŵŵĞŶƚƐĂŶĚ&ƵƚƵƌĞZĞƐĞĂƌĐŚ

dŚĞǀĂƌŝŽƵƐƐƚƌĞĂŵƐŽĨďŝŽͲƉŚǇƐŝĐĂůĂŶĚĞĐŽŶŽŵŝĐƌĞƐĞĂƌĐŚƵŶĚĞƌǁĂǇƉƌŽǀŝĚĞƚŚĞďƵŝůĚŝŶŐďůŽĐŬƐƚŽ
ƐƵƉƉŽƌƚ ƚŚĞ ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ĂŶ ŝŶƚĞŐƌĂƚĞĚ ĂƐƐĞƐƐŵĞŶƚ ŵŽĚĞůŝŶŐ ƐǇƐƚĞŵ ƚŚĂƚ ĐĂŶ ƉƌŽĚƵĐĞ ƉŽůŝĐǇ
ƌĞůĞǀĂŶƚĂŶĂůǇƐŝƐǁŚŝĐŚŵƵƐƚĚĞĂůŶŽƚŽŶůǇǁŝƚŚĨƵƚƵƌĞĐůŝŵĂƚĞŝŵƉĂĐƚƐ͕ďƵƚĂůƐŽĂĚĚƌĞƐƐŐůŽďĂůĨŽŽĚ
ƐĞĐƵƌŝƚǇ͕ ƉŽǀĞƌƚǇ ƌĞĚƵĐƚŝŽŶ͕ ĞĐŽŶŽŵŝĐ ŐƌŽǁƚŚ͕ ƉƌŽƚĞĐƚŝŶŐ ƚŚĞ ĞŶǀŝƌŽŶŵĞŶƚ ;ŝŶĐůƵĚŝŶŐ ĂǀŽŝĚŝŶŐ
ĐůŝŵĂƚĞĐŚĂŶŐĞͿĂŶĚƵƐŝŶŐƌĞƐŽƵƌĐĞƐƐƵƐƚĂŝŶĂďůǇ͘dŚŝƐĂŶĂůǇƐŝƐŚĂƐĚĞŵŽŶƐƚƌĂƚĞĚƚŚĂƚŝƚŝƐƉŽƐƐŝďůĞ
ƚŽƵŶĚĞƌƚĂŬĞƚŚŝƐƚǇƉĞŽĨĂŶĂůǇƐŝƐĂŶĚŽƉĞŶƐƚŚĞǁĂǇƚŽďƌŝŶŐŝŶŐŝŶĂĚĚŝƚŝŽŶĂůƐĐŝĞŶĐĞĂŶĚĞĐŽŶŽŵŝĐ
ƌĞƐĞĂƌĐŚƚŽĚĞĞƉĞŶŝƚĂŶĚĂĚĚƌĞƐƐĂǁŝĚĞƌĂƌƌĂǇŽĨ ŝƐƐƵĞƐ͘/ƚ ĚŽĞƐƐŚŽǁ͕ĂƚůĞĂƐƚĨŽƌĂŶĂĚĂ͕ƚŚĂƚ
ƚŚĞƌĞĐŽƵůĚďĞƌĞŐŝŽŶĂůǁŝŶŶĞƌƐĂŶĚůŽƐĞƌƐĂƌŝƐŝŶŐĨƌŽŵĐůŝŵĂƚĞĐŚĂŶŐĞ͕ďƵƚƚŽƌĞŵĂŝŶĐŽŵƉĞƚŝƚŝǀĞ
ĂůůƉƌŽĚƵĐĞƌƐǁŝůůŚĂǀĞƚŽĂĚĂƉƚĂŶĚŝŶŶŽǀĂƚĞ͘dŚŝƐŝƐĐŽŶƐŝƐƚĞŶƚǁŝƚŚƌĞƐƵůƚƐĨƌŽŵŽƚŚĞƌŵŽĚĞůŝŶŐ
ĞǆĞƌĐŝƐĞƐƚŚĂƚŝŶĚŝĐĂƚĞŶŽƌƚŚĞƌŶƚĞŵƉĞƌĂƚĞĐŽƵŶƚƌŝĞƐŵĂǇŶŽƚďĞŝŵƉĂĐƚĞĚĂƐŐƌĞĂƚ͕ĂƚůĞĂƐƚƵŶĚĞƌ
ŵŽĚĞƌĂƚĞĐůŝŵĂƚĞĐŚĂŶŐĞ;EĞůƐŽŶĞƚĂů͕ϮϬϬϵͿ͘'ŽǀĞƌŶŵĞŶƚƐǁŝůůŶĞĞĚƚŽĐŽŶƚŝŶƵĞƚŽŝŶǀĞƐƚ͕ĂƐǁŝůů
ƚŚĞ ƉƌŝǀĂƚĞ ƐĞĐƚŽƌ͘  ŽŶĐĞƌŶ ŚĂƐ ďĞĞŶ ĞǆƉƌĞƐƐĞĚ ĂƐƚŽ ǁŚĞƚŚĞƌ ƐŽŵĞ ŽĨ ƚŚĞ ŬĞǇ ƌŝƐŬŵĂŶĂŐĞŵĞŶƚ
ƚŽŽůƐǁĞƵƐĞŶŽǁǁŝůůƐƚŝůůďĞƌĞůĞǀĂŶƚ͕ƐƵĐŚĂƐ/͕ĂŶĚƚŚŝƐƉƌĞůŝŵŝŶĂƌǇĂŶĂůǇƐŝƐŝŶĚŝĐĂƚĞƐƚŚĞǇŵĂǇ͘
&ƵƚƵƌĞ ƌĞƐĞĂƌĐŚ ĐĂŶ ĂĚĚƌĞƐƐ Ă ŵƵĐŚ ďƌŽĂĚĞƌ ĂƌƌĂǇ ŽĨ ƉŽůŝĐǇ ŝƐƐƵĞƐ ƐƵĐŚ ĂƐ ǁŝůů ƚŚĞ ŝŶĐƌĞĂƐŝŶŐ
ŝŶĐŝĚĞŶĐĞŽĨĞǆƚƌĞŵĞĞǀĞŶƚƐĐŚĂůůĞŶŐĞƚŚĞƐĞĐƚŽƌŝŶƵŶĞǆƉĞĐƚĞĚǁĂǇƐĂŶĚǁŚĂƚƚǇƉĞƐŽĨŝŶǀĞƐƚŵĞŶƚ
ŝŶ ƌĞƐĞĂƌĐŚ ǁŝůů ƉƌŽǀŝĚĞ ƉƌŽĚƵĐĞƌƐ ŽĨ ƚŚĞ ĨƵƚƵƌĞ ǁŝƚŚ ƚŚĞ ƚŽŽůƐ ĂŶĚ ƉƌŽĚƵĐƚŝŽŶƉƌŽĐĞƐƐĞƐ ƚŚĂƚ ǁŝůů
ĂůůŽǁƚŚĞŵƚŽƉƌŽƐƉĞƌ͘/ƚǁŽƵůĚĂůƐŽĂůůŽǁƵƐƚŽĞƐƚŝŵĂƚĞǁŚĂƚƚŚĞďĞŶĞĨŝƚƐƚŽŵŝƚŝŐĂƚŝŽŶŵŝŐŚƚďĞ
ŝŶƚĞƌŵƐŽĨĨƵƚƵƌĞĂǀŽŝĚĞĚĐŽƐƚƐ͘

ZĞĨĞƌĞŶĐĞƐ
ŐƌŝĐƵůƚƵƌĞ ĂŶĚ ŐƌŝͲ&ŽŽĚ ĂŶĂĚĂ͕ ϮϬϬϳ͘  ^Žŝů >ĂŶĚƐĐĂƉĞƐ ŽĨ ĂŶĂĚĂ WŽůǇŐŽŶƐͲ sĞƌƐŝŽŶ ϯ͘Ϭ͘
ŚƚƚƉ͗ͬͬƐŝƐ͘ĂŐƌ͘ŐĐ͘ĐĂͬĐĂŶƐŝƐͬŶƐĚď͘ƐůĐͬǀϯ͘ϬͬŝŶƚƌŽ͘Śƚŵ͘
ĞĂĐŚ͕ Z͘,͕͘ ͘ ŚĞŶ͕ ͘ dŚŽŵƐŽŶ͕ Z͘D͘ ZĞũĞƐƵƐ͕ W͘ ^ŝŶŚĂ͕ ͘t͘ >ĂŶƚǌ͕ ͘s͘ sĞĚĞŶŽǀ͕ ͘͘ DĐĂƌů͕
DĂǇϮϬϭϬ͘ůŝŵĂƚĞŚĂŶŐĞ/ŵƉĂĐƚƐŽŶƌŽƉ/ŶƐƵƌĂŶĐĞ͘ZĞƉŽƌƚĨŽƌh^ZŝƐŬDĂŶĂŐĞŵĞŶƚŐĞŶĐǇ͕
tĂƐŚŝŶŐƚŽŶ͘
'ŝůů͕Z͕͘d͘:͘Žůǁŝůů͕ϮϬϭϯ͘dŚĞĂŶĂĚŝĂŶZĞŐŝŽŶĂůŐƌŝĐƵůƚƵƌĂůDŽĚĞů͗^ƚƌƵĐƚƵƌĞ͕ĞƐĐƌŝƉƚŝŽŶĂŶĚ
ƉƉůŝĐĂƚŝŽŶƐ͕ŐƌŝĐƵůƚƵƌĞĂŶĚŐƌŝͲ&ŽŽĚĂŶĂĚĂ͕KƚƚĂǁĂ͘
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>ĞŵŵĞŶ͕͘^͕͘&͘:͘tĂƌƌĞŶ͕:͘>ĂĐƌŽŝǆ͕͘ƵƐŚ;ĞĚƐͿ͕ϮϬϬϳ͘&ƌŽŵ/ŵƉĂĐƚƐƚŽĚĂƉƚĂƚŝŽŶ͗ĂŶĂĚĂŝŶĂ
ŚĂŶŐŝŶŐůŝŵĂƚĞϮϬϬϳ͘EĂƚƵƌĂůZĞƐŽƵƌĐĞƐĂŶĂĚĂ͕KƚƚĂǁĂ͘
DĂůĐŽůŵ͕ ^͕͘ ͘ DĂƌƐŚĂůů͕ D͘ ŝůůĞƌǇ͕ W͘ ,ĞŝƐĞǇ͕ D͘ >ŝǀŝŶŐƐƚŽŶ͕ <͘ ĂǇͲZƵďĞŶƐƚĞŝŶ͕ :ƵůǇ ϮϬϭϮ͘
ŐƌŝĐƵůƚƵƌĞĚĂƉƚĂƚŝŽŶƚŽŚĂŶŐŝŶŐůŝŵĂƚĞ͗ĐŽŶŽŵŝĐĂŶĚŶǀŝƌŽŶŵĞŶƚĂů/ŵƉůŝĐĂƚŝŽŶƐsĂƌǇďǇh͘^͘
ZĞŐŝŽŶ͘h^Z^ĐŽŶŽŵŝĐZĞƉŽƌƚEƵŵďĞƌϭϯϲ͕tĂƐŚŝŶŐƚŽŶ͘
EĞůƐŽŶ͕ '͘͘ Ğƚ Ăů͕͘ ϮϬϬϵ͘  ůŝŵĂƚĞ ŚĂŶŐĞ͗ /ŵƉĂĐƚ ŽŶ ŐƌŝĐƵůƚƵƌĞ ĂŶĚ ŽƐƚ ŽĨ ĚĂƉƚĂƚŝŽŶ͘ /&WZ/͕
tĂƐŚŝŶŐƚŽŶ
h͘^͘ 'ůŽďĂů ŚĂŶŐĞ ZĞƐĞĂƌĐŚ WƌŽŐƌĂŵ͕ ϮϬϭϯ͘ E ƌĂĨƚ ůŝŵĂƚĞ ƐƐĞƐƐŵĞŶƚ ZĞƉŽƌƚ͘
tĂƐŚŝŶŐƚŽŶ͘
tŚĞĂƚŽŶ͕ ͕͘ ^͘ <ƵůƐŚƌĞƐŚƚŚĂ͕ t͘ ŝůĞƌƐ͕ s͘ tŝƚƚƌŽĐŬ͕ ϮϬϭϬ͘  ŶǀŝƌŽŶŵĞŶƚĂů ^ƵƐƚĂŝŶĂďŝůŝƚǇ ŽĨ
ŐƌŝĐƵůƚƵƌĞ ŝŶ ƚŚĞ ŽŶƚĞǆƚ ŽĨ ĚĂƉƚŝŶŐ ƚŽ Ă ŚĂŶŐŝŶŐ ůŝŵĂƚĞ͘ ^Z WƵďůŝĐĂƚŝŽŶ EŽ͘ ϭϬϰϯϮͲϭϬϭϬ͕
^ĂƐŬĂƚŽŽŶ͘
ŚĂŶŐ͕ ͕͘ Z͘ DĂĐ'ƌĞŐŽƌ͕ ͘ &ƵƋƵŶ͕ Z͘ ĞĐŬĞƌ͕ :͘ tŝůůŝĂŵƐ͕ :͘ ŝŚůĂƌ͕ ĨŽƌƚŚĐŽŵŝŶŐ͘ tŝůů WƌŽũĞĐƚĞĚ
ůŝŵĂƚĞ ŚĂŶŐĞ ,ĂǀĞ ĚǀĞƌƐĞ /ŵƉĂĐƚƐ ŽŶ >ĂŶĚ ZĞƐŽƵƌĐĞƐ ĨŽƌ ƚŚĞ ĂŶĂĚŝĂŶ WƌĂŝƌŝĞƐ ʹ  ^ƉĂƚŝĂůůǇ
ǆƉůŝĐŝƚ ƐƐĞƐƐŵĞŶƚ͘ WĂƉĞƌ ĨƌŽŵ ĂŶĂĚĂ ĞŶƚƌĞ ĨŽƌ ZĞŵŽƚĞ ^ĞŶƐŝŶŐ͕ EĂƚƵƌĂů ZĞƐŽƵƌĐĞƐ ĂŶĂĚĂ͕
KƚƚĂǁĂ͘
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Abstract—The HIFI-MS (Helsinki Integrated Forest Impact Model System) approach combines
forest models of different scale and objective in a modular system for estimating climate
change impacts in the regional scale. Here, the system is illustrated with an example on
adaptation of forest management alternatives under climate change in southern Finland. We
used physiologically-based models of daily GPP and respiration to predict NPP, and models of
daily soil processes to predict C and N release as a function of environmental drivers. The
results of these were inserted as parameter changes in the PipeQual stand growth model and
further translated into changes in site index, which were used as input to an empirical growth
model to estimate regional forest growth changes. Economically optimal forest management
schemes were calculated on the basis of the scenario results. Our models predict a 16-40%
growth increase in southern Finland under climate change scenarios (A2,A1B, B1). No single
thinning regime showed to be optimal in the transient climate. The initial age distribution of
stands largely determined the total growth in the region until 2050, after which different
climate scenarios and management options started to influence the outcome.
Index Terms—boreal forest productivity, climate scenarios, management scenarios, modular
model
————————————————————

1

Introduction

Prediction of forest growth under climate change involves quantification of a multitude of impacts at
different spatial and temporal scales. Few ecosystem models incorporate all the essential impacts at a
time, and furthermore, single models easily become too complex to parameterise for larger areas or
longer time spans. On the other hand, a lot of information and theoretical understanding of different
aspects of forest ecosystem functioning and growth has already been gained and quantified in different
models. The HIFI-MS (Helsinki Integrated Forest Impact Model System) approach is to combine such
models in a modular system for estimating climate change impacts in the regional scale.

2

The model system

The model system consists of physiologically-based models of daily GPP and respiration to predict NPP
(SPP: Mäkelä et al. 2006; PreLes: Mäkelä et al. 2008, Peltoniemi et al. 2012), and a model of daily soil
processes to predict C and N release as a function of environmental drivers (ROMUL: Chertov et al.
1
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2001). The results of these simulations are expressed as aggregated parameters for process-based stand
growth models. These parameters typically describe potential rates of processes under a changed climate, while the growth model simulations introduce feedbacks between the different processes and the
changing state of the stand. In this report, we use the PipeQual model (Mäkelä and Mäkinen 2003, Kantola et al. 2007) for stand growth simulations under climate scenarios. In our forthcoming work we will
apply the OptiPipe model (Valentine and Mäkelä 2012) with optimal C:N allocation to derive a responsesurface relating the climate-sensitive parameters to carbon allocation. Changes in carbon allocation are
further translated into changes in site index, which is used as input to an empirical growth model to estimate regional forest growth changes (Fig. 1). Changes in site index also infer changes in the ground
vegetation and therefore in the need of site preparation. The results from the empirical model allow us
to assess the economical returns from different management options and to calculate economically optimal forest management schemes (Mäkipää et al. 2011).

Fig. 1. Modular model system in HIFI-MS. FMU = Forest Management Unit

3

Material and methods
3.1 Climate scenarios

We used three climate scenarios based on SRESB1, SRESA1B and SRESA2 emission scenarios. Changes of
daily temperature, precipitation, vapour pressure deficit and solar radiation were calculated separately

2
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for periods 2011-2040, 2041-2070 and 2071-2100 by using a climate model that represented the median
temperature change among 10 climate models (CSIRO). The results were calculated (1) across Finland on
a 10 km x 10 km grid, and specifically (2) over a circular region of radius 25 km around the SMEAR II ecological research station (61º 50' 50.685'', 24º 17' 41.206'').

3.2 Forestry data
National multisource forest inventory data were available for the circular forest area at 20 m x 20 m resolution (ca. 140 000 ha). Variables measured included land use class, stand age, basal area, total volume
and volume by species (Picea abies, Pinus sylvestris, Betula pendula and other deciduous).

3.3 Forest management decisions
Simulations were carried out using the SIMO model platform in the forest area. The initial state was
based on the inventory data. Forests were grown as even-aged stands with a dominant species. The
management decisions concerned timing and intensity of thinnings, timing of clearcut and the choice of
species (pine, spruce, birch) for the next generation. In addition, removal of ground vegetation was carried out when needed and its cost depended on the biomass of the vegetation to be removed, which in
turn was related to the current site index. Two management strategies were compared: (1) current recommendations which are based on basal area and height (Tapio 2006) and (2) adaptive management
which was defined so as to harvest when the current rate of value growth goes below the current interest rate (taken to be 3%).

4

Results
4.1 Productivity changes

Changes in potential productivity were estimated for the whole of Finland, while subsequent analyses
were only carried out for a selected region. The simulations predict that by 2100, the potential productivity (GPP) will increase approximately by 20, 30 or 50% in the B1, A1B and A2 scenarios, respectively
(Fig. 2). This represents the maximum change in productivity provided that N availability would also increase respectively. Preliminary results indicate that N availability may not increase in pace with the increased potential for GPP, if the potential is estimated as a function of CO2 increase and changes in meteorological variables. In our simulations, changes in CO2 and meteorological variables are each responsible for about 50% of the increase. The availability of N is dependent on soil temperature and humidity,
while the increase in atmospheric CO 2 concentration may not contribute to an increase in N availability.

3
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Fig. 2. Distribution of reference GPP in Finland in current climate (a), 2050 (b) and 2100 (c) according to
the A1B scenario as simulated by a climate model representing the median temperature increase for
2010-2100 in Finland among 10 climate models (CSIRO).

4.2 Changes in site index
We predicted the changes in site index (dominant height at age 100 yrs) for the SMEAR II region using
the PipeQual model with changes in parameters relating to potential GPP, specific rate of respiration and
N uptake rate for the period 2000-2100. The predicted change was 4 – 6 m depending on the current
growth site, with poorer sites showing larger increases in site index (Fig. 3).

Fig. 3. Development of site index in four site types during 2000 – 2100. Site type refers to dominant
ground vegetation type: VT = Vaccinium type, MT = V. myrtillus type, OMT = Oxalis-myrtillus type
4
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4.3 Changes in productivity in the sample region
The mean annual increment (m3/yr) increased in the forest area as a function of the climate scenario
used, but was much less than the increase in potential productivity (Fig. 4a). However, the harvests were
less intensive in the adaptive scenario, resulting in less total volume removed (Fig. 4b). At the same time,
the net present value of the forest area was greater with the adaptive management method than using
the conventional harvest (Fig. 4c). The initial age distribution of stands largely determined the total
growth in the region until 2050, after which different climate scenarios and management options started
to influence the outcome.

Fig. 4. Forest productivity and economic value in different climate scenarios and management strategies
in a sample region in Finland during 2000-2100. a) mean annual increment (m3/yr), b) total harvests, %
of reference (current climate and current management), c) net present value, % of reference.

5

Discussion

Here, we presented preliminary results from simulations using HIFI-MS, a modular model system for
combining eco-physiological and empirical growth models with economic assessment of management
options. So far, the results indicate that while climate drives total productivity, management methods
are crucial for determining stand structure and revenue from harvests. Because of increasing growth
potential, the changing climate moves harvests earlier. Partly because of this, the impacts of climate
5
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change appear less at the FMU scale than at stand scale.
Risk of damage was not included in this study (wind, fire, insects, dry spells). Previous studies show that
the optimum rotation length is shorter under a risk of damage (Reed, 1984 and later studies), and also
that the adaptive management would be even more preferred when risks increase (e.g., Gong, 1998).

6

References

Chertov, O.G. et al., 2001. ROMUL a model of forest soil organic matter dynamics as a substantial
tool for forest ecosystem modeling. Ecological Modelling, 138, pp.289–308.
Gong, P., 1998. Risk Preferences and Adaptive Harvest Policies for Even-Aged Stand Management.
Forest Science, 44(4), pp.496--506.
Kantola, A. et al. 2007. Stem form and branchiness of Norway spruce as sawn timber – predicted by a
process-based model. For Ecol. Manage, 241, pp.209-222.
Mäkelä, A. et al., 2006. Modelling five years of weather-driven variation of GPP in a boreal forest. Agriculture and Forest Meteorology, 139, pp.382-398.
Mäkelä, A and Mäkinen, H. 2003. Generating 3D sawlogs with a process-based growth model. Forest
Ecology and Management, 184, pp.337-354.
Mäkelä, A. et al., 2008. Developing an empirical model of stand GPP with the LUE approach: analysis
of eddy covariance data at five contrasting conifer sites in Europe. Global Change Biology, 14, pp. 98108.
Mäkipää, R. et al., 2011. How forest management and climate change affect the carbon sequestration
of a Norway spruce stand. Journal of Forest Planning, 16, pp.107-120.
Peltoniemi , M. et al, 2012. Does canopy mean N concentration explain differences in light use efficiencies of canopies in 14 contrasting forest sites? Tree Physiology, 32(2), pp. 200-218
Reed, W. J., 1984. The effects of risk of fire on the optimal rotation of a forest. Journal of Environmental Economics and Management 11:180-90.
Tapio 2006. Hyvän metsänhoidon suositukset. (Recommendations for good forest managment practise. In Finnish). Metsäkeskus Tapio.
Valentine H.T, Mäkelä, A., 2012. Modeling forest stand dynamics from optimal balances of carbon and
nitrogen. New Phytologist, 194, pp. 961–971.

6

741

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

Globally consistent adaptation policy assessment for agricultural sector in Eastern Asia
Mosnier A*1,2, Obersteiner M1, Havlík P1, Westphal M3,4, Schmid E2, Valin H1, Khabarov N1, Frank S1, Albrecht F1
1

International Institute for Applied Systems Analysis (IIASA), Laxenburg, Austria
2

University of Natural Resources and Life Sciences, Vienna, Austria
3

Asian Development Bank, Mandaluyong City, Philippines
4

Abt Associates, Bethesda, USA

*Contact author: mosnier@iiasa.ac.at

Abstract—Achieving food security in the face of climate change is considered to be a major
challenge for humanity in the 21st century. The science of farm level climate adaptation
measures is well established, while more comprehensive analysis including global market
feedbacks are lacking. In a context of uneven impacts of climate change across interconnected
regions through trade, climate change impact and adaptation policies in one region need to
be assessed in a global framework. In this study we investigate how pressure on the food
system in Eastern Asia can be mitigated by a consumer-sided adaptation policy. We find that
the costs of implemented adaptation policy vary greatly across climate projections
representing between 2 billion USD and 30 billion USD per year in 2050 for the Eastern Asian
region. The costs of a policy that would be implemented only at the regional level would be
greatly reduced. However, market price leakage of a regional only adaptation policy
exacerbates pressure on food systems in other world regions. These findings point to the need
to coordinate the implementation of adaptation policies internationally to avoid negative
climate change impact falling on the poor.

Index Terms—food security, adaptation, trade, Eastern Asia, integrated modeling
————————————————————

1

Introduction

Eastern Asia is one of the most populated regions of the world with 1.5 billion inhabitants. Around half
1
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of the food consumption comes from domestic production in Japan and South Korea and two-thirds in
Mongolia while China is close to food self-sufficiency level. This indicates that local agriculture has an
important role to ensure food security in the region (Piao et al. 2010). However, food and feed imports
have continuously increased during the last decades reinforcing food interdependency between Eastern
Asian countries and the rest of the world. Most staple food is imported in Japan and South Korea (McMichael 2000) and livestock sector in China relies more and more on soybean imports (Nepstad, Stickler,
and Almeida 2006). Currently, Eastern Asia sources its imports mainly from North America, Latin America, Australia and South Asia. When the impact of climate change on food consumption in Eastern Asia
will likely result from the combination of climate change impacts on domestic production potential and
on trading partners’ production potential, existing studies have focused on the impact on domestic agriculture only (Wang et al. 2009; Wei et al. 2009).

With future climate change, higher temperatures could reduce crop yields while increased atmospheric
CO2 concentrations might improve plant growth conditions (Lobell, Schlenker, and Costa-Roberts 2011;
Kaufmann et al. 2008; Erda et al. 2005). It will also lead to a shift in suitable growing areas inside a country and across countries (Iizumi, Yokozawa, and Nishimori 2011; Olesen and Bindi 2002). While the global
impact of climate change is supposed to be small, regional impacts are projected to be important with
for instance serious droughts problems in China and Mongolia (S. Liu and Wang 2012). Most of the climate change adaptation literature has focused on producer-side measures (Howden et al. 2007; Smit
and Skinner 2002). However, consumer-oriented adaptation strategies could be more efficient to target
food security (Nelson et al. 2010). Since it could exploit gains in relative competitiveness in production by
allowing geographical production flexibilities of relocation through international trade, the financial burden of the food security adaptation policy could be lower.

2

Methodology

We use an integrated modeling framework to investigate both biophysical and economic impacts of climate change and the effects of a consumer side adaptation policy (Fig. 1).

2
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Figure 1. Overview of the IIASA-ESM integrated modeling cluster to assess climate impacts and climate adaptation
policy

Climate projections have been taken from 3 General Circulation Models focusing on the A2 SRES storyline whichy represent contrasted climate projections and consequently give an idea of the uncertainty
range of global climate change among GCMs. They have been selected among 17 GCMs according to the
changes in the Climate Moisture Index (CMIs) between 2046 - 2055 and the baseline period 1961-1990
which is an indicator of aridity depending on annual precipitation (P) and average annual potential evapotranspiration (PET):

CMI
CMI

P
 1,  PET ! P
PET
PET
1
,  P ! PET
P

Mri.cgcm2.3.2a represents a global wet climate, ukmo.hadgem1 a mid-range climate and cnrm.cm3 a
global dry scenario. However, cnrm.cm3 is the driest of the three GCMs for Northeast Asia while both
mri.cgcm2.3.2a and ukmo.hadgem1 are wetter climate scenarios for the region (Fig. 2).
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Figure 2. Changes in the Climate Moisture Index (CMI) compared to historical climate (2046-2055 vs. 1961-1990,
A2 emissions scenario) show positive values for wetter climates and negative values of drier climates. The numbers
are the spatial averages for the global and Northeast Asian country.

The Environmental Policy Integrated Climate (EPIC) model is used to compute the effect of climate
change on 18 major crops’ yields and input requirements globally, including carbon fertilization effect
(Williams 1990). The biophysical impacts are computed by applying change in potential crop yields on
current crop areas. The potential yields and related input requirements are then included in GLOBIOM
(Havlík et al. 2011), a global economic model, where the supply side draws on detailed land information
on soil types, climate, topography, land cover, and crop management. Countries are assigned to 1 of 31
regions among them Northeast Asian countries -China, Mongolia, Japan and South Korea- have been singled out as individual countries. Principal exogenous drivers are gross domestic product (GDP) and population change as well as bioenergy demand. The model is recursive dynamic. It runs over the period
2000-2050 and is solved by 10 year-steps. Autonomous adaptation is possible through trade, reallocation
of crop production, and changes in crop management.

The adaptation policy is introduced as a constraint to reach at least the same calorie intake level from
crops and animal origin as with historical climate over 2000-2050. The amount of the required monetary
transfer to consumers to reach such a level is endogenously computed and is referred as the cost of adaptation. We first introduce the constraint at the country level in Northeast Asia and then to all the other
regions.
4
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3

Results

3.1

Biophysical impacts

Despite heterogeneous climate projections globally, we observe some common regional patterns in the
estimates of biophysical impacts of climate change (Fig. 3). Our results always show a negative impact of
climate change on total crop calorie production in the North Plain which is very densely populated and
where most of the grains are produced. A positive impact is observed on total crop calorie production in
South Korea, in most of Japan, in the Sichuan Basin and above the Xi Jiang River in China by 2050. Among
the main trading partners of Eastern Asia we consistently observe a negative impact of climate change
on crop production in North America and a positive impact on Australia in 2050 across all three GCMs
while there is more uncertainty about the climate change impact in Latin America and in South Asia.
Combined external and internal biophysical impacts of climate change would lead to a reduction in domestic calorie availability until 30% in Mongolia, 14% in Japan, 10% in China and 8% in South Korea in
2050.

5
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Figure 3: Biophysical impact of climate change in 2050 on current cultivated area in % change of crop calories production compared to the situation with historical climate. The results are aggregated at the following
regional level: China (CHN), Japan (JPN, Mongolia (MOG), South Korea (ROK), India (IND), Latin America
(LAM), North America (NAM), Former Soviet Union (FUS), Europe (EUR), Central America (CAM), Sub-Saharan
Africa (SSA), Middle East and North Africa (MED), South Asia (SAS) and Oceania (OCE).
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3.2

Global economic feedbacks
3.2.1 No planned adaptation

However, economic feedbacks generally lead to higher calorie production in Eastern Asia compared to
the only biophysical impacts. The calorie production is still always reduced in China but the magnitude of
the reduction is limited to 4% as compared to the biophysical impacts of 10%. That could be partly explained by internal shifts in area of production and in management. We observe for instance a wheat
production increase in the south of China and a rice production increase in the Sichuan basin. Calorie
production increases strongly in Mongolia and in South Korea. Mongolia is a landlocked country where
transportation costs are high and imports are concentrated on few trading partners. It leads to high import price increase in case of negative impact of climate change in partner countries, and as a result,
higher domestic production to substitute imports (Fig. 4). To the contrary, China has more flexibility to
adjust trade patterns. We observe some shift from North America to Australia and Europe in Chinese
imports sourcing. Improvement in rice productivity under climate change also stimulates exports from
Japan and South Korea.

From our estimates, the global wet scenario would lead to the lowest impact on calorie consumption in
Eastern Asia (Fig. 4). Across all climate projections, average food consumption per capita remains almost
constant in Japan and South Korea because higher domestic productivity is able to compensate higher
import prices. Since rice is a major component of human diet and animal feeding is mainly imported, our
results show on one hand a reduction in calorie price from vegetal origin and an increase in calorie price
from animal origin. China is expected to experience increases in crop and meat prices regardless of the
climate scenario, leading to a reduction in food consumption. However, the average calorie consumption
reduction is quite low, representing less than 1% of the daily calorie intake. In our estimates, Mongolia
faces a crop price rise of 40% and a reduction of the daily average intake down to 7%. In addition to low
flexibility of trade, higher price rises in Mongolia are explained by less flexibility of the demand which is
concentrated on few products.

7
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Figure 4. Impact of climate change on calorie intake (consumption), production and net trade in China, South
Korea, Japan and Mongolia in 2050 with and without adaptation policy. Absolute difference with results obtained with historical climate data. To allow comparison between Northeast Asian countries, differences are expressed in average calorie per capita per day. NP stands for No policy, RP for Regional consumer adaptation policy
scenario which is only implemented in Northeast Asia and GP for Global consumer adaptation policy scenario.

3.2.2 Regional adaptation
The consumer adaptation policy is first introduced regionally and is modeled as a financial transfer to
consumers allowing them to reach the same level of calorie intake as in the case of constant climate. Between 50% and 70% of the additional consumed calories are projected to be produced domestically in
China while in Mongolia more than 80% of the additional consumed calories are imported. We estimate
the cost of such a regional policy to vary across GCMs from 80 million in the global wet scenario to more
than 8 billion USD per year in 2050 in the global mid-range scenario which corresponds to the driest scenario regionally. However, even if Chinese calorie imports only increase by 9% maximum with the consumer support policy, it still represents large quantities on international markets. Higher exports to the
Northeast Asian region lead to higher prices in Southeast Asia and Brazil where the average calorie intake
per capita is further reduced in addition to the climate change impact. Thus, market leakage effects of
domestic adaptation policies raise important equity and food security issues on the international level.

3.2.3 Global adaptation
When we implement a global policy that would restore calorie consumption to levels of no climate
change in each region of the world we face another trade-off. Higher global demand will further increase
world prices due to additional production in all the regions. Comparing to the global policy scenario to
8

749

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

the regional one, we observe that food imports tend to be lower and domestic production higher in
Eastern Asia under the global policy. The regional cost of the global adaptation policy strongly increases
in Eastern Asian countries reaching a minimum of 2 billion USD and a maximum of 30 billion USD per
year in 2050. We estimate the global cost of the global adaptation policy to be in the range of 12 to 119
billion USD per year in 2050 in the global wet scenario and in the global mid-range scenario respectively.
This range of adaptation costs corresponds to less than a promille of global GDP.

4

Discussion and conclusion

The success and the overall cost of such an adaptation policy depend on several factors. On the one
hand, technological change in crop or livestock breeding (Huang et al. 2004; Y. Liu et al. 2010) could reduce the price increase due to climate change and consequently the required financial support to consumers. If we consider crop yield growth due to technological change in line with historical observations
over the period 1980-2000, we estimate that the global adaptation cost to support consumers decreases
in the range of 14 to 50 billion USD per year in 2050. On the other hand, the cost could be increased by
necessary investments in physical market access to allow consumers to access larger food quantities if
they are ready to pay more. Reliable transportation infrastructures inside the country are an important
condition to allow food transfer from food-surplus regions to food-deficit regions (Bourguignon,
WůĞƐŬŽǀŝē͕ĂŶĚĂŶŬϮϬϬϴͿ. The advantage of a consumer strategy is the possibility to rely on trade to adjust to climate shocks. However, constraints in foreign currency availability and export restrictions from
large exporting countries are still obstacles to trade-based adjustments (Gilbert and Tabova 2011). Finally, instead of a universal scheme, a climate adaptation policy might favor a funding mechanism that is
more targeted on the food insecure populations. Such a scheme might reduce the costs of the adaptation policy even if transaction costs of a more targeted implementation mechanism could be significant.
Existing safety net programmes could be used to channel additional funding to reduce climate change
impacts on vulnerable people (Grosh, Ninno, and Tesliuc 2008).

This study has illustrated that looking only at crop yield projections in one region is inadequate to derive
conclusions on climate change impact on food security. The impact of climate change in the other regions should also be taken into account as it will likely be channeled through international trade. Achieving food security under climate change will require a wide range of policies. In parallel to investment in
agronomic research and in rural infrastructures, policies which could reach vulnerable consumers in case
9
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of higher food prices could be an efficient way to protect against negative impacts of climate change.
More generally, current negotiations should be less about funding and methods of location-specific adaptation projects and more focused on how to make the global food system more resilient.
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increasing?
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Abstract — Based on field observations from 88 forest and savannah regions across the
world, it has recently been suggested that forest mortality has been increasing as a result
of decreasing moisture availability, but it is not yet clear if these observations are
representative for forests globally. We used historical climate data and a dynamic global
vegetation model (LPJ-GUESS) to assess i.) if the field observations are representative for
all forests, ii.) which forests are affected by drought, and iii.) if the LPJ-GUESS model can
reproduce the reported mortality events.
Using two climate data sets and two drought indices, we identified a small drying trend
with large variability from 1948 to 2006, but no increase in extreme drought events in
forests generally. However, a weak drying trend and an increase in extreme drought
events, are apparent for forests in already dry climates and savannah areas, and the
locations or regions for which drought-induced mortality trends have been reported are
predominantly in dry climates. Almost two thirds of the reported drought-induced forest
mortality events can be reproduced by either the climatic data or tree mortality events
simulated by LPJ-GUESS. But only in one third of the cases, one of the two climatic data
sets indicates drying and the vegetation model simulates increased forest mortality,
implying that climatic drought might not be the main driver of all these events. We
conclude that an increase in drought-induced mortality in dry forest and savannah areas
is indeed likely, but the general trends are not very strong and the spatial variability is
large.
According to average climate change projections, many already dry forest areas are likely
to become even drier in the future, but projections of the impacts of such climatic trends
on forest mortality are highly uncertain because forest impact models have not been
thoroughly tested against historical events of increased forest mortality. Furthermore,
extreme impacts on forests are generally driven by complex interactions between direct
climatic effects, disturbances, such as fire and windstorms, and forest pathogens and
pests, most of which are not at all or poorly represented in impact models.
Index Terms — Tree mortality, forest dieback, drought, climate impacts on forests,
Dynamic Global Vegetation model (DGVM).
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1

Introduction
In a warmer climate, droughts are projected to become more severe and widespread during the

next decades (Sheffield & Wood 2008b, Dai 2013), which would strongly impact agriculture, the
economy, human health and forests (McMichael et al. 2006, Anderegg et al. 2013). Yet, we cannot
make reliable projections of future impacts of droughts unless we understand historical impacts, and
recent trends might already indicate the kind of changes to be expected in the future. Therefore, a
recent meta-analysis, which identified 88 locations globally with increased forest mortality
attributed to heat and drought during the 19th and early 20th century (Allen et al. 2010; hereafter
ALLEN) received much attention (e.g. in the currently written 5th assessment report by the IPCC). But
it has not been assessed to what extent the field observations are representative of forests globally.
In this study, we used two climate data sets, two drought indices and a Dynamic Global
Vegetation Model (DGVM) to investigate i.) if the field observations from ALLEN are representative
of all forests; ii.) where it is getting dryer and wetter; iii.) if the applied DGVM can reproduce these
mortality events and iv.) how strongly drought drives forest mortality.

2

Material and methods

2.1

Climate data

The two climate data sets were: a.) CRU TS 3.0 (Mitchell & Jones 2005) monthly data (hereafter
CRU), at 0.5°x0.5° resolution, generating daily precipitation with a weather generator (Gerten et al.
2004), and daily temperature and sunshine hour data by linear interpolation between mean monthly
values; b.) spatially downscaled daily reanalysis data at 0.5°x0.5° resolution (Sheffield et al. 2006)
(hereafter SHEFFIELD). CRU covers the period 1901–2006 and SHEFFIELD 1948–2008. We used
results from the overlapping period 1948–2006 for our analysis. For presentation reasons, we here
focus on the results with CRU.

2.2

Drought indices

We used a.) a modified version of the Palmer Drought Severity Index (PDSI) (Palmer 1965, Alley
1984), where we make use of the LPJ-GUESS hydrology; b.) the aridity index (AI) as annual
precipitation divided by annual PET (following [Priestley & Taylor 1972] as described in [Gerten et al.
2004]). The AI for the warmest 6 and 3 months, as well as the growing season were also analysed
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and gave comparable results. As temperature is used to calculate these indices and heat stress
generally is most severe under dry conditions, we assume that these indices do not only represent
drought stress, but, at least partly, also heat stress. The PDSI is calculated monthly and can have
positive (wet) and negative (dry) values. The AI has a lower threshold of 0, if annual precipitation is
zero and can go to infinity if annual PET is zero. For statistical evaluation, we normalized the PDSI
over time for each model grid cell. The AI was log-transformed, since it is approximately log-normal
distributed. With these indices, we defined three types of drought: i.) duration of 1 year with 2
standard deviations dryer than during the simulation period; ii.) duration of 3 years with 1.5
standard deviations dryer than during the simulation period; iii.) duration of 5 years with 1 standard
deviation dryer than during the simulation period. The PDSI can have a memory effect concerning
the conditions of previous months as well as the same month of several previous years (Guttman
1998).
A Spearman rank correlation of our calculated drought indices to growing season PDSI values of
the North American Drought Atlas (NADA) with a spatial resolution on 2.5°x2.5° (Cook et al. 1999)
and monthly values of the PDSI simulated by the Vegetation/Ecosystem Modeling and Analysis
Project (VEMAP) at 0.5°x0.5° (Kittel et al. 2004) yielded good results (results not shown).

2.3

Field observations of increased mortality attributed to drought and heat stress

We used the locations of ALLEN where we could access the original references (54 out of 88).
Many were only published as conference abstracts, with insufficient information for this study.
Sometimes several drought events were reported per location, resulting in 74 reported droughtinduced mortality events, spanning from one year to trends over 50 years. According to a potential
natural vegetation (PNV) map (Ramankutty & Foley 1999), 43 locations are in forested ecosystems, 7
are in savannah ecosystems and 24 are in non-forested ecosystems. Based on the CRU/SHEFFIELD
climate 32/36, 47/52, 32/27 locations are in arid (AI<0.65), dry(AI<1) and wet (AI≥1) regions, with
the AI average over the whole period. Of the 50 forests and savannah locations, 9/14, 22/27, 28/23
are in arid (AI<0.65), dry (AI<1) and wet (AI≥1) climates with CRU/SHEFFIELD, respectively. The field
observations tend to be in relatively dry regions compared to average conditions in all forests and
savannahs. 10%/14%, 30%/45% and 70%/55% of the global area of forests and savannah are in arid,
dry and wet climates with CRU/SHEFFIELD, respectively.
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2.4

Vegetation model description

We applied the DGVM LPJ-GUESS version 2.1 (Smith et al. 2001, Ahlström et al. 2012), which
combines the ecophysiological processes of the Lund-Potsdam-Jena (LPJ) DGVM (Sitch et al., 2003
with hydrological updates from Gerten et al., 2004) with more detailed representations of
vegetation dynamics and forest mortality, adopting a forest gap model approach (Smith et al. 2001).
In LPJ-GUESS, tree mortality occurs as a result of stochastic stand-replacing mortality (representing,
e.g., windstorms and pest attacks), fire, low growth efficiency and increasing age (Smith et al. 2001).
We only analysed changes in the latter two because these two are directly or indirectly driven by
climatic trends and correspond best to the type of mortality events that have been reported for the
field sites. Drought reduces the growth efficiency of trees (expressed as NPP per leaf area). The agerelated mortality can be influenced indirectly by climate change if climate change changes the
composition of trees in terms of their max. non-stressed longevity. However, in our simulation
results, changes in growth-efficiency mortality dominate the total mortality change.

3

Results and Discussion

3.1

Historical changes in climatic drought in forests and savannahs

The global spatial pattern of drying and wettening trends from our drought indices (Fig. 1)
corresponds well with previously published patterns (Dai 2010, Sheffield et al. 2012). Large parts of
Africa have become dryer (in particular in the Sahel), as well as Alaska/western Canada, East Asia,
India and eastern Australia.
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Fig. 1: CRU climate: significant (p≤0.05) trends of drought indices (a.) normalized PDSI, b.) log10(AI)), c.) the soil
moisture of the lower soil layer from the vegetation model, and d.) mortality values as change per 100 years for
PDSI and AI and change in % per 100 years for soil moisture and mortality. Hashed areas are grassland/steppe,
dense/open shrubland, tundra, desert and polar desert/rock/ice based on a PNV map, since trees play only
marginal roles in these regions.

On average, forests and savannahs have been become slightly drier, but with large variability (0.27±0.77 standard deviations per 50 years for PDSI; -0.0007±0.1 for log10(AI)). In terms of areas with
a significant drying or wettening trend, the PDSI gives larger areas with drying than with wettening,
in particular for arid and dry areas (Fig. 2). The AI analysis yield less significant results because the
sample size is much smaller (annual instead of monthly resolution), and the areas with a drying
trend surpass the wettening areas only in forests and savannahs in dry or arid regions. These climatic
trends indeed show a slight drying trend in forest and savannah areas, in particular in areas where
forest growth is water limited. The climatic trends at the ALLEN sites have not been widely different
from these general trends. For forest areas (according to the PNV map), the trends at the ALLAN
locations are not significantly different from the trends over all forests, both with CRU and
SHEFFIELD (Welch two sample t-test).
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Fig. 2: Relative area in each ecosystem type and with different AI thresholds (arid: AI<0.65; dry: AI<1;
wet: AI≥1) with significant drying (red) or wettening (blue) trends for a.) PDSI and b.) AI. Numbers
above the columns are absolute areas in 106 km2.
The areas affected by extreme drought events, irrespective of overall drying or wettening trends,
have decreased over the previous decades in forests and savannahs (Fig. 3 for PDSI and Fig. 4 for AI).
This overall decline in extreme drought-affected area is dominated by changes in wet locations and
ecosystems in areas outside the forest or savannah biome according to the PNV map. Forests and
savannahs in arid as well as in dry regions show a significant increase in the areas affected by
extreme events with respect to PDSI (AI similar, but insignificant). These analysis confirm the drying
in already dry areas, but not for forests and savannahs in general.
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Fig. 3: Area affected by any of the 3 defined types of droughts (PDSI) each year (dashed line) and linear trend
(solid line). The slope and p-value are given in the legend. a.) is without a filter, b–d are filtered by AI (arid:
AI<0.65, dry: AI<1, wet: AI≥1).

Fig. 4: Area affected by any of the 3 defined types of droughts (AI) each year (dashed line) and linear trend
(solid line). The slope and p-value are given in the legend. a.) is without a filter, b–d are filtered by AI (arid:
AI<0.65, dry: AI<1, wet: AI≥1).

3.2

Climatic trends and simulated mortality at the ALLEN locations

For each of the reported drought- and heat-induced mortality events, we checked whether one of
our drought indices (with either of the two climate data sets) matches the location and reported end
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year ±5 years. The reported drought was apparent in the climate data for 38/41 out of 74 drought
events (PDSI or AI) with CRU/SHEFFIELD, respectively, and for 48 events in CRU or SHEFFIELD. This
match was better than by chance (randomly choosing a thousand times 74 locations and years in
forests and savannahs) for AI, but not for PDSI. LPJ-GUESS simulates exceptional mortality for 30/29
of the reported events with CRU/SHEFFIELD, but only in 15/14 cases associated with exceptional
drought. The relatively poor correspondence between the climatologies and the simulated mortality
on the one hand and reported mortality events on the other casts doubt on the primary role of
drought for all reported mortality events.
We looked at two well-documented large-scale mortality events in more detail. For the western
U.S. (Van Mantgem et al. 2009; ALLEN Table A5: 23) the authors concluded that warming and the
resulting increase of the climatic water deficit likely contributed to a strong increase of tree
mortality since the 1960s . This region spans 16 model grid cells (120W–118.5W, 36.5N–38.00N).
Although we calculate a significant (p<0.05) increase in mortality of 0.24%yr-1 between 1948 and
2006 in agreement with the observations, we calculate a wettening trend with the PDSI and CRU
(p<0.05; also weak wettening in terms of the AI, but not significantly) and no significant changes
with SHEFFIELD. The largest area with reported drought-induced mortality covers west to mid
southern Canada (120W–60W, 49N–80N ALLEN Table A5: 20; equivalent to 1800 model grid cells)
following a drought in 2001–2002 (Hogg et al. 2008). For this event, we match the exceptional
increased mortality, as well as the exceptional drought with the PDSI with CRU. With the SHEFFIELD
data, only the increase in mortality is reproduced.

3.3

Global simulated tree mortality changes

The spatial pattern of mortality trends varies at a much finer spatial scale (Fig. 1d). The largest
changes in both directions occur at high latitudes, where temperature rather than water availability
constrain forest growth. However, in rather dry areas, moisture availability is indeed a main driver of
the tree mortality simulated by LPJ-GUESS, confirming that forests in these areas are sensitive to
increasing droughts (Fig. 5).
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Fig. 5: Spearman rank correlation ρ between PDSI and mortality based on CRU. Hashed areas are
arid (AI<0.65). Insignificant correlations (p≥0.05) as well as non-forested vegetation types are white.

4

Conclusions
According to our results, there has not been a clear general drying trend across all forest globally.

This conclusion is in line with global analysis from Sheffield & Wood (2008a) and Sheffield et al.
(2012), who haven’t found strong changes in drought severity and extent since 1950. Even at the
ALLAN locations, possibly not all reported mortality events have primarily been driven by drought
and heat stress. But our results suggest increasing drought stress for forests in already dry areas,
which is where increasing drought and heat also would have the strongest effects. However,
estimating drought levels from climate data is challenging because different drought measures can
yield quite different results (e.g. Sheffield et al. 2012). Furthermore, the gridded climate data we
used may be poor in some areas, and microclimates, as well as the crucial role of soils for the
drought sensitivity of forests, have not been accounted for in this study. Moreover, forest mortality
is a complex process and the result of interactions between direct climatic effects, management, and
disturbances, such as wind, fire, insect pests and pathogens (Franklin et al. 1987; Manion 1991; Kurz
et al. 2008) are poorly or not at all represented in impact models (Allen et al. 2010). Nevertheless,
more effort should be devoted to test the mortality schemes in impact models against observations
from historical events. A large spatial gap in the field observations exists for Asian (especially boreal)
forests, since it does not mean there were no such events, if drought-induced mortality events
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haven´t been reported here so far. The LPJ-GUESS model reproduces the two most widespread
reported increases in forest mortality rates, but more vigorous testing with climate forcing and soil
data of high quality is necessary to validate the model, and indirect climatic effects via insect pets
and pathogens are not represented in the model.

Acknowledgement
We thank Dominique Bachelet and Wendy Peterman for putting the dataset on DataBasin.org, Justin
Sheffield for providing his climate driver and our colleagues (Matthew Forrest, Allan Spessa,
Christian Werner) for discussions. JS and TH acknowledge support from the research funding
program ‘‘LOEWE-Landesoffensive zur Entwicklung Wissenschaftlich-ökonomischer Exzellenz’’ of
Hesse's Ministry of Higher Education.

Literature
Ahlström, A. et al., 2012. Robustness and uncertainty in terrestrial ecosystem carbon
response to CMIP5 climate change projections. Environmental Research Letters, 7(4),
p.044008.
Allen, C.D. et al., 2010. A global overview of drought and heat-induced tree mortality reveals
emerging climate change risks for forests. Forest Ecology and Management, 259(4),
pp.660–684.
Alley, W.M., 1984. The Palmer Drought Severity Index: Limitations and Assumptions. Journal
of Climate and Applied Meteorology, 23(7), pp.1100–1109.
Anderegg, W.R.L., Kane, J.M. & Anderegg, L.D.L., 2013. Consequences of widespread tree
mortality triggered by drought and temperature stress. Nature Climate Change, 3(1),
pp.30–36.
Cook, E.R. et al., 1999. Drought Reconstructions for the Continental United States. Journal of
Climate, 12(4), pp.1145–1162.
Dai, A., 2010. Drought under global warming: a review. Wiley Interdisciplinary Reviews:
Climate Change, 2(1), pp.45–65.
Dai, A., 2013. Increasing drought under global warming in observations and models. Nature
Climate Change, 3(1), pp.52–58.
Franklin, J.F., Shugart, H.H. & Harmon, M.E., 1987. Tree Death as an Ecological Process.
BioScience, 37(8), pp.550–556.
Gerten, D. et al., 2004. Terrestrial vegetation and water balance—hydrological evaluation of
a dynamic global vegetation model. Journal of Hydrology, 286(1–4), pp.249–270.

762

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

Guttman, N.B., 1998. Comparing the Palmer Drought Index and the Standardized
Precipitation Index. JAWRA Journal of the American Water Resources Association,
34(1), pp.113–121.
Hogg, E.H., Brandt, J.P. & Michaellian, M., 2008. Impacts of a regional drought on the
productivity, dieback, and biomass of western Canadian aspen forests. Canadian
Journal of Forest Research-Revue Canadienne De Recherche Forestiere, 38(6),
pp.1373–1384.
Kittel, T.G.F. et al., 2004. VEMAP Phase 2 bioclimatic database. I. Gridded historical (20th
century) climate for modeling ecosystem dynamics across the conterminous USA.
Climate Research, 27(2), pp.151–170.
Kurz, W.A. et al., 2008. Risk of natural disturbances makes future contribution of Canada’s
forests to the global carbon cycle highly uncertain. Proceedings of the National
Academy of Sciences, 105(5), pp.1551–1555.
Manion, P.D., 1991. Tree disease concept 2nd ed., New Jersey: Prentice Hall.
Van Mantgem, P.J. et al., 2009. Widespread Increase of Tree Mortality Rates in the Western
United States. Science, 323(5913), pp.521–524.
McMichael, A.J., Woodruff, R.E. & Hales, S., 2006. Climate change and human health:
present and future risks. The Lancet, 367(9513), pp.859–869.
Mitchell, T.D. & Jones, P.D., 2005. An improved method of constructing a database of
monthly climate observations and associated high-resolution grids. International
Journal of Climatology, 25(6), pp.693–712.
Palmer, W.C., 1965. Meteorological Drought. Research Paper No. 45, Washington, D. C.: U.S.
Department of Commerce. Available at: http://ncdc.noaa.gov/temp-andprecip/drought/docs/palmer.pdf.
Priestley, C.H.B. & Taylor, R.J., 1972. On the Assessment of Surface Heat Flux and
Evaporation Using Large-Scale Parameters. Monthly Weather Review, 100(2), pp.81–
92.
Ramankutty, N. & Foley, J.A., 1999. Estimating historical changes in global land cover:
Croplands from 1700 to 1992. Global Biogeochemical Cycles, 13(4), pp.997–1027.
Sheffield, J., Goteti, G. & Wood, E.F., 2006. Development of a 50-Year High-Resolution
Global Dataset of Meteorological Forcings for Land Surface Modeling. Journal of
Climate, 19(13), pp.3088–3111.
Sheffield, J. & Wood, E.F., 2008a. Global Trends and Variability in Soil Moisture and Drought
Characteristics, 1950–2000, from Observation-Driven Simulations of the Terrestrial

763

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

Hydrologic Cycle. Journal of Climate, 21(3), pp.432–458.
Sheffield, J. & Wood, E.F., 2008b. Projected changes in drought occurrence under future
global warming from multi-model, multi-scenario, IPCC AR4 simulations. Climate
Dynamics, 31(1), pp.79–105.
Sheffield, J., Wood, E.F. & Roderick, M.L., 2012. Little change in global drought over the past
60 years. Nature, 491(7424), pp.435–438.
Sitch, S. et al., 2003. Evaluation of ecosystem dynamics, plant geography and terrestrial
carbon cycling in the LPJ dynamic global vegetation model. Global Change Biology,
9(2), pp.161–185.
Smith, B., Prentice, I.C. & Sykes, M.T., 2001. Representation of vegetation dynamics in the
modelling of terrestrial ecosystems: comparing two contrasting approaches within
European climate space. Global Ecology and Biogeography, 10(6), pp.621–637.

764

/ŵƉĂĐƚƐ tŽƌůĚ ϮϬϭϯ͕ /ŶƚĞƌŶĂƟŽŶĂů ŽŶĨĞƌĞŶĐĞ ŽŶ ůŝŵĂƚĞ ŚĂŶŐĞ īĞĐƚƐ͕
WŽƚƐĚĂŵ͕ DĂǇ ϮϳͲϯϬ

/ŶƚĞƌĐŽŵƉĂƌŝƐŽŶ ŽĨ ĐůŝŵĂƚĞ ŝŵƉĂĐƚƐ ĂŶĚ
ĞǀĂůƵĂƟŽŶ ŽĨ ƵŶĐĞƌƚĂŝŶƟĞƐ ĨƌŽŵ ĚŝīĞƌĞŶƚ
ƐŽƵƌĐĞƐ ƵƐŝŶŐ ƚŚƌĞĞ ƌĞŐŝŽŶĂů ŚǇĚƌŽůŽŐŝĐĂů
ŵŽĚĞůƐ ĨŽƌ ƚŚƌĞĞ ƌŝǀĞƌ ďĂƐŝŶƐ ŽŶ ƚŚƌĞĞ
ĐŽŶƟŶĞŶƚƐ
d͘ sĞƩĞƌϭ͕Ϯ ͕ ^͘ ,ƵĂŶŐϭ ͕ d͘ zĂŶŐϯ ͕ s͘ ŝĐŚϮ ͕ y͘ tĂŶŐϯ ͕ ,͘ 'Ƶϯ ͕ s͘ <ƌǇƐĂŶŽǀĂϭ ͕ ĂŶĚ &͘ ,ĂƩĞƌŵĂŶŶϭ
ϭ

WŽƚƐĚĂŵ /ŶƐƟƚƵƚĞ ĨŽƌ ůŝŵĂƚĞ /ŵƉĂĐƚ ZĞƐĞĂƌĐŚ͕ 'ĞƌŵĂŶǇ
Ϯ
WŽƚƐĚĂŵ hŶŝǀĞƌƐŝƚǇ͕ 'ĞƌŵĂŶǇ
ϯ
,ŽŚĂŝ hŶŝǀĞƌƐŝƚǇ͕ ŚŝŶĂ

ďƐƚƌĂĐƚ WƌŽũĞĐƟŽŶƐ ŽĨ ĐůŝŵĂƚĞ ŝŵƉĂĐƚƐ ƐŚŽƵůĚ ďĞ ƉƌŽǀŝĚĞĚ Ăƚ ƚŚĞ ƌĞŐŝŽŶĂů ƐĐĂůĞ ƵƐŝŶŐ
ǀĂůŝĚĂƚĞĚ ƌĞŐŝŽŶĂůͲƐĐĂůĞ ŵŽĚĞůƐ ŝŶ ŽƌĚĞƌ ƚŽ ƉƌŽǀŝĚĞ ŵŽƌĞ ƌĞůŝĂďůĞ ƌĞƐƵůƚƐ ĨŽƌ ĚĞĐŝƐŝŽŶ
ŵĂŬĞƌƐ ĂŶĚ ŵĂŶĂŐĞƌƐ͘ /Ŷ ƚŚĞ ůĂƐƚ ĚĞĐĂĚĞ ĐůŝŵĂƚĞ ŝŵƉĂĐƚ ĂƐƐĞƐƐŵĞŶƚ ǁĂƐ ƉĞƌĨŽƌŵĞĚ
ĨŽƌ ĚŝīĞƌĞŶƚ ƌĞŐŝŽŶƐ ĂŶĚ ƐĞĐƚŽƌƐ ƵƐŝŶŐ ĚŝīĞƌĞŶƚ ƐĐĞŶĂƌŝŽƐ ĂŶĚ ƚŽŽůƐ͘ ,ŽǁĞǀĞƌ͕ ƚŚĞ ƌĞͲ
ƐƵůƚƐ ĂƌĞ ŚĂƌĚůǇ ĐŽŵƉĂƌĂďůĞ ĂŶĚ ĚŽ ŶŽƚ ĂůůŽǁ ƚŽ ĐƌĞĂƚĞ Ă ĨƵůů ƉŝĐƚƵƌĞ ŽĨ ŝŵƉĂĐƚƐ ĂŶĚ
ĞǀĂůƵĂƚĞ ƚŚĞŝƌ ƌŽďƵƐƚŶĞƐƐ͘ dŚĞƌĞĨŽƌĞ͕ Ă ƐǇƐƚĞŵĂƟĐ ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶ ŽĨ ŝŵƉĂĐƚƐ ƐŚŽƵůĚ
ďĞ ĚŽŶĞ ĨŽƌ ƌĞƉƌĞƐĞŶƚĂƟǀĞ ƌĞŐŝŽŶƐ͕ ĂŶĚ ŽƵƌ ƐƚƵĚǇ ǁĂƐ ŝŶƚĞŶĚĞĚ ƚŽ ĚŽ Ă ƐƚĞƉ ŝŶ ƚŚŝƐ ĚŝͲ
ƌĞĐƟŽŶ͘ dŚĞ ĐůŝŵĂƚĞ ŝŵƉĂĐƚ ĂƐƐĞƐƐŵĞŶƚ ǁĂƐ ƉĞƌĨŽƌŵĞĚ ĨŽƌ ƚŚƌĞĞ ƌŝǀĞƌ ďĂƐŝŶƐ ŽŶ ƚŚƌĞĞ
ĐŽŶƟŶĞŶƚƐ͗ ƚŚĞ ZŚŝŶĞ ŝŶ ƵƌŽƉĞ͕ ƚŚĞ hƉƉĞƌ EŝŐĞƌ ŝŶ ĨƌŝĐĂ ĂŶĚ ƚŚĞ hƉƉĞƌ zĞůůŽǁ ŝŶ ƐŝĂ
ƵƐŝŶŐ ƐĐĞŶĂƌŝŽƐ ĨƌŽŵ ĮǀĞ ĚƌŝǀŝŶŐ ŐůŽďĂů ĐůŝŵĂƚĞ ŵŽĚĞůƐ ĂŶĚ ĂƉƉůǇŝŶŐ ƚŚƌĞĞ ŚǇĚƌŽůŽŐŝĐĂů
ŝŵƉĂĐƚ ŵŽĚĞůƐ͗ ,s͕ ^t/D ĂŶĚ s/͘ dŚĞ ŽďũĞĐƟǀĞƐ ǁĞƌĞ ƚŽ ĐŽŵƉĂƌĞ ĐůŝŵĂƚĞ ŝŵƉĂĐƚƐ
ŽŶ ƐĞĂƐŽŶĂů ǁĂƚĞƌ ĚŝƐĐŚĂƌŐĞ͕ ĂŶĚ ĞǀĂůƵĂƚĞ ƵŶĐĞƌƚĂŝŶƟĞƐ ĨƌŽŵ ĚŝīĞƌĞŶƚ ƐŽƵƌĐĞƐ͘ dŚĞ
ŽďƚĂŝŶĞĚ ƌĞƐƵůƚƐ ĂƌĞ ƐŚŽƌƚůǇ ĚŝƐĐƵƐƐĞĚ͕ ĂŶĚ ĨƵƚƵƌĞ ƌĞƐĞĂƌĐŚ ŝƐ ŽƵƚůŝŶĞĚ͘

/ŶĚĞǆ dĞƌŵƐͶ ŵŽĚĞů ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶ͕ ƌĞŐŝŽŶĂů ƐĐĂůĞ͕ ŚǇĚƌŽůŽŐǇ͕ ƵŶĐĞƌƚĂŝŶƟĞƐ͘
ͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶͶ

ϭ͘ /ŶƚƌŽĚƵĐƟŽŶ
ůŝŵĂƚĞ ŝŵƉĂĐƚƐ ŽĐĐƵƌ ĂŶĚ ĂĚĂƉƚĂƟŽŶ ƉŽůŝĐŝĞƐ ĂƌĞ ĚĞƐŝŐŶĞĚ Ăƚ ƚŚĞ ƌĞŐŝŽŶĂů ůĞǀĞů͕ ǁŚĞƌĞ ƚŚĞ ŐůŽďĂů ŝŵƉĂĐƚ
ŵŽĚĞůƐ ŵĂǇ ďĞ ŶŽƚ ƉƌĞĐŝƐĞ ĞŶŽƵŐŚ͘ dŽ ĞŶƐƵƌĞ ƚŚĂƚ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚ ƌĞƐĞĂƌĐŚ ŵĞĞƚƐ ƚŚĞ ĚĞŵĂŶĚ ĨŽƌ
ƌĞůŝĂďůĞ ŝŶĨŽƌŵĂƟŽŶ Ăƚ ƚŚĞ ƌĞŐŝŽŶĂů ƐĐĂůĞ͕ ƉƌŽũĞĐƟŽŶƐ ŽĨ ĐůŝŵĂƚĞ ŝŵƉĂĐƚƐ ŵƵƐƚ ďĞ ƉƌŽǀŝĚĞĚ Ăƚ ƚŚĞ ƌĞŐŝŽŶĂů
ϭ
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ƐĐĂůĞ ƵƐŝŶŐ ǀĂůŝĚĂƚĞĚ ŵŽĚĞůƐ͘ DĂŶǇ ƐƚƵĚŝĞƐ ŚĂǀĞ ďĞĞŶ ƵŶĚĞƌƚĂŬĞŶ ƚŽ ŝŶǀĞƐƟŐĂƚĞ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚƐ
ĨŽƌ Ă ŶƵŵďĞƌ ŽĨ ƐĞĐƚŽƌƐ ŝŶ ĚŝīĞƌĞŶƚ ƌĞŐŝŽŶƐ ƵƐŝŶŐ ĚŝīĞƌĞŶƚ ŵŽĚĞůƐ ĂŶĚ ĞŵŝƐƐŝŽŶ ƐĐĞŶĂƌŝŽƐ͘ ,ŽǁĞǀĞƌ͕ Ă
ƋƵĂŶƟƚĂƟǀĞ ƐǇŶƚŚĞƐŝƐ ŽĨ ĐůŝŵĂƚĞ ŝŵƉĂĐƚƐ͕ ŝŶĐůƵĚŝŶŐ ĐŽŶƐŝƐƚĞŶƚ ĞƐƟŵĂƟŽŶ ŽĨ ƵŶĐĞƌƚĂŝŶƟĞƐ͕ ŝƐ ŵŝƐƐŝŶŐ͘ /ƚ
ĐĂŶ ďĞ ĂĐŚŝĞǀĞĚ ďǇ Ă ƐǇƐƚĞŵĂƟĐ ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶ ŽĨ ŝŵƉĂĐƚƐ ƐŝŵƵůĂƚĞĚ ďǇ ƐĞǀĞƌĂů ƐƚĂƚĞͲŽĨͲƚŚĞͲĂƌƚ ŵŽĚĞůƐ
ƉĞƌĨŽƌŵĞĚ ĨŽƌ Ă ƐĞƚ ŽĨ ƌĞƉƌĞƐĞŶƚĂƟǀĞ ƌĞŐŝŽŶƐ ŽŶ Ăůů ĐŽŶƟŶĞŶƚƐ ƵƐŝŶŐ Ă ƐĞƚ ŽĨ ƵƉͲƚŽͲĚĂƚĞ ĐůŝŵĂƚĞ ƐĐĞŶĂƌŝŽƐ͘
^ŽŵĞ ƐƚƵĚŝĞƐ ŽŶ ŵŽĚĞů ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶƐ ĂƌĞ ĂůƌĞĂĚǇ ƉƵďůŝƐŚĞĚ͕ ďƵƚ ŶŽƚ ŵĂŶǇ ;<ĂǇ Ğƚ Ăů͕͘ ϮϬϬϵ͖ ŚĞŶ Ğƚ Ăů͕͘
ϮϬϭϮͿ͘ Ɛ Ă ƐƚĞƉ ŝŶ ƚŚŝƐ ĚŝƌĞĐƟŽŶ͕ ŽƵƌ ƐƚƵĚǇ ǁĂƐ ĨŽĐƵƐĞĚ ŽŶ ĂŶ ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶ ŽĨ ĐůŝŵĂƚĞ ŝŵƉĂĐƚƐ ĨŽƌ ƚŚĞ
ǁĂƚĞƌ ƐĞĐƚŽƌ ŝŶ ƚŚƌĞĞ ůĂƌŐĞͲƐĐĂůĞ ƌŝǀĞƌ ďĂƐŝŶƐ ŽŶ ƚŚƌĞĞ ĐŽŶƟŶĞŶƚƐ ƵƐŝŶŐ ƚŚƌĞĞ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ͗ ^t/D͕
,s ĂŶĚ s/͘ dŚĞ ĨŽůůŽǁŝŶŐ ƌŝǀĞƌ ďĂƐŝŶƐ ǁĞƌĞ ŝŶĐůƵĚĞĚ͗ ƚŚĞ ZŚŝŶĞ ŝŶ ƵƌŽƉĞ͕ ƚŚĞ ƵƉƉĞƌ EŝŐĞƌ ŝŶ ĨƌŝĐĂ ĂŶĚ
ƚŚĞ ƵƉƉĞƌ zĞůůŽǁ ŝŶ ƐŝĂ͘ dŚĞ ďŝĂƐͲĐŽƌƌĞĐƚĞĚ ĐůŝŵĂƚĞ ƐĐĞŶĂƌŝŽƐ ĨƌŽŵ ĮǀĞ 'DƐ͗ ,ĂĚ'DϮͲ^͕ /W^>ͲDϱͲ
>Z͕ D/ZKͲ^DͲ,D͕ '&>Ͳ^DϮD͕ ĂŶĚ EŽƌ^DϭͲD ǁĞƌĞ ƉƌŽǀŝĚĞĚ ĨŽƌ ƚŚŝƐ ƐƚƵĚǇ ďǇ ƚŚĞ /^/ͲD/W ƉƌŽũĞĐƚ͘
dŚĞ ŽďũĞĐƟǀĞƐ ǁĞƌĞ ƚŽ ĐŽŵƉĂƌĞ ĐůŝŵĂƚĞ ŝŵƉĂĐƚƐ ŽŶ ƐĞĂƐŽŶĂů ǁĂƚĞƌ ĚŝƐĐŚĂƌŐĞ ĂŶĚ ƚŚƌĞĞ ƌƵŶŽī ƋƵĂŶƟůĞƐ͕
ĂŶĚ ĞǀĂůƵĂƚĞ ƵŶĐĞƌƚĂŝŶƟĞƐ ĨƌŽŵ ĚŝīĞƌĞŶƚ ƐŽƵƌĐĞƐ͕ ĞƐƉĞĐŝĂůůǇ ƚŚŽƐĞ ĨƌŽŵ ĐůŝŵĂƚĞ ŵŽĚĞůƐ ƉƌŽǀŝĚŝŶŐ ŝŶƉƵƚ ƚŽ
ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ͕ ĂŶĚ ĨƌŽŵ ƚŚĞ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ ƚŚĞŵƐĞůǀĞƐ͘

Ϯ͘ DĞƚŚŽĚƐ ĂŶĚ ĚĂƚĂ
Ϯ͘ϭ͘ ^ƚƵĚǇ ĂƌĞĂƐ
Ϯ͘ϭ͘ϭ͘ hƉƉĞƌ EŝŐĞƌ
dŚĞ hƉƉĞƌ EŝŐĞƌ ĂƐŝŶ Ăƚ ƚŚĞ ŐĂƵŐŝŶŐ ƐƚĂƟŽŶ <ŽƵůŝŬŽƌŽ ĐŽǀĞƌƐ ĂŶ ĂƌĞĂ ŽĨ ĂďŽƵƚ ϭϮϮ͕ϬϬϬ ŬŵϮ ͘ /ƚ ƐƉƌĞĂĚƐ
ŽǀĞƌ ƚŚĞ ĐŽƵŶƚƌŝĞƐ 'ƵŝŶĞĂ͕ DĂůŝ ĂŶĚ Ă ƐŵĂůů ƉĂƌƚ ŽĨ ƚŚĞ /ǀŽƌǇ ŽĂƐƚ͘ dŚĞ ƚŽƉŽŐƌĂƉŚǇ ŽĨ ƚŚĞ ĂƌĞĂ ŝƐ ǀĞƌǇ
ŚĞƚĞƌŽŐĞŶĞŽƵƐ ǁŝƚŚ Ă ŶĞƚǁŽƌŬ ŽĨ ƐƚĞĞƉͲƐůŽƉĞĚ ƚƌŝďƵƚĂƌŝĞƐ ŝŶ ,ĂƵƚĞ 'ƵŝŶĠĞ ƚŚĂƚ ŇŽǁ ŝŶƚŽ ƚŚĞ ŇĂƚ ƉůĂŶĞ ŽĨ
ƚŚĞ EŝŐĞƌ ZŝǀĞƌ͘ dŚĞ ĚŽŵŝŶĂŶƚ ůĂŶĚ ĐŽǀĞƌ ŝƐ ĨŽƌĞƐƚƐ ;ϯϰ йͿ ĨŽůůŽǁĞĚ ďǇ ƐĂǀĂŶŶĂŚ ;ϯϬ йͿ͘ dŚĞ ĐůŝŵĂƚĞ ŝƐ
ĐŚĂƌĂĐƚĞƌŝǌĞĚ ďǇ Ă ĚƌǇ ƉĞƌŝŽĚ ŝŶ ǁŝŶƚĞƌ ĂŶĚ Ă ƌĂŝŶǇ ƐĞĂƐŽŶ ĨƌŽŵ :ƵŶĞ ƚŽ ^ĞƉƚĞŵďĞƌ ;ƐĞĞ dĂďůĞ ϭͿ͘ dŚĞ ďĂƐŝŶ
ƵŶƟů <ŽƵůŝŬŽƌŽ ŝƐ ŶŽƚ ŵƵĐŚ ŝŶŇƵĞŶĐĞĚ ďǇ ŚƵŵĂŶ ŵĂŶĂŐĞŵĞŶƚ͘
Ϯ͘ϭ͘Ϯ͘ ZŚŝŶĞ
dŚĞ ZŚŝŶĞ ƌŝǀĞƌ ďĂƐŝŶ ĐŽǀĞƌƐ ĂŶ ĂƌĞĂ ŽĨ ĂďŽƵƚ ϭϴϱ͕ϬϬϬ ŬŵϮ ĂŶĚ ƐƉƌĞĂĚƐ ŽǀĞƌ ŶŝŶĞ ĐŽƵŶƚƌŝĞƐ͘ dǁŽ ƚŚŝƌĚƐ
ŽĨ ƚŚĞ ZŚŝŶĞ ĚƌĂŝŶĂŐĞ ďĂƐŝŶ ĂƌĞ ƐŝƚƵĂƚĞĚ ŝŶ 'ĞƌŵĂŶǇ͘ dŚĞ ĂůƟƚƵĚĞ ƌĂŶŐĞƐ ĨƌŽŵ ϰϮϳϱ ŵ͘Ă͘Ɛ͘ů͘ ŝŶ ^ǁŝƐƐ ůƉƐ
ƚŽ ǌĞƌŽ Ăƚ ZŽƩĞƌĚĂŵ͘ dŚĞ ďĂƐŝŶ ĐĂŶ ďĞ ƐƵďĚŝǀŝĚĞĚ ŝŶƚŽ ƚŚƌĞĞ ŵĂũŽƌ ŚǇĚƌŽůŽŐŝĐĂů ĂƌĞĂƐ͗ ƚŚĞ ůƉŝŶĞ ĂƌĞĂ͕
ƚŚĞ 'ĞƌŵĂŶ DŝĚĚůĞ DŽƵŶƚĂŝŶ ĂƌĞĂ ĂŶĚ ƚŚĞ >ŽǁůĂŶĚ ĂƌĞĂ͘ dŚĞ ĂƌĂďůĞ ůĂŶĚ ;ϯϴ йͿ ĂŶĚ ĨŽƌĞƐƚ ;Ϯϱ йͿ ĂƌĞ

Ϯ
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dĂďůĞ ϭ͗ ŚĂƌĂĐƚĞƌŝƐƟĐƐ ŽĨ ƚŚĞ ŵŽĚĞůůĞĚ ƌŝǀĞƌ ďĂƐŝŶƐ

ƌĞĂ  ŬŵϮ 
ůƟƚƵĚĞ ƌĂŶŐĞ ;ŵŝŶͬŵĞĂŶͬŵĂǆͿ ŵ
ǀĞƌĂŐĞ ƚĞŵƉĞƌĂƚƵƌĞ ;ϭϵϳϭͲϮϬϬϬͿ Σ
dĞŵƉ͘ ŽĨ ĐŽůĚĞƐͬǁĂƌŵĞƐƚ ŵŽŶƚŚ Σ
ŶŶƵĂů ƉƌĞĐŝƉŝƚĂƟŽŶ ;ϭϵϳϭͲϮϬϬϬͿ ŵŵ
WƌĞĐ͘ ŽĨ ĚƌŝĞƐƚͬǁĞƩĞƐƚ ŵŽŶƚŚ ŵŵ
ŽŵŝŶĂŶƚ ůĂŶĚ ĐŽǀĞƌ й

ZŚĞŝŶĞ
;ZĞĞƐͿ

hƉƉĞƌ zĞůůŽǁ ZŝǀĞƌ
;dĂŶŐŶĂŝŚĂŝͿͿ

hƉƉĞƌ EŝŐĞƌ
;<ŽƵůŝŬŽƌŽͿ

ϭϳϬ͘ϬϬϬ

ϭϭϬ͘ϬϬϬ

ϭϮϮ͘ϬϬϬ

ϭϬͬϰϵϱͬϰϮϳϱ

ϮϲϳϯͬϰϮϱϲͬϲϮϰϴ

ϮϴϵͬϰϲϯͬϭϰϬϳ

ϴ͘ϲ
Ϭ͘ϯͬϭϳ͘ϰ

ͲϮ͘Ϭ
Ͳϭϰ͘Ϯͬϴ͘Ϯϯ

Ϯϲ͘ϱ
Ϯϯ͘ϴͬϮϴ͘ϲ

ϵϴϳ
ϲϵͬϵϳ

ϱϮϬ
Ϭͬϭϭϯ

ϭϰϵϱ
ϯͬϯϮϯ

ĐƌŽƉůĂŶĚ ϯϴ
ĨŽƌĞƐƚ Ϯϱ
ŐƌĂƐůĂŶĚ ϵ

ŐƌĂƐƐůĂŶĚ ϵϬ
ďĂƌĞ ƐŽŝů ϰ
ŚĞĂƚŚĞƌ ϯ

ĨŽƌĞƐƚ ϯϰ
ƐĂǀĂŶŶĂ ϯϬ
ĐƌŽƉůĂŶĚ Ϯϰ

ƚŚĞ ƚǁŽ ŵĂũŽƌ ůĂŶĚ ĐŽǀĞƌ ƚǇƉĞƐ ŝŶ ƚŚĞ ZŚŝŶĞ ďĂƐŝŶ͘ DĂǆŝŵƵŵ ĚŝƐĐŚĂƌŐĞ ŽĨ ƚŚĞ ZŚŝŶĞ ŝŶ ůƉŝŶĞ ƌĞŐŝŽŶ ŝƐ
ŽďƐĞƌǀĞĚ ĚƵƌŝŶŐ ƐƵŵŵĞƌ ĚƵĞ ƚŽ ƐŶŽǁ ŵĞůƚ͘ ŽǁŶƐƚƌĞĂŵ ŽĨ ĂƐĞů͕ Ă ƉůƵǀŝĂů ƌĞŐŝŵĞ ŽĨ ƚŚĞ ZŚŝŶĞ ŐƌĂĚƵĂůůǇ
ďĞĐŽŵĞƐ ĚŽŵŝŶĂŶƚ͘ ZĂŝŶĨĂůů ĚŽŵŝŶĂƚĞĚ ƚƌŝďƵƚĂƌŝĞƐ ;DŽƐĞůůĞ͕ EĞĐŬĂƌ ĞƚĐ͘Ϳ ĐŽŶƚƌŝďƵƚĞ ƚŽ ƚŚĞ ƐĞĐŽŶĚ ŵĂǆŝͲ
ŵƵŵ ĚŝƐĐŚĂƌŐĞ ŽĨ ZŚŝŶĞ ŝŶ ǁŝŶƚĞƌ͘ /Ŷ ƚŚĞ ŵŝĚĚůĞ ĂŶĚ ůŽǁĞƌ ZŚŝŶĞ͕ ƚŚĞ ǁŝŶƚĞƌ ƉĞĂŬ ĚŽŵŝŶĂƚĞƐ ƚŚĞ ƐƵŵŵĞƌ
ŽŶĞ͕ ĐŚĂŶŐŝŶŐ ƚŚĞ ƌƵŶŽī ƌĞŐŝŵĞ ŝŶƚŽ Ă ƉůƵǀŝŽͲŶŝǀĂů ƚǇƉĞ͘ ŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ŽƚŚĞƌ ƚǁŽ ƌŝǀĞƌƐ ƚŚĞ ZŚŝŶĞ ŝƐ
ŵŽĚĞƌĂƚĞůǇ ŝŶŇƵĞŶĐĞĚ ďǇ ŚƵŵĂŶ ǁĂƚĞƌ ŵĂŶĂŐĞŵĞŶƚ͘
Ϯ͘ϭ͘ϯ͘ zĞůůŽǁ ZŝǀĞƌ
dŚĞ hƉƉĞƌ zĞůůŽǁ ZŝǀĞƌ Ăƚ ƚŚĞ ŐĂƵŐŝŶŐ ƐƚĂƟŽŶ dĂŶŐŶĂŝŚĂŝ ďĞůŽŶŐƐ ĂĚŵŝŶŝƐƚƌĂƟǀĞůǇ ƚŽ ƚŚĞ YŝŶŐͲdŝďĞƚĂŶ
WůĂƚĞĂƵ ŽĨ ŚŝŶĂ͘ tŝƚŚ ƚŚĞ ĚƌĂŝŶĂŐĞ ĂƌĞĂ ŽĨ ĂďŽƵƚ ϭϮϮ͕ϬϬϬ ŬŵϮ ŝƚ ĐŽǀĞƌƐ ĂƉƉƌŽǆŝŵĂƚĞůǇ ϭϱй ŽĨ ƚŚĞ ĞŶͲ
ƟƌĞ zĞůůŽǁ ZŝǀĞƌ͛Ɛ ĚƌĂŝŶĂŐĞ ďĂƐŝŶ͕ ǁŚŝůĞ ƐƵƉƉůǇŝŶŐ ϯϴ й ŽĨ ƚŚĞ ZŝǀĞƌ͛Ɛ ƚŽƚĂů ƌƵŶŽī ;ŚĞŶ Ğƚ Ăů͕͘ ϮϬϭϮͿ͘ dŚĞ
ŵĞĂŶ ĂůƟƚƵĚĞ ŽĨ ƚŚĞ ĚƌĂŝŶĂŐĞ ĂƌĞĂ ŝƐ ĂďŽƵƚ ϰ͕ϬϬϬ ŵ͘ dŚĞ ĐůŝŵĂƚĞ ŝƐ ĐŽůĚ ĂŶĚ ĚƌǇ ǁŝƚŚ ϳϬ й ŽĨ ƉƌĞĐŝƉŝƚĂͲ
ƟŽŶ ĨĂůůŝŶŐ ĨƌŽŵ :ƵůǇ ƚŽ KĐƚŽďĞƌ͘ dŚĞ ŚĞĂĚǁĂƚĞƌ ƉĂƌƚ ŽĨ ƚŚĞ zĞůůŽǁ ďĂƐŝŶ ŝƐ ŶŽƚ ŵƵĐŚ ŝŶŇƵĞŶĐĞĚ ďǇ ŚƵŵĂŶ
ĂĐƟǀŝƚǇ͘
Ϯ͘Ϯ͘ ,ǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ
dŚƌĞĞ ŚǇĚƌŽůŽŐŝĐĂůͬĞĐŽŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ͗ ,s͕ ^t/D ĂŶĚ s/ ǁĞƌĞ ƵƐĞĚ ŝŶ ƚŚĞ ƐƚƵĚǇ͘
Ϯ͘Ϯ͘ϭ͘ ,s
dŚĞ ,s ŵŽĚĞů ;ĞƌŐƐƚƌƂŵ Θ &ŽƌƐŵĂŶ͕ ϭϵϳϯ͖ ĞƌŐƐƚƌƂŵ Ğƚ Ăů͕͘ ϭϵϵϱͿ ǁĂƐ ĚĞǀĞůŽƉĞĚ ĨŽƌ ƌƵŶŽī ƐŝŵƵůĂƟŽŶ
ĂŶĚ ŚǇĚƌŽůŽŐŝĐĂů ĨŽƌĞĐĂƐƟŶŐ͘ /Ŷ ƚŚŝƐ ƐƚƵĚǇ Ă ŵŽĚŝĮĞĚ ƐĞŵŝͲĚŝƐƚƌŝďƵƚĞĚ ǀĞƌƐŝŽŶ ŽĨ ƚŚĞ ,s ŵŽĚĞů ;,sͲͿ
ǁŝƚŚ Ă ĮŶĞƌ ƐƉĂƟĂů ĚŝƐĂŐŐƌĞŐĂƟŽŶ ŝŶƚŽ ƐƵďďĂƐŝŶƐ ĂŶĚ ƵƉ ƚŽ ϭϱ ůĂŶĚ ĐŽǀĞƌ ƚǇƉĞƐ ;<ƌǇƐĂŶŽǀĂ Ğƚ Ăů͕͘ ϭϵϵϵͿ ǁĂƐ
ϯ
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ĂƉƉůŝĞĚ͘ dŚĞ ĂĚǀĂŶƚĂŐĞƐ ŽĨ ƚŚĞ ,s ŵŽĚĞů ĂƌĞ ƚŚĂƚ ŝƚ ĐŽǀĞƌƐ ŵŽƐƚ ŝŵƉŽƌƚĂŶƚ ƌƵŶŽī ŐĞŶĞƌĂƟŶŐ ƉƌŽĐĞƐƐĞƐ
ďǇ ƋƵŝƚĞ ƐŝŵƉůĞ ĂŶĚ ƌŽďƵƐƚ ƐƚƌƵĐƚƵƌĞƐ ǁŚĞƌĞ ƚŽƉŽŐƌĂƉŚŝĐ ƉĂƌĂŵĞƚĞƌƐ ƐĞƌǀĞ ĂƐ Ă ĚƌŝǀŝŶŐ ĨŽƌĐĞ͕ ĂŶĚ ĚŽĞƐ ŶŽƚ
ƌĞƋƵŝƌĞ ĞǆƚĞŶƐŝǀĞ ĚĂƚĂ ƐĞƚƐ͘ ^ƉĂƟĂů ĚŝƐĂŐŐƌĞŐĂƟŽŶ ƐĐŚĞŵĞ ŝŶĐůƵĚĞƐ ƐƵďďĂƐŝŶƐ͕ ϭϬ ĞůĞǀĂƟŽŶ ǌŽŶĞƐ ǁŝƚŚŝŶ
ĞǀĞƌǇ ƐƵďďĂƐŝŶ ĂŶĚ ƵƉ ƚŽ ϭϱ ůĂŶĚ ƵƐĞ ĐůĂƐƐĞƐ͘ dŚĞ ŵŽĚĞů ŝƐ ƵƐĞĚ ǁŽƌůĚǁŝĚĞ ŝŶ ĐůŝŵĂƚĞ ŝŵƉĂĐƚ ĂƐƐĞƐƐŵĞŶƚ
ƐƚƵĚŝĞƐ ;DĞŶǌĞů Ğƚ Ăů͕͘ ϮϬϬϲ͖ zƵ Θ tĂŶŐ͕ ϮϬϬϵͿ͘
Ϯ͘Ϯ͘Ϯ͘ ^t/D
dŚĞ ĞĐŽŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞů ^t/D ;^Žŝů ĂŶĚ tĂƚĞƌ /ŶƚĞŐƌĂƚĞĚ DŽĚĞůͿ ;<ƌǇƐĂŶŽǀĂ Ğƚ Ăů͕͘ ϭϵϵϴͿ ŝƐ Ă ĐŽŶƟŶƵŽƵƐͲ
ƟŵĞ ƐƉĂƟĂůůǇ ƐĞŵŝͲĚŝƐƚƌŝďƵƚĞĚ ŵŽĚĞů ŽĨ ŝŶƚĞƌŵĞĚŝĂƚĞ ĐŽŵƉůĞǆŝƚǇ ŝŶƚĞŐƌĂƟŶŐ ŚǇĚƌŽůŽŐŝĐĂů ƉƌŽĐĞƐƐĞƐ͕ ǀĞŐͲ
ĞƚĂƟŽŶ ŐƌŽǁƚŚ͕ ŶƵƚƌŝĞŶƚ ĐǇĐůŝŶŐ ĂŶĚ ĞƌŽƐŝŽŶ ĂŶĚ ƐĞĚŝŵĞŶƚ ƚƌĂŶƐƉŽƌƚ Ăƚ ƚŚĞ ƌŝǀĞƌ ďĂƐŝŶ ƐĐĂůĞ͘ ^t/D ǁĂƐ
ĚĞǀĞůŽƉĞĚ ďĂƐĞĚ ŽŶ ^td ;ƌŶŽůĚ Ğƚ Ăů͕͘ ϭϵϵϯͿ ĂŶĚ Dd^>h ;<ƌǇƐĂŶŽǀĂ Ğƚ Ăů͕͘ ϭϵϴϵͿ ǁŝƚŚ ƚŚĞ Ăŝŵ ƚŽ ŝŶͲ
ǀĞƐƟŐĂƚĞ ĐůŝŵĂƚĞ ĂŶĚ ůĂŶĚ ƵƐĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚƐ ŝŶ ůĂƌŐĞ ƌŝǀĞƌ ďĂƐŝŶƐ͘ dŚĞ ŵŽĚĞů ǁĂƐ ǀĂůŝĚĂƚĞĚ ĂŶĚ ĂƉƉůŝĞĚ
ĨŽƌ ŝŵƉĂĐƚ ĂƐƐĞƐƐŵĞŶƚ ŝŶ ŵĂŶǇ ŵĞĚŝƵŵ ĂŶĚ ůĂƌŐĞ ƌŝǀĞƌ ďĂƐŝŶƐ ŝŶ ƵƌŽƉĞ͕ ĨƌŝĐĂ ĂŶĚ ƐŝĂ ;,ĂƩĞƌŵĂŶŶ Ğƚ Ăů͕͘
ϮϬϭϭ͖ ,ƵĂŶŐ Ğƚ Ăů͕͘ ϮϬϭϯ͖ >ŝĞƌƐĐŚ Ğƚ Ăů͕͘ ϮϬϭϮͿ͘
Ϯ͘Ϯ͘ϯ͘ s/
dŚĞ ǀĂƌŝĂďůĞ ŝŶĮůƚƌĂƟŽŶ ĐĂƉĂĐŝƚǇ ;s/Ϳ ŵŽĚĞů ;>ŝĂŶŐ Ğƚ Ăů͕͘ ϭϵϵϰ͕ ϭϵϵϲͿ͕ ŝƐ Ă ƐĞŵŝͲĚŝƐƚƌŝďƵƚĞĚ ŵĂĐƌŽƐĐĂůĞ
ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞů͘ /ƚ ĐĂůĐƵůĂƚĞƐ ƚŚĞ ďĂůĂŶĐĞƐ ŽĨ ďŽƚŚ ƚŚĞ ǁĂƚĞƌ ĂŶĚ ƐƵƌĨĂĐĞ ĞŶĞƌŐǇ ďƵĚŐĞƚƐ ǁŝƚŚŝŶ ƚŚĞ ŐƌŝĚ
ĐĞůůƐ ĂŶĚ ŝƚƐ ƐƵďͲŐƌŝĚ ǀĂƌŝĂƟŽŶƐ ĂƌĞ ĐĂƉƚƵƌĞĚ ƐƚĂƟƐƟĐĂůůǇ͘ dŚĞ ƌƵŶŽī ƉƌŽĐĞƐƐĞƐ ĂƌĞ ƌĞƉƌĞƐĞŶƚĞĚ ƚŚƌŽƵŐŚ ƚŚĞ
ǀĂƌŝĂďůĞ ŝŶĮůƚƌĂƟŽŶ ĐƵƌǀĞ͕ Ă ƉĂƌĂŵĞƚĞƌŝǌĂƟŽŶ ŽĨ ƚŚĞ ĞīĞĐƚƐ ŽĨ ƐƵďͲŐƌŝĚ ǀĂƌŝĂďŝůŝƚǇ ŝŶ ƐŽŝů ŵŽŝƐƚƵƌĞ ŚŽůĚŝŶŐ
ĐĂƉĂĐŝƚǇ ĂŶĚ Ă ƌĞƉƌĞƐĞŶƚĂƟŽŶ ŽĨ ƚŚĞ ŶŽŶͲůŝŶĞĂƌ ďĂƐĞŇŽǁ͘ s/ ŚĂƐ ďĞĞŶ ĞǆƚĞŶƐŝǀĞůǇ ĂƉƉůŝĞĚ ŝŶ ĐůŝŵĂƚĞ ŝŵƉĂĐƚ
ƐƚƵĚŝĞƐ ĨŽƌ Ă ŶƵŵďĞƌ ŽĨ ůĂƌŐĞ ƌŝǀĞƌ ďĂƐŝŶƐ ŽǀĞƌ ƚŚĞ ĐŽŶƟŶĞŶƚĂů h^ ĂŶĚ ƚŚĞ ŐůŽďĞ ;ŚƌŝƐƚĞŶƐĞŶ Ğƚ Ăů͕͘ ϮϬϬϳ͖
^Ƶ Θ yŝĞ͕ ϮϬϬϯͿ͘
dŚĞ ƚŚƌĞĞ ŵŽĚĞůƐ ĚŝīĞƌ ŝŶ ƚŚĞŝƌ ůĞǀĞůƐ ŽĨ ĐŽŵƉůĞǆŝƚǇ͕ ŵĂƚŚĞŵĂƟĐĂů ƉƌŽĐĞƐƐ ĨŽƌŵƵůĂƟŽŶ ĂŶĚ ƐƉĂƟĂů ƌĞƐͲ
ŽůƵƟŽŶ͘ &Žƌ ĞǆĂŵƉůĞ͕ ǀĞŐĞƚĂƟŽŶ ŐƌŽǁƚŚ ŝƐ ƐŝŵƵůĂƚĞĚ ŽŶůǇ ŝŶ ^t/D͕ ǁŚĞƌĞĂƐ ,s ĂŶĚ s/ ƵƐĞ ƚŚĞ ĮǆĞĚ
ŵŽŶƚŚůǇ ƉůĂŶƚ ĐŚĂƌĂĐƚĞƌŝƐƟĐƐ͘ /Ŷ ƚŚŝƐ ƐƚƵĚǇ ^t/D ĂŶĚ ,s ǁĞƌĞ ƐĞƚ ƵƉ ǁŝƚŚ Ă ĮŶĞƌ ƐƉĂƟĂů ƌĞƉƌĞƐĞŶƚĂƟŽŶ
ĐŽŵƉĂƌĞĚ ƚŽ s/͘ &Žƌ ƚŚĞ ƌĂƐƚĞƌ ďĂƐĞĚ ŵŽĚĞů s/ Ă ŐƌŝĚ ƌĞƐŽůƵƟŽŶ ŽĨ Ϭ͘ϱΣ ĨŽƌ ƚŚĞ ZŚŝŶĞ ĂŶĚ Ϭ͘ϭϮϱΣ ĨŽƌ ƚŚĞ
ŽƚŚĞƌ ďĂƐŝŶƐ ǁĞƌĞ ƵƐĞĚ͘ &Žƌ ^t/D ĂŶĚ ,s ĂƉƉůŝĐĂƟŽŶƐ ƚŚĞ ďĂƐŝŶƐ ǁĞƌĞ ĮƌƐƚůǇ ƐƵďĚŝǀŝĚĞĚ ŝŶƚŽ ƐƵďďĂƐŝŶƐ
ǁŝƚŚ ĂŶ ĂǀĞƌĂŐĞ ĂƌĞĂ ŽĨ ϭϬϬͲϮϬϬ ŬŵϮ ƵƐŝŶŐ ^ZdD ĚŝŐŝƚĂů ĞůĞǀĂƟŽŶ ŵŽĚĞů͘ &Žƌ ĞǆĂŵƉůĞ͕ ĨŽƌ ƚŚĞ ZŚŝŶĞ ϭϲϲϴ
ƐƵďďĂƐŝŶƐ ǁĞƌĞ ƐŝŵƵůĂƚĞĚ͘ /Ŷ ƚŽƚĂů͕ ĨŽƌ ƚŚĞ ZŚŝŶĞ ďĂƐŝŶ ϭϭϱ ŐƌŝĚ ĐĞůůƐ ǁĞƌĞ ƐŝŵƵůĂƚĞĚ ďǇ s/͕ ϰϭϵϳϲ ŚǇĚƌŽͲ
ƚŽƉĞƐ ǁĞƌĞ ŵŽĚĞůůĞĚ ďǇ ^t/D͕ ĂŶĚ ϲϵϱϴϵ ƵŶŝƚƐ ǁĞƌĞ ƐŝŵƵůĂƚĞĚ ďǇ ,s͕ ǁŝƚŚ ƚŚĞ ĂǀĞƌĂŐĞ ĂƌĞĂƐ ŽĨ ϭϯϵϭ

ϰ

768

/ŵƉĂĐƚƐ tŽƌůĚ ϮϬϭϯ͕ /ŶƚĞƌŶĂƟŽŶĂů ŽŶĨĞƌĞŶĐĞ ŽŶ ůŝŵĂƚĞ ŚĂŶŐĞ īĞĐƚƐ͕
WŽƚƐĚĂŵ͕ DĂǇ ϮϳͲϯϬ

dĂďůĞ Ϯ͗ ĂůŝďƌĂƟŽŶ ĂŶĚ sĂůŝĚĂƟŽŶ ZĞƐƵůƚƐ͘ E^ с EĂƐŚͲ^ƵƚĐůŝīĞ ĞĸĐĞŶĐǇ͖ s с sŽůƵŵĞ ƌƌŽƌ
ĂůŝďƌĂƟŽŶ
sĂůŝĚĂƟŽŶ
ZŚŝŶĞ
WĞƌŝŽĚ
E^
s й

,s
ϭϵϲϱͲϭϵϳϯ
Ϭ͘ϳϱ
Ϭ͘Ϯ

s/
ϭϵϴϭͲϭϵϵϬ
Ϭ͘ϴϯ
Ͳϭ͘Ϭ

^t/D
ϭϵϴϭͲϭϵϵϬ
Ϭ͘ϴϵ
ϯ͘Ϭ

,s
ϭϵϳϯͲϭϵϴϯ
Ϭ͘ϳϭ
ϰ͘ϵ

s/
ϭϵϵϭͲϮϬϬϬ
Ϭ͘ϴϳ
Ͳϰ͘Ϭ

^t/D
ϭϵϲϭͲϭϵϴϬ
Ϭ͘ϴϵ
Ͳϭ͘Ϭ

hƉƉĞƌ zĞůůŽǁ ZŝǀĞƌ
WĞƌŝŽĚ
E^
s й

,s
ϭϵϲϭͲϭϵϵϬ
Ϭ͘ϴϱ
Ͳϵ͘ϲ

s/
ϭϵϲϭͲϭϵϳϬ
Ϭ͘ϳϱ
Ͳϯ͘ϲ

^t/D
ϭϵϲϭͲϭϵϳϬ
Ϭ͘ϴϮ
Ϭ͘ϵ

,s
ϭϵϵϭͲϮϬϬϰ
Ϭ͘ϴϮ
Ϭ͘ϳ

s/
ϭϵϳϭͲϭϵϴϬ
Ϭ͘ϳϱ
ϭ͘Ϭ

^t/D
ϭϵϳϭͲϭϵϴϬ
Ϭ͘ϳϰ
ϲ͘Ϭ

hƉƉĞƌ EŝŐĞƌ
WĞƌŝŽĚ
E^
s й

,s
ϭϵϲϭͲϭϵϳϰ
Ϭ͘ϳϲ
Ͳϰ͘ϭ

s/
ϭϵϲϭͲϭϵϳϬ
Ϭ͘ϴϴ
ϰ͘Ϭ

^t/D
ϭϵϲϰͲϭϵϳϰ
Ϭ͘ϵϮ
ϱ͘ϱ

,s
ϭϵϳϱͲϭϵϵϬ
Ϭ͘ϴϲ
ϭϯ͘Ϭ

s/
ϭϵϳϭͲϭϵϴϬ
Ϭ͘ϴϳ
Ͳϱ͘Ϭ

^t/D
ϭϵϴϯͲϭϵϵϮ
Ϭ͘ϵ
Ϯ͘Ϭ

ŬŵϮ ͕ Ϯ͘ϴ ŬŵϮ ͕ ĂŶĚ ϭ͘ϳ ŬŵϮ ͕ ĐŽƌƌĞƐƉŽŶĚŝŶŐůǇ͘
Ϯ͘ϯ͘ /ŶƉƵƚ ĚĂƚĂ
 ĚŝŐŝƚĂů ĞůĞǀĂƟŽŶ ŵŽĚĞů ĐŽŶƐƚƌƵĐƚĞĚ ĨƌŽŵ ƚŚĞ ^ŚƵƩůĞ ZĂĚĂƌ dŽƉŽŐƌĂƉŚǇ DŝƐƐŝŽŶƐ ǁŝƚŚ ϵϬ ŵ ƌĞƐŽůƵƟŽŶ ǁĂƐ
ƵƐĞĚ͘ ^Žŝů ƉĂƌĂŵĞƚĞƌƐ ǁĞƌĞ ĚĞƌŝǀĞĚ ĨƌŽŵ ƚŚĞ ŝŐŝƚĂů ^Žŝů DĂƉ ŽĨ ƚŚĞ tŽƌůĚ ;&KͿ͘ >ĂŶĚ ƵƐĞ ǁĂƐ ƉĂƌĂŵĞƚĞƌͲ
ŝǌĞĚ ƵƐŝŶŐ ƚŚĞ 'ůŽďĂů >ĂŶĚ ŽǀĞƌ ĚĂƚĂ ;'>&Ϳ͘ Ɛ ĐůŝŵĂƚĞ ŝŶƉƵƚ ĨŽƌ ŵŽĚĞů ĐĂůŝďƌĂƟŽŶ ƚŚĞ td, ĨŽƌĐŝŶŐ ĚĂƚĂ
ǁĂƐ ƵƐĞĚ ;tĞĞĚŽŶ Ğƚ Ăů͕͘ ϮϬϭϭͿ ǁŝƚŚ ƚŚĞ ŐƌŝĚ ƌĞƐŽůƵƟŽŶ ŽĨ Ϭ͘ϱ ĚĞŐƌĞĞƐ͘ KďƐĞƌǀĞĚ ƌŝǀĞƌ ĚŝƐĐŚĂƌŐĞ ĚĂƚĂ ĨƌŽŵ
ƚŚĞ 'ůŽďĂů ZƵŶŽī ĂƚĂ ĞŶƚĞƌ ǁĂƐ ƵƐĞĚ ƚŽ ĐĂůŝďƌĂƚĞ ĂŶĚ ǀĂůŝĚĂƚĞ ƚŚĞ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ͘ &Žƌ ƚŚĞ ZŚŝŶĞ
ĂŶĚ ƚŚĞ zĞůůŽǁ ZŝǀĞƌ ĂĚĚŝƟŽŶĂů ŶĂƟŽŶĂů ĐůŝŵĂƚĞ ŝŶƉƵƚ ĚĂƚĂ ƐĞƚƐ ǁĞƌĞ ƵƐĞĚ͘ ůŝŵĂƚĞ ƐĐĞŶĂƌŝŽƐ ǁĞƌĞ ƉƌŽͲ
ǀŝĚĞĚ ďǇ ƚŚĞ /ŶƚĞƌͲ^ĞĐƚŽƌĂů /ŵƉĂĐƚ DŽĚĞů /ŶƚĞƌĐŽŵƉĂƌŝƐŽŶ WƌŽũĞĐƚ ;/^/ͲD/WͿ͘ dŚĞ ƐĐĞŶĂƌŝŽƐ ǁĞƌĞ ĐƌĞĂƚĞĚ ďǇ
ĮǀĞ ĂƌƚŚ ^ǇƐƚĞŵ DŽĚĞůƐ ;,ĂĚ'DϮͲ^͕ /W^>Ͳϱ DϱͲ>Z͕ D/ZKͲ^DͲ,D͕ '&>Ͳ^DϮD͕ EŽƌ^DϭͲDͿ
ǁŚŝĐŚ ŚĂǀĞ ďĞĞŶ ĚŽǁŶƐĐĂůĞĚ ƵƐŝŶŐ Ă ƚƌĞŶĚͲƉƌĞƐĞƌǀŝŶŐ ďŝĂƐͲĐŽƌƌĞĐƟŽŶ ŵĞƚŚŽĚ ǁŝƚŚ ƚŚĞ td, ƌĞĂŶĂůǇƐŝƐ
ĚĂƚĂ ĂŶĚ ŚĂǀĞ ďĞĞŶ ƌĞͲƐĂŵƉůĞĚ ŽŶ Ă Ϭ͘ϱΣǆϬ͘ϱΣ ŐƌŝĚ ;,ĞŵƉĞů Ğƚ Ăů͕͘ ϮϬϭϯͿ͘ dŚĞ ΖZĞƉƌĞƐĞŶƚĂƟǀĞ ŽŶĐĞŶƚƌĂͲ
ƟŽŶ WĂƚŚǁĂǇƐΖ ;ƌĐƉͿ ĐŽǀĞƌ ĚŝīĞƌĞŶƚ ĞŵŝƐƐŝŽŶƐ ĂŶĚ ůĂŶĚͲƵƐĞ ĐŚĂŶŐĞ ƉƌŽũĞĐƟŽŶƐ͘ /Ŷ ƚŚŝƐ ƉĂƉĞƌ ŽŶůǇ ŝŵƉĂĐƚ
ƌĞƐƵůƚƐ ĨƌŽŵ ƚŚĞ ŚŝŐŚ ĞŶĚ ƐĐĞŶĂƌŝŽ ϴ͘ϱ ĂƌĞ ƌĞƉŽƌƚĞĚ͘
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&ŝŐƵƌĞ ϭ͗ WƌŽũĞĐƚĞĚ ĚŝƌĞĐƟŽŶƐ ŽĨ ƚƌĞŶĚƐ ŝŶ ĂŶŶƵĂů YϭϬ͕ YϱϬ ĂŶĚ YϵϬ ĨŽƌ ƐŝŵƵůĂƟŽŶƐ ĚƌŝǀĞŶ ďǇ ϱ 'DƐ ĂŶĚ
ƉĞƌĨŽƌŵĞĚ ďǇ ϯ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ ;,sͲůĞŌ ĂƌƌŽǁ͕ ^t/DͲŵŝĚĚůĞ ĂƌƌŽǁ͕ s/ͲƌŝŐŚƚ ĂƌƌŽǁͿ ŝŶ ƚŚĞ ZŚŝŶĞ͕
hƉƉĞƌ EŝŐĞƌ ĂŶĚ hƉƉĞƌ zĞůůŽǁ ZŝǀĞƌ ďĂƐŝŶƐ͘ ^ƚĂƟƐƟĐĂůůǇ ƐŝŐŶŝĮĐĂŶƚ ƚƌĞŶĚƐ ;αсϬ͘ϬϱͿ ĂƌĞ ŵĂƌŬĞĚ ƌĞĚ͘

ϯ͘ ZĞƐƵůƚƐ
ϯ͘ϭ͘ ĂůŝďƌĂƟŽŶ ĂŶĚ sĂůŝĚĂƟŽŶ ZĞƐƵůƚƐ ĨŽƌ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ
dŚĞ ƌĞƐƵůƚƐ ŽĨ ĐĂůŝďƌĂƟŽŶ ŽĨ ƚŚƌĞĞ ŵŽĚĞůƐ ĨŽƌ ƚŚƌĞĞ ďĂƐŝŶƐ ĂƌĞ ƉƌĞƐĞŶƚĞĚ ŝŶ dĂďůĞ Ϯ͘ tŝƚŚ EĂƐŚ Θ ^ƵƚĐůŝīĞ
ŵŽĚĞů ĞĸĐŝĞŶĐǇ ƌĂŶŐŝŶŐ ďĞƚǁĞĞŶ Ϭ͘ϳϭ ĂŶĚ Ϭ͘ϵ ŝŶ ƚŚĞ ǀĂůŝĚĂƟŽŶ ƉĞƌŝŽĚ Ăůů ƚŚĞ ŵŽĚĞůƐ ƉĞƌĨŽƌŵ ƐĂƟƐĨĂĐƚŽƌǇ
ĨŽƌ Ăůů ďĂƐŝŶƐ͘
ϯ͘Ϯ͘ /ŵƉĂĐƚƐ ŽŶ ĂǀĞƌĂŐĞƐ ĂŶĚ ĞǆƚƌĞŵĞƐ͗ ƚƌĞŶĚƐ͕ ŵĂŐŶŝƚƵĚĞ ŽĨ ĐŚĂŶŐĞ Θ ƵŶĐĞƌƚĂŝŶƟĞƐ
ŌĞƌ ĐĂůŝďƌĂƟŽŶ ĂŶĚ ǀĂůŝĚĂƟŽŶ ŽĨ ƚŚĞ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ ƚŚĞǇ ǁĞƌĞ ƌƵŶ ĨŽƌ ƚŚĞ ƉĞƌŝŽĚ ϭϵϳϭͲϮϬϵϵ ƵƐŝŶŐ
'D ƐĐĞŶĂƌŝŽƐ͘ dŚĞŶ ůŝŶĞĂƌ ƚƌĞŶĚƐ ǁĞƌĞ ĐĂůĐƵůĂƚĞĚ ĨŽƌ ƚŚĞ ƉĞƌŝŽĚ ϮϬϭϬ ƵŶƟů ϮϬϵϵ ƵƐŝŶŐ Ă ƌŽďƵƐƚ ƐƚĂƟƐƟĐĂů
ŵĞƚŚŽĚ ;zŽŚĂŝ͕ ϭϵϴϳͿ ĨŽƌ ƚŚƌĞĞ ǀĂƌŝĂďůĞƐ͗ ĂŶŶƵĂů ŵĞĚŝĂŶ ƌƵŶŽī ;YϱϬͿ͕ ůŽǁ ĂŶĚ ŚŝŐŚ ĂŶŶƵĂů ƉĞƌĐĞŶƟůĞƐ
YϭϬ ĂŶĚ YϵϬ ƌĞƉƌĞƐĞŶƟŶŐ ƚŚĞ ůŽǁ ĂŶĚ ŚŝŐŚ ŇŽǁ ĐŽŶĚŝƟŽŶƐ͕ ƌĞƐƉĞĐƟǀĞůǇ͘ ^ŝŐŶŝĮĐĂŶĐĞ ŽĨ ƚŚĞ ƚƌĞŶĚƐ ǁĂƐ
ĞǀĂůƵĂƚĞĚ Ăƚ ƚŚĞ ϱ й ůĞǀĞů͘ dŚĞ ƌĞƐƵůƚƐ ŽĨ ƚƌĞŶĚ ĂŶĂůǇƐŝƐ ĨŽƌ ƚŚĞ ƚŚƌĞĞ ďĂƐŝŶƐ ĨŽƌ ƚŚĞ ƉĞƌŝŽĚ ϮϬϭϬͲϮϬϵϵ ŝŶ
ƚĞƌŵƐ ŽĨ ƚŚĞ ƚƌĞŶĚ ĚŝƌĞĐƟŽŶ ĂƌĞ ƉƌĞƐĞŶƚĞĚ ŝŶ &ŝŐ͘ϭ͘
&Žƌ ƚŚĞ ZŚŝŶĞ ďĂƐŝŶ ƚŚĞ ůŽǁ ŇŽǁ ĂŶĚ ŵĞĚŝƵŵ ƌƵŶŽī ĚƌŝǀĞŶ ďǇ ŵŽƐƚ ŽĨ ĐůŝŵĂƚĞ ŵŽĚĞůƐ ;DͿ ĂŶĚ ƐŝŵƵůĂƚĞĚ
ďǇ ŵŽƐƚ ŽĨ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ ;,DͿ ƐŚŽǁ ƐŝŐŶŝĮĐĂŶƚ ĚŽǁŶǁĂƌĚ ƚƌĞŶĚ͗ ϭϰ ŽĨ ϭϱ ĂŶĚ ϭϬ ŽĨ ϭϱ ƐŝŵƵůĂƟŽŶƐ
ĨŽƌ YϭϬ ĂŶĚ YϱϬ͕ ƌĞƐƉĞĐƟǀĞůǇ͘ ZĞŐĂƌĚŝŶŐ ƚŚĞ ŚŝŐŚ ŇŽǁ ;YϵϬͿ ŵŽƐƚ ŽĨ ƚŚĞ ƌĞƐƵůƚƐ ƐŚŽǁ ĂůƐŽ ĚĞĐƌĞĂƐŝŶŐ
ƚƌĞŶĚ͕ ďƵƚ ƉĂƌƚůǇ ǁŝƚŚŽƵƚ ƐŝŐŶŝĮĐĂŶĐĞ͘ /Ŷ ŐĞŶĞƌĂů͕ Ă ŐŽŽĚ ĂŐƌĞĞŵĞŶƚ ďĞƚǁĞĞŶ DͲĚƌŝǀĞŶ ƐŝŵƵůĂƟŽŶƐ ĂŶĚ
,D ŽƵƚƉƵƚƐ ĐĂŶ ďĞ ƐƚĂƚĞĚ͘
/Ŷ ƚŚĞ hƉƉĞƌ EŝŐĞƌ ďĂƐŝŶ ĨŽƌ YϭϬ ĂŶĚ YϱϬ ƚŚĞ ƌĞƐƵůƚƐ ĚƌŝǀĞŶ ďǇ ƚǁŽ DƐ ƐŚŽǁ ĂŶ ŝŶĐƌĞĂƐŝŶŐ ƚƌĞŶĚ͕ ĂŶĚ ďǇ
ƚŚĞ ŽƚŚĞƌ ƚŚƌĞĞ DƐ ʹ Ă ĚĞĐƌĞĂƐŝŶŐ ƚƌĞŶĚ͕ ĚĞŵŽŶƐƚƌĂƟŶŐ Ă ŚŝŐŚ ĚŝƐĐƌĞƉĂŶĐǇ ďĞƚǁĞĞŶ ĐůŝŵĂƚĞ ŵŽĚĞůƐ ĨŽƌ
ƚŚŝƐ ďĂƐŝŶ͘ &Žƌ YϵϬ Ă ŚŝŐŚ ĚŝƐĐƌĞƉĂŶĐǇ ĐĂŶ ďĞ ƐƚĂƚĞĚ ĂƐ ǁĞůů͘ ,ĞƌĞ ƚǁŽ DƐ ƐŚŽǁ ĂŶ ŝŶĐƌĞĂƐŝŶŐ ĂŶĚ ƚŚƌĞĞ
ϲ
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ZŚŝŶĞ

hƉƉĞƌ EŝŐĞƌ

hƉƉĞƌ zĞůůŽǁ ZŝǀĞƌ

&ŝŐƵƌĞ Ϯ͗ ƐƟŵĂƚĞĚ ƐůŽƉĞƐ ĨŽƌ ůŝŶĞĂƌ ƚƌĞŶĚƐ ŝŶ ĂŶŶƵĂů YϱϬ ĨŽƌ ƚŚƌĞĞ ďĂƐŝŶƐ ŐƌŽƵƉĞĚ ďǇ ĞŝƚŚĞƌ ĐůŝŵĂƚĞ ŵŽĚĞůƐ
;ƵƉƉĞƌ ŐƌĂƉŚƐͿ Žƌ ďǇ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ ;ůŽǁĞƌ ŐƌĂƉŚƐͿ
DƐ Ă ĚĞĐƌĞĂƐŝŶŐ ƚƌĞŶĚ͘ ,ŽǁĞǀĞƌ͕ ƚŚĞ ƌĞƐƵůƚƐ ŽĨ ,DƐ ƌĞŐĂƌĚŝŶŐ ƚŚĞ ĚŝƌĞĐƟŽŶ ŽĨ ƚƌĞŶĚƐ ĂŐƌĞĞ ŵƵĐŚ ďĞƩĞƌ͗
ŝŶ ϭϮ ŽĨ ϭϱ ĐĂƐĞƐ͘
/Ŷ ƚŚĞ hƉƉĞƌ zĞůůŽǁ ďĂƐŝŶ ƚŚĞ ƌĞƐƵůƚƐ ƐŚŽǁ ƚŚĂƚ ƚŚĞ ŚŝŐŚ ŇŽǁ ĚŝƐĐŚĂƌŐĞ ŝƐ ŵĂŝŶůǇ ƐŝŐŶŝĮĐĂŶƚůǇ ŝŶĐƌĞĂƐŝŶŐ
;ϵ ŽĨ ϭϱ ĐĂƐĞƐͿ͘ dŚĞ ƌĞƐƵůƚƐ ĂƌĞ ƋƵŝƚĞ ƵŶĐĞƌƚĂŝŶ ĨŽƌ YϭϬ ĂŶĚ YϱϬ͕ ƐŚŽǁŝŶŐ Ă ŵŝǆƚƵƌĞ ŽĨ ĐŚĂŶŐĞƐ ŝŶ ďŽƚŚ
ĚŝƌĞĐƟŽŶƐ͘ ŽƚŚ DƐ ĂŶĚ ,DƐ ĚĞŵŽŶƐƚƌĂƚĞ ƉŽŽƌ ĂŐƌĞĞŵĞŶƚƐ ĨŽƌ ƚŚŝƐ ďĂƐŝŶ͘
/Ŷ ĂĚĚŝƟŽŶ ƚŽ ƚƌĞŶĚ ĚŝƌĞĐƟŽŶ͕ &ŝŐ͘Ϯ ƐŚŽǁƐ ƚŚĞ ƐůŽƉĞƐ ŽĨ ĐŚĂŶŐĞƐ ŝŶ ƚŚĞ ŵĞĚŝƵŵ ĚŝƐĐŚĂƌŐĞ ;YϱϬͿ͘ dŚĞ ƌĞƐƵůƚƐ
ĂƌĞ ŐƌŽƵƉĞĚ ďǇ DƐ ;ƵƉƉĞƌ ŐƌĂƉŚƐͿ͕ ĂŶĚ ďǇ ,DƐ ;ůŽǁĞƌ ŐƌĂƉŚƐͿ͘ &Žƌ ƚŚĞ ZŚŝŶĞ Ăůů ƚŚĞ ƐůŽƉĞƐ ĂƌĞ ŶĞŐĂƟǀĞ
ĂŶĚ ƚŚĞ ƌĂŶŐĞƐ ;ĚŝƐƉĞƌƐŝŽŶ ŝŶ ƌĞƐƵůƚƐͿ ďĞƚǁĞĞŶ ,D ;ƵƉƉĞƌ ŐƌĂƉŚͿ ĂƌĞ ůŽǁĞƌ ĐŽŵƉĂƌĞĚ ƚŽ DƐ ;ůŽǁĞƌ ŐƌĂƉŚͿ͘
dŚĞ ĚŝƐĐƌĞƉĂŶĐǇ ŝŶ ƚŚĞ ĚŝƌĞĐƟŽŶ ŽĨ ĐŚĂŶŐĞ ŝƐ ŚŝŐŚĞƌ ďĞƚǁĞĞŶ DƐ ;ůŽǁĞƌ ŐƌĂƉŚƐ͗ ϲ ĐĂƐĞƐ ŽĨ ϵͿ ĐŽŵƉĂƌĞĚ
ƚŽ ,DƐ ;ƵƉƉĞƌ ŐƌĂƉŚƐ͗ ŽŶůǇ Ϯ ĐĂƐĞƐ ŽĨ ϭϱͿ͘ dŚĞ ŽƵƚƉƵƚƐ ĚƌŝǀĞŶ ďǇ D/ZK ŵŽĚĞů ƐŚŽǁ ƚŚĞ ŚŝŐŚĞƐƚ ƐůŽƉĞƐ
ĨŽƌ ƚŚĞ EŝŐĞƌ ĂŶĚ zĞůůŽǁ͘
ĞƐŝĚĞƐ͕ &ŝŐ͘ϯ ƉƌĞƐĞŶƚƐ ůŽŶŐͲƚĞƌŵ ƐĞĂƐŽŶĂů ĚŝƐĐŚĂƌŐĞ ĨŽƌ ƚŚĞ ƌĞĨĞƌĞŶĐĞ ƉĞƌŝŽĚ ϭϵϳϭͲϮϬϬϬ ;ůĞŌͿ͕ ĨŽƌ ƚŚĞ ƐĐĞͲ
ŶĂƌŝŽ ƉĞƌŝŽĚ ϮϬϳϬͲϮϬϵϵ ;ŵŝĚĚůĞͿ ĂŶĚ ƚŚĞ ĚŝīĞƌĞŶĐĞ ďĞƚǁĞĞŶ ƚŚĞ ƐĐĞŶĂƌŝŽ ĂŶĚ ƌĞĨĞƌĞŶĐĞ ƉĞƌŝŽĚƐ ;ƌŝŐŚƚͿ͘
dŚĞ ƌĞƐƵůƚƐ ĂƌĞ ĂǀĞƌĂŐĞĚ ĞŝƚŚĞƌ ďǇ D Žƌ ,D͘
&Žƌ ƚŚĞ ZŚŝŶĞ Ă ĚĞĐƌĞĂƐĞ ŝŶ ƐƵŵŵĞƌ ƉĞƌŝŽĚ ;ƌĞƐƵůƚƐ ĚƌŝǀĞŶ ďǇ ϰ DƐ ŽĨ ϱͿ͕ ĂŶĚ Ă ŵŽĚĞƌĂƚĞ ŝŶĐƌĞĂƐĞ ŝŶ ǁŝŶƚĞƌ
ƟŵĞ ĂƌĞ ƉƌŽũĞĐƚĞĚ͕ ǁŚŝĐŚ ĐŽƌƌĞƐƉŽŶĚƐ ǁĞůů ƚŽ ƚŚĞ ƉƌĞǀŝŽƵƐ ŝŵƉĂĐƚ ĂƐƐĞƐƐŵĞŶƚ ĨŽƌ ƚŚŝƐ ďĂƐŝŶ ;,ƵĂŶŐ Ğƚ Ăů͕͘
ϮϬϭϬͿ͘ hŶĐĞƌƚĂŝŶƚǇ ƌĞůĂƚĞĚ ƚŽ D ŝƐ ǀŝƐƵĂůůǇ ŚŝŐŚĞƌ ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĂƚ ŽĨ ,D͘ dŚĞ ƌĞƐƵůƚƐ ďǇ ^t/D ĂŶĚ s/
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ĂŐƌĞĞ ǀĞƌǇ ǁĞůů͘
&Žƌ ƚŚĞ EŝŐĞƌ Ă ŚŝŐŚ ĚŝƐĐƌĞƉĂŶĐǇ ďĞƚǁĞĞŶ ĚŝīĞƌĞŶƚ DƐ ŝƐ ǀŝƐŝďůĞ͘ tŚĞŶ ƚŚĞ ƌĞƐƵůƚƐ ĂƌĞ ĂǀĞƌĂŐĞĚ ŽǀĞƌ DƐ͕
Ă ƐŵĂůů ŝŶĐƌĞĂƐĞ ŝŶ ƚŚĞ ůĂƐƚ ϭͬϯ ŽĨ ƚŚĞ ǇĞĂƌ ŝƐ ƉƌŽũĞĐƚĞĚ͘ dŚĞ ƵŶĐĞƌƚĂŝŶƚǇ ƌĞůĂƚĞĚ ƚŽ DƐ ŝƐ ĚŝƐƟŶĐƚůǇ ŚŝŐŚĞƌ
ƚŚĂŶ ƚŚĂƚ ƌĞůĂƚĞĚ ƚŽ ,DƐ͘  ǀĞƌǇ ŐŽŽĚ ĂŐƌĞĞŵĞŶƚ ďĞƚǁĞĞŶ ,DƐ ĐĂŶ ďĞ ƐƚĂƚĞĚ͘
&Žƌ ƚŚĞ hƉƉĞƌ zĞůůŽǁ ZŝǀĞƌ ƚŚĞ ƌĞƐƵůƚƐ ĚƌŝǀĞŶ ďǇ Ϯ DƐ ƉƌŽũĞĐƚ Ă ƐŝŐŶŝĮĐĂŶƚ ŝŶĐƌĞĂƐĞ ŝŶ ƐƵŵŵĞƌ ƉĞƌŝŽĚ͕
ǁŚĞƌĞĂƐ ƚŚĞ ƌĞƐƵůƚƐ ĚƌŝǀĞŶ ďǇ ƚŚƌĞĞ ŽƚŚĞƌ DƐ ƐŚŽǁ ƌĂƚŚĞƌ ŵŽĚĞƌĂƚĞ ĐŚĂŶŐĞƐ͘
dŚĞ ƌĞƐƵůƚƐ ĚƌŝǀĞŶ ďǇ ƚŚĞ ĐůŝŵĂƚĞ ŵŽĚĞů D/ZK ĨŽƌ Ăůů ƚŚƌĞĞ ďĂƐŝŶƐ ƐŚŽǁ ƚŚĞ ŚŝŐŚĞƐƚ ĚŝƐĐŚĂƌŐĞ ŝŶ ƚŚĞ ƐĐĞͲ
ŶĂƌŝŽ ƉĞƌŝŽĚ ĐŽŵƉĂƌĞĚ ƚŽ ƌĞƐƵůƚƐ ĚƌŝǀĞŶ ďǇ ĨŽƵƌ ŽƚŚĞƌ DƐ ŝŶ ĂůŵŽƐƚ Ăůů ĐĂƐĞƐ͘ /Ŷ ŐĞŶĞƌĂů͕ ŶŽƚĂďůǇ ůŽǁĞƌ
ƵŶĐĞƌƚĂŝŶƚǇ ďĂŶĚƐ ƌĞůĂƚĞĚ ƚŽ ,DƐ ĐŽŵƉĂƌĞĚ ƚŽ DƐ ĂƌĞ ǀŝƐŝďůĞ͘ ,ŽǁĞǀĞƌ͕ ƚŚĞ ŶƵŵďĞƌ ŽĨ ,DƐ ǁĂƐ ĂůƐŽ
ůŽǁĞƌ ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ŶƵŵďĞƌ ŽĨ ƚŚĞ ĚƌŝǀŝŶŐ DƐ ŝŶ ƚŚŝƐ ƐƚƵĚǇ͘

ϰ͘ ŝƐĐƵƐƐŝŽŶ ĂŶĚ ĐŽŶĐůƵƐŝŽŶ
dŚŝƐ ƐƚƵĚǇ ŝŶƚĞƌĐŽŵƉĂƌĞĚ ƚŚĞ ĐůŝŵĂƚĞ ŝŵƉĂĐƚƐ ŽŶ ƌƵŶŽī ŐĞŶĞƌĂƟŽŶ ĂĐƌŽƐƐ ϯ ƌŝǀĞƌ ďĂƐŝŶƐ ŝŶ ϯ ĐŽŶƟŶĞŶƚƐ
ƵƐŝŶŐ ϯ ƌĞŐŝŽŶĂů ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ ĚƌŝǀĞŶ ďǇ ĐůŝŵĂƚĞ ƐĐĞŶĂƌŝŽƐ ĨƌŽŵ ĮǀĞ ŐůŽďĂů ĐůŝŵĂƚĞ ŵŽĚĞůƐ͘ dŚĞ ƌŽͲ
ďƵƐƚ ƌĞƐƵůƚƐ ŝŶ ƚĞƌŵƐ ŽĨ ƚƌĞŶĚ ĚŝƌĞĐƟŽŶ ĂŶĚ ƐůŽƉĞ ĐŽƵůĚ ŽŶůǇ ďĞ ĨŽƵŶĚ ĨŽƌ ƚŚĞ ZŚŝŶĞ ZŝǀĞƌ ďĂƐŝŶ ŝŶ ƵƌŽƉĞ
ƌĞŐĂƌĚůĞƐƐ ǁŚŝĐŚ ,D Žƌ D ŝƐ ƵƐĞĚ͘ &Žƌ ƚŚĞ EŝŐĞƌ ZŝǀĞƌ ŝŶ ĨƌŝĐĂ͕ ƐĐĞŶĂƌŝŽƐ ĨƌŽŵ ĐůŝŵĂƚĞ ŵŽĚĞůƐ ĂƌĞ ƚŚĞ
ůĂƌŐĞƐƚ ƵŶĐĞƌƚĂŝŶƚǇ ƐŽƵƌĐĞ͘ &Žƌ ƚŚĞ hƉƉĞƌ zĞůůŽǁ ZŝǀĞƌ ŝŶ ƐŝĂ͕ ďŽƚŚ ƚŚĞ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ ĂŶĚ ĐůŝŵĂƚĞ
ŵŽĚĞůƐ ĐŽŶƚƌŝďƵƚĞ ƚŽ ƵŶĐĞƌƚĂŝŶƚǇ ŝŶ ƚŚĞ ŝŵƉĂĐƚ ƌĞƐƵůƚƐ͘ /Ŷ ŐĞŶĞƌĂů͕ ƚŚĞ ƵŶĐĞƌƚĂŝŶƚǇ ƌĞƐƵůƟŶŐ ĨƌŽŵ ĐůŝŵĂƚĞ
ŵŽĚĞůƐ ŝƐ ůĂƌŐĞƌ ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĂƚ ĨƌŽŵ ƚŚĞ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ ĨŽƌ Ăůů ƚŚƌĞĞ ďĂƐŝŶƐ͘
^ƵŵŵĂƌŝǌŝŶŐ Ăůů ƚŚĞ ƌĞƐƵůƚƐ ŝƚ ĐĂŶ ďĞ ĐŽŶĐůƵĚĞĚ ƚŚĂƚ ƚŚĞ ŵŽƌĞ ƌŽďƵƐƚ ĐůŝŵĂƚĞ ƐĐĞŶĂƌŝŽƐ ŚĂǀĞ Ă ŚŝŐŚĞƌ ŐƵĂƌͲ
ĂŶƚĞĞ ŽĨ ƚŚĞ ƌŽďƵƐƚ ŚǇĚƌŽůŽŐŝĐĂů ŝŵƉĂĐƚƐ͘ /Ŷ ƚŚŝƐ ƐƚƵĚǇ͕ ƐƵĐŚ ƌŽďƵƐƚ ĐůŝŵĂƚĞ ƐĐĞŶĂƌŝŽƐ ĐŽƵůĚ ŽŶůǇ ďĞ ĨŽƵŶĚ
ĨŽƌ ƚŚĞ ZŚŝŶĞ ďĂƐŝŶ͕ ĂŶĚ ĨŽƌ ƚŚĞ ŽƚŚĞƌ ƚǁŽ ďĂƐŝŶƐ ŝŶ ĨƌŝĐĂ ĂŶĚ ƐŝĂ ƚŚĞ ƐĐĞŶĂƌŝŽƐ ĚŝīĞƌ ǁŝĚĞůǇ͘ ĞƐŝĚĞƐ͕ ŝƚ
ƐĞĞŵƐ ůŝŬĞ ƚŚĞ ƵŶĐĞƌƚĂŝŶƚǇ ŽĨ ,DƐ ŝŶĐƌĞĂƐĞƐ ǁŝƚŚ ƚŚĞ ŝŶĐƌĞĂƐĞ ŽĨ ĐŽŵƉůĞǆŝƚǇ ŽĨ ŚǇĚƌŽůŽŐŝĐĂů ƉƌŽĐĞƐƐĞƐ͘ Ɛ
Ă ƌĞƐƵůƚ͕ ƚŚĞ ůĂƌŐĞƐƚ ƵŶĐĞƌƚĂŝŶƚǇ ŽĨ ,DƐ ǁĂƐ ĨŽƵŶĚ ĨŽƌ ƚŚĞ hƉƉĞƌ zĞůůŽǁ ƌŝǀĞƌ͕ ǁŚĞƌĞ ďŽƚŚ ƐŶŽǁ ŵĞůƚ ĂŶĚ
ƉƌĞĐŝƉŝƚĂƟŽŶ ĂƌĞ ŝŵƉŽƌƚĂŶƚ ĨŽƌ ƚŚĞ ƌƵŶŽī ŐĞŶĞƌĂƟŽŶ͘  ŵŝŶŽƌ ƵŶĐĞƌƚĂŝŶƚǇ ǁĂƐ ĨŽƵŶĚ ĨŽƌ ƚŚĞ EŝŐĞƌ ƌŝǀĞƌ͕
ǁŚĞƌĞ Ă ƐŝŵƉůĞ ƌĂŝŶĨĂůůͲƌƵŶŽī ƉƌŽĐĞƐƐ ŝƐ ƉƌĞǀĂŝůŝŶŐ͘
,ŽǁĞǀĞƌ͕ ŝƚ ƐŚŽƵůĚ ďĞ ŶŽƟĐĞĚ ƚŚĂƚ ǁĞ ĨŽĐƵƐĞĚ ŽŶůǇ ŽŶ ŽŶĞ ĞŵŝƐƐŝŽŶ ƐĐĞŶĂƌŝŽ ŝŶ ƚŚŝƐ ƐƚƵĚǇ͘ dŚĞ ĚŝīĞƌĞŶĐĞ ŝŶ
ŝŵƉĂĐƚƐ ƌĞůĂƚĞĚ ƚŽ ǀĂƌŝŽƵƐ ĞŵŝƐƐŝŽŶ ƐĐĞŶĂƌŝŽƐ ŚĂǀĞ ŶŽƚ ďĞĞŶ ŝŶĐůƵĚĞĚ ŝŶ ŽƵƌ ĚŝƐĐƵƐƐŝŽŶ ǇĞƚ͘ /Ŷ ƚŚĞ ŶĞǆƚ ƐƚĞƉ͕
Ăůů ƚŚĞ ƵŶĐĞƌƚĂŝŶƚǇ ƐŽƵƌĐĞƐ͗ ĨƌŽŵ DƐ͕ ,DƐ ĂŶĚ ĞŵŝƐƐŝŽŶ ƐĐĞŶĂƌŝŽƐ ǁŝůů ďĞ ĂŶĂůǇǌĞĚ ŵŽƌĞ ƐǇƐƚĞŵĂƟĐĂůůǇ ƚŽ
ŽďƚĂŝŶ Ă ŵŽƌĞ ĐŽŵƉƌĞŚĞŶƐŝǀĞ ŽǀĞƌǀŝĞǁ ŽĨ ƚŚĞ ŚǇĚƌŽůŽŐŝĐĂů ŝŵƉĂĐƚƐ ĂŶĚ ƚŚĞŝƌ ƵŶĐĞƌƚĂŝŶƟĞƐ ĨŽƌ ĞĂĐŚ ďĂƐŝŶ͘
/Ŷ ĂĚĚŝƟŽŶ͕ ƚŚĞ ŵŽƌĞ ĐŽŶƐŝƐƚĞŶƚ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞů ƐĞƚƵƉ ĂŶĚ ĐĂůŝďƌĂƟŽŶ ƉƌŽĐĞĚƵƌĞƐ ĂƐ ǁĞůů ĂƐ ĐůŝŵĂƚĞ
ϴ
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ZŚŝŶĞ
ϭϵϳϭͲϮϬϬϬ

ϮϬϳϬͲϮϬϵϵ

ĚŝīĞƌĞŶĐĞ

hƉƉĞƌ EŝŐĞƌ

hƉƉĞƌ zĞůůŽǁ ZŝǀĞƌ

&ŝŐƵƌĞ ϯ͗ >ŽŶŐͲƚĞƌŵ ƐĞĂƐŽŶĂů ĚǇŶĂŵŝĐƐ ŽĨ ǁĂƚĞƌ ĚŝƐĐŚĂƌŐĞ ĨŽƌ ƚŚĞ ƌĞĨĞƌĞŶĐĞ ƉĞƌŝŽĚ ;ůĞŌͿ͕ ĨŽƌ ƚŚĞ ƐĐĞŶĂƌŝŽ
ƉĞƌŝŽĚ ϮϬϳϬͲϮϬϵϵ ;ŵŝĚĚůĞͿ ĂŶĚ ƚŚĞ ĚŝīĞƌĞŶĐĞ ďĞƚǁĞĞŶ ƚŚĞ ƐĐĞŶĂƌŝŽ ĂŶĚ ƌĞĨĞƌĞŶĐĞ ƉĞƌŝŽĚƐ ;ƌŝŐŚƚͿ ĨŽƌ ƚŚƌĞĞ
ďĂƐŝŶƐ͘ &Žƌ ĞǀĞƌǇ ƌŝǀĞƌ ďĂƐŝŶ ƚŚĞ ƵƉƉĞƌ ŐƌĂƉŚƐ ƐŚŽǁ ĂǀĞƌĂŐĞƐ ŽǀĞƌ ƚŚƌĞĞ ŚǇĚƌŽůŽŐŝĐĂů ŵŽĚĞůƐ ĂŶĚ ƚŚĞ ůŽǁĞƌ
ŐƌĂƉŚƐ Ͳ ŽǀĞƌ ϱ ĐůŝŵĂƚĞ ŵŽĚĞůƐ
ϵ
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ƐĐĞŶĂƌŝŽƐ ĨƌŽŵ ƚŚĞ ƌĞŐŝŽŶĂů ĐůŝŵĂƚĞ ŵŽĚĞůƐ ĐŽƵůĚ ŵŝŶŝŵŝǌĞ ƚŚĞ ĂǀŽŝĚĂďůĞ ƵŶĐĞƌƚĂŝŶƟĞƐ͘

ZĞĨĞƌĞŶĐĞƐ
ƌŶŽůĚ͕ :͘ '͕͘ ůůĞŶ͕ W͘ D͕͘ Θ ĞƌŶŚĂƌĚƚ͕ '͘ ;ϭϵϵϯͿ͘  ĐŽŵƉƌĞŚĞŶƐŝǀĞ ƐƵƌĨĂĐĞͲŐƌŽƵŶĚǁĂƚĞƌ ŇŽǁ ŵŽĚĞů͘
:ŽƵƌŶĂů ŽĨ ,ǇĚƌŽůŽŐǇ͕ ϭϰϮ;ϭͿ͕ ϰϳͲͲϲϵ͘
ĞƌŐƐƚƌƂŵ͕ ^͘ Θ &ŽƌƐŵĂŶ͕ ͘ ;ϭϵϳϯͿ͘ ĞǀĞůŽƉŵĞŶƚ ŽĨ Ă ĐŽŶĐĞƉƚƵĂů ĚĞƚĞƌŵŝŶŝƐƟĐ ƌĂŝŶĨĂůůͲƌƵŶŽī ŵŽĚĞů͘
EŽƌĚŝĐ ,ǇĚƌŽůŽŐǇ sŽů ϰ EŽ ϯ ƉƉ ϭϰϳʹϭϳϬ͘
ĞƌŐƐƚƌƂŵ͕ ^͕͘ ^ŝŶŐŚ͕ s͕͘ Ğƚ Ăů͘ ;ϭϵϵϱͿ͘ dŚĞ Śďǀ ŵŽĚĞů͘ ŽŵƉƵƚĞƌ ŵŽĚĞůƐ ŽĨ ǁĂƚĞƌƐŚĞĚ ŚǇĚƌŽůŽŐǇ͕͘ ;ƉƉ͘
ϰϰϯͲͲϰϳϲͿ͘
ŚĞŶ͕ y͕͘ zĂŶŐ͕ d͕͘ tĂŶŐ͕ y͕͘ yƵ͕ ͘Ͳz͕͘ Θ zƵ͕ ͘ ;ϮϬϭϮͿ͘ hŶĐĞƌƚĂŝŶƚǇ ŝŶƚĞƌĐŽŵƉĂƌŝƐŽŶ ŽĨ ĚŝīĞƌĞŶƚ ŚǇĚƌŽůŽŐŝĐĂů
ŵŽĚĞůƐ ŝŶ ƐŝŵƵůĂƟŶŐ ĞǆƚƌĞŵĞ ŇŽǁƐ͘ tĂƚĞƌ ZĞƐŽƵƌĐĞƐ DĂŶĂŐĞŵĞŶƚ͕ ;ƉƉ͘ ϭͲͲϭϳͿ͘
ŚƌŝƐƚĞŶƐĞŶ͕ E͘ ^͕͘ >ĞƩĞŶŵĂŝĞƌ͕ ͘ W͕͘ Ğƚ Ăů͘ ;ϮϬϬϳͿ͘  ŵƵůƟŵŽĚĞů ĞŶƐĞŵďůĞ ĂƉƉƌŽĂĐŚ ƚŽ ĂƐƐĞƐƐŵĞŶƚ ŽĨ
ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚƐ ŽŶ ƚŚĞ ŚǇĚƌŽůŽŐǇ ĂŶĚ ǁĂƚĞƌ ƌĞƐŽƵƌĐĞƐ ŽĨ ƚŚĞ ĐŽůŽƌĂĚŽ ƌŝǀĞƌ ďĂƐŝŶ͘ ,ǇĚƌŽůŽŐǇ
ĂŶĚ ĂƌƚŚ ^ǇƐƚĞŵ ^ĐŝĞŶĐĞƐ ŝƐĐƵƐƐŝŽŶƐ͕ ϭϭ;ϰͿ͕ ϭϰϭϳͲͲϭϰϯϰ͘
,ĂƩĞƌŵĂŶŶ͕ &͘ &͕͘ tĞŝůĂŶĚ͕ D͕͘ ,ƵĂŶŐ͕ ^͕͘ <ƌǇƐĂŶŽǀĂ͕ s͕͘ Θ <ƵŶĚǌĞǁŝĐǌ͕ ͘ t͘ ;ϮϬϭϭͿ͘ DŽĚĞůͲƐƵƉƉŽƌƚĞĚ
ŝŵƉĂĐƚ ĂƐƐĞƐƐŵĞŶƚ ĨŽƌ ƚŚĞ ǁĂƚĞƌ ƐĞĐƚŽƌ ŝŶ ĐĞŶƚƌĂů ŐĞƌŵĂŶǇ ƵŶĚĞƌ ĐůŝŵĂƚĞ ĐŚĂŶŐĞͶĂ ĐĂƐĞ ƐƚƵĚǇ͘ tĂƚĞƌ
ƌĞƐŽƵƌĐĞƐ ŵĂŶĂŐĞŵĞŶƚ͕ Ϯϱ;ϭϯͿ͕ ϯϭϭϯͲͲϯϭϯϰ͘
,ĞŵƉĞů͕ ^͕͘ &ƌŝĞůĞƌ͕ <͕͘ tĂƌƐǌĂǁƐŬŝ͕ >͕͘ ^ĐŚĞǁĞ͕ :͕͘ Θ WŝŽŶƚĞŬ͕ &͘ ;ϮϬϭϯͿ͘  ƚƌĞŶĚͲƉƌĞƐĞƌǀŝŶŐ ďŝĂƐ ĐŽƌƌĞĐƟŽŶͲͲ
ƚŚĞ ŝƐŝͲŵŝƉ ĂƉƉƌŽĂĐŚ͘ ĂƌƚŚ ^ǇƐƚĞŵ ǇŶĂŵŝĐƐ ŝƐĐƵƐƐŝŽŶ͕ ϰ͕ ϰϵͲͲϵϮ͘
,ƵĂŶŐ͕ ^͕͘ ,ĂƩĞƌŵĂŶŶ͕ &͘ &͕͘ <ƌǇƐĂŶŽǀĂ͕ s͕͘ Θ ƌŽŶƐƚĞƌƚ͕ ͘ ;ϮϬϭϯͿ͘ WƌŽũĞĐƟŽŶƐ ŽĨ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚƐ
ŽŶ ƌŝǀĞƌ ŇŽŽĚ ĐŽŶĚŝƟŽŶƐ ŝŶ ŐĞƌŵĂŶǇ ďǇ ĐŽŵďŝŶŝŶŐ ƚŚƌĞĞ ĚŝīĞƌĞŶƚ ƌĐŵƐ ǁŝƚŚ Ă ƌĞŐŝŽŶĂů ĞĐŽͲŚǇĚƌŽůŽŐŝĐĂů
ŵŽĚĞů͘ ůŝŵĂƟĐ ŚĂŶŐĞ͕ ϭϭϲ;ϯͲϰͿ͕ ϲϯϭͲͲϲϲϯ͘
,ƵĂŶŐ͕ ^͕͘ <ƌǇƐĂŶŽǀĂ͕ s͕͘ PƐƚĞƌůĞ͕ ,͕͘ Θ ,ĂƩĞƌŵĂŶŶ͕ &͘ &͘ ;ϮϬϭϬͿ͘ ^ŝŵƵůĂƟŽŶ ŽĨ ƐƉĂƟŽƚĞŵƉŽƌĂů ĚǇŶĂŵŝĐƐ ŽĨ
ǁĂƚĞƌ ŇƵǆĞƐ ŝŶ ŐĞƌŵĂŶǇ ƵŶĚĞƌ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ͘ ,ǇĚƌŽůŽŐŝĐĂů WƌŽĐĞƐƐĞƐ͕ Ϯϰ;ϮϯͿ͕ ϯϮϴϵͲͲϯϯϬϲ͘
<ĂǇ͕ ͕͘ ĂǀŝĞƐ͕ ,͕͘ Ğůů͕ s͕͘ Θ :ŽŶĞƐ͕ Z͘ ;ϮϬϬϵͿ͘ ŽŵƉĂƌŝƐŽŶ ŽĨ ƵŶĐĞƌƚĂŝŶƚǇ ƐŽƵƌĐĞƐ ĨŽƌ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ
ŝŵƉĂĐƚƐ͗ ŇŽŽĚ ĨƌĞƋƵĞŶĐǇ ŝŶ ĞŶŐůĂŶĚ͘ ůŝŵĂƟĐ ŚĂŶŐĞ͕ ϵϮ;ϭͲϮͿ͕ ϰϭͲͲϲϯ͘
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Abstract
Journalists use frames to craft interesting and appealing news reports, simplify technical details and
make them persuasive for audience. To frame is to select certain aspect of a situation and highlight them
in the media in a way that promotes a specific definition, interpretation or evaluation of
recommendation. The underlying theoretical assumption of this study is that understanding how the
climate issues are framed is of vital importance to how the general public and policy makers will respond
to lifestyle changes necessary to mitigate and adapt to climate predictions. The study examined the
framing of climate change news in four national daily newspapers in southern Nigeria. The content
analysis yielded approximately 332 climate change related articles. The results showed that greater
proportion (125 out 332) of the articles used negative tone in reporting the headlines. The overall
dominant frames used in all the articles, show that majority (71 articles) framed climate change in terms
of “blame”, while “action” frames were used in 69 articles, among other frames. The study therefore
recommends that media organizations should re-allocate some of their time and energy to explaining
more of the specifics behind the mitigation and adaptive solutions to deal with global climate change,
rather than devoting most of their time explaining the science behind global climate change.

Key words: Content analysis, climate change news, framing, journalists.
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1.0

Introduction

Global climate change is certainly one of the most pressing concerns of the 21 st century. Africa and more
specifically, Nigeria is a country which scientists agree is likely to suffer dire consequences of climate
change. According to Chris (2009) gas flares produced in the Niger-Delta region produces very large halos
of lights affirming Oyebade (2009) that Nigeria is not only a victim but also a contributor to global
climate change and its consequences.

Through media coverage of climate change, there is often a significant acceptance of political and expert
voices by the public (McManus, 2000). Studies have shown that the public learns a lot about science
through consuming mass media news (Wilson 1995). Moreover, the complex issue of public trust in
authority figures may feed back into and influence climate policy decision-making (Lorenzoni and
Pidgeon 2006). Carvalho (2007) observed that through multiple media feedback processes of
communicating climate change risk over time, prominent political actors successfully frame climate risk
for their purposes, and align frames with their interests and perspectives. In other words, different
frames highlight different aspect of the options and bring forth different reasons and considerations that
influence decision.

According to Entman (1993) to frame is to select certain aspect of a situation and highlight them in the
media in a way that promotes a specific definition, interpretation or evaluation of recommendation. Not
only do the media influence the perception of what topics are seen to be important by the public and
policy makers, they also influence public opinion by presenting such topics within a certain frame. The
way a policy maker or actor frames an issue can be a determinant in the success or failure of such issue
in being placed in the public or political agendas. Specifically, frames can be utilized to suggest causes,
assign blame, categorize issues, or promote certain solutions by policy makers.

The basis of framing theory is that the media focuses attention on certain events and then places them
within a field of meaning. In doing this, the media brings public attention to certain topics, influences
peoples’ perceptions and feedback through ongoing media practices; these feedbacks shape news
framing in subsequent phases, and inform ongoing policies, practices and interactions over time. Thus,
framing permeates all facets of interactions between science, policy, media and the public.
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It has been observed that journalists do not report climate change risk as major challenges, but they
report it as news (Cramer, 2008). It is therefore argued that, it is for this reason that climate change is
found presented within a certain frame. Therefore, it is believed that knowledge of how climate issue
has been understood and framed is of vital importance to how the general public and policy makers will
be able to respond to lifestyle changes that will aid climate protection. If the public are not adequately
informed about climate change, it will be difficult for them to make demands on government, even when
it is in their own interest. But how this information is interpreted and translated into decisions and
potential behavioral change is complex, dynamic and contested.

This brings to the fore the importance of examining the framing of climate change in four national daily
newspapers in southern Nigeria. This study was therefore designed to determine how climate change
issues have been framed in the southern Nigerian newspapers.

2.0

Methodology

Four major national daily newspapers in southern Nigeria namely Guardian, Vanguard, ThisDay, and Daily
Sun were purposively selected for content analysis because they were considered to be among the
country’s leading national newspapers. To examine the framing of climate change by print media
journalists, individual articles were content analyzed. The approach of deciding on the frames used was
taken from the perspective of the reader (Cramer, 2008). How would the reader be likely to delimit a
story written in a particular way? Would the story result in their concluding that climate change is an
environmental issue; a political issue; a scientific issue or a health issue?

3.0

Results and Discussion

3.1

Dominant Frames used in reporting Climate Change News in the Newspapers

3.1.1 Blame/ responsibility frame
Majority (71 articles) of the newspapers framed climate change in terms of “blame/ responsibility” as
shown in Figure 1. This frame focused on the finger-pointing aspect of climate change outbreak. Issues
like who was at fault for the occurrences, why and how it happened, and who was going to take the
blame constituted the major frames. In most of the articles, the developed countries, and industries
such as the oil producing companies were blamed for their high contributions to the emission of
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greenhouse gasses. However, several articles placed the blame on agriculture, primarily deforestation
and use of high technologies (inorganic agriculture). Phrases associated with this frame included “the
failure of Kyoto protocol agreement”, “attempt by the developed world to hoodwink other nations”,
“China accused for Copenhagen failure”, “UN signals delay” and “top 20 major countries that flare
gases”.

3.1.2 Action Frame
The “action” frames occupied 69 articles. This frames mentioned the actions that nations have to
perform in mitigating and adapting to climate change effects. Such stories discussed the duties to be
performed by the developed nations, developing nations, NGOs or individual citizens. This frame was the
second most frequent frame in the stories. Phrases associated with this frame included “payment of
ecological debts”, “reduce emissions by 50 per cent”, “green campaign” and ‘it is time to act”. The
implication of this frame is that the duty to mitigate the effect of climate change is the obligation of
every individual in the whole world, as no country is immune to its effect.

3.1.3 Political Frame
The political frame was also revealed in 42 articles. This frame emphasized on the aspects of
government, the political side or any issue involving politicians. Words and phrases used to convey this
frame included “diplomatic hackles”, “ side-line negotiating process”, “political agreement”, and “calls for
signatures”. This frame implies that while the individuals are empowered to address the environmental
issues, greater power for dealing with these problems is often attributed to the government.

3.1.4 Industry Frame
Industry frame was also exposed in 34 articles analyzed. This frame conveyed not only how climate
change is devastating to the agricultural sector in Nigeria, but also how it has had negative implications
on the agricultural sector internationally. This frame implied that climate change had devastating
consequences by communicating the negative aspects of the occurrences, using key phrases like “the
embattled crop sectors,” “devastating impact,” “debt-laden farmers,” “poor African farmers are losers”,
“poor harvest”, “species threatened”, “farming industries in tail-spin,” and “catastrophic disruptions”.
The frame was consistently characterized as disaster-causing event for the agricultural industries, which
produced a negative tone throughout the articles. The implication of this industry frame is that the
4
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framing of this issue potentially could affect perceptions of agriculture in general because agricultural
sector is a large industry, and trust in agricultural yield/ productivity in general could be affected by this
frame.

3.1.5 Environment Frame
The “environment” frame (29 articles) focused on the predicted effect of climate change on the
landscape and reliefs in Nigeria; and on several other regions. Phrase associated with this frame included
“prone to drought, flooding,” “environmentally devastating,” “loss in landmass”, “cataclysmic change,”
“volcanic eruption,” “desertification” “degradation of ecosystem”, and “environmental threats”. This
result implies that within the articles studied, climate change was depicted very clearly as being an
environmental issue, and the potential danger of such depictions lays the lack of importance placed on
the environment by the average person.

3.1.6 Human Impact
“Human impact” frames was revealed in 20 articles, which attempts to bring the effect that climate
change has on people. Words and phrases used to convey this frame included “changing lifestyle”,
“hunger”, and “compensation”. Another important aspect from the human impact frames reviewed,
exposed the negative and the positive impacts of climate change on human being; resulting in different
tones resonating from the articles which led to most of the articles having a neutral tone.

3.1.7 Economic Consequences Frame
The “economic consequences” frame was revealed in 21 articles. This frame emphasized the impact of
climate change on the industries outside the agricultural sector, like transportation, insurance, banks, oil
producing companies, and the economies of Nigeria, Africa, and even the developed countries. This
frame presented two perspectives regarding the economy. The first sub-frame was zero economic risk.
Here the information presented in the articles reaffirmed that climate change can bring about major
development opportunities for Africa. In most cases, this frame mentioned that climate change could be
viewed as a major development opportunity for Africa, given the anticipated increase in the energy
requirements as growth accelerates (Okonjo-Iwela, 2009).

Also included in the economic impact frame were the issues of amplified economic risk which climate
5
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change extends. Phrases like “long term financial risk”, “depleting our natural capital”, “falling wages”,
and “diminished opportunities” portrayed the impact of climate change on several economies and other
industries. Again, incorporating words like “deplete,” “falling” and “diminished” portrayed the amplified
economic consequences to the readers; however, the overall tone of the amplified economic risk frame
articles were negative implying that the occurrences could be worse and can be of serious economic
damage if nothing is done.

3.1.8 Health Risk Frame
The “health risk” frame was the most infrequently (9 articles) used frame in all the articles analyzed.
Words and phrases used to convey this frame included “danger to public health”, “health threatening”
and natural disaster related death”.

3.1.9 Miscellaneous Frame
The “miscellaneous” frame, which incorporated all other frames was also among the less frequently
used frames, and was revealed only in 7 out of 332 articles. Some of the more interesting and unlikely
stories included a fashion story (where corporate fashions are expected to change to accommodate for
warmer temperatures) and musicians stories (artistes feared for the safety of the planets).
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Figure 1: Dominant frames in climate change articles analyzed in four Nigeria dailies

4.0

Conclusion and Recommendation

Based on the findings, it was concluded that climate change articles are mainly portrayed using accusing
or finger pointing scenario (blame) as it relates to the factors responsible for climate change
occurrences. Also, the actions/strategies to be implemented were also portrayed in most of the articles.
The fact that scientific frame (25 articles) dominates the environmental frame (16 articles), indicates that
climate change can and should no longer be boxed into the environmental frame. Scientific research has
portrayed the broadness and urgency of this threat to the world at large, but more specifically to
Nigerians and in the agricultural sector. While the environment may be viewed as a softer premise which
is relevant to many, climate change is an issue which goes far beyond degraded ecosystems. Water
shortages, crop failures and changing weather patterns are issues which will affect all Nigerians in the
near future. In other words, climate change is broader than the environment, politics and science. It is
very much an economic issue, but above all in a country where poverty is prevalent, climate change is a
human interest issue and it is the duty of the media to portray it as such.

Given the fact that climate change coverage tends to be increasingly blame-based, the study therefore
7
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recommends that agricultural and media organizations should re-allocate some of their time and energy
away from explaining the science behind why global climate change is happening to explaining more of
the specifics behind the mitigation and adaptive solutions that would help the general public deal with
global climate change, and aid climate protection. Agricultural organizations should keep in mind that as
they present agricultural climate change related research findings to the mass print media audience,
they should provide many solutions. Otherwise, they risk falling into the trap that agricultural reporting
continually fell into a decade and more ago (Cramer, 2008), when agricultural events were reported as
catastrophic, isolated events that could not be predicted or avoided. Also, agricultural organizations
should not be afraid to go into great detail about the policy solutions they are advocating for, explaining
thoroughly what makes them good policy solutions. Finally, the media should report farmers-centered
climate change stories to make the issue relevant to the public and agricultural sectors in particular.
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From assessment to service: Making
knowledge usable – lessons from TEEB
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Abstract—
Events such as the Rio+20 conference demonstrate that the demand for policy relevant knowledge is growing when
it comes to address the grand challenges such as climate change and biodiversity loss. While there is already a lot
of information about causes and impacts of global change available, this information is not simply “usable” in that
sense that it does not automatically meet the changing needs of decision makers. Many politicians, researchers,
and government officials are calling for the creation of Climate Service that will support decision-making for adapting to a changing climate. The rational of providing service is to create and provide authoritative, credible, usable
and dependable science-based information. TEEB pursues the same goals. While the establishment of climate service is pretty much in its infancy until now, TEEB has been already successful in providing “useful” knowledge. In
this paper, we explore how TEEB was able to meet the challenge of providing usable knowledge. This requires to
examine and readapt methods and approaches to the production, dissemination and translation of assessment
outputs. TEEB turned out as “usable” when it was able to reconcile the research agendas with decision makers'
information needs and to include social and political dimensions of the problems at stake. The concluding session,
we ask what lessons can be learnt from TEEB to make climate services usable.

Index Terms—IPCC, TEEB, science-policy interface.
————————————————————

1

Introduction

International events such as the Rio+20 UN Conference in 2012 highlight that science has been asked to
be “relevant”. This refers not only to define problems and provide scientific evidence for the ecological
crisis, but also “provide” – or to contribute to the provision of – solutions that address these problems.
There is a growing demand for “usable” information for decision-making on the “ground.” But, can we
take the “usability” of scientific knowledge for granted? 3
While the IPCC was instrumental in raising public and political awareness, the knowledge produced by
the IPCC and other high level programmes is seen as relevant but not directly “usable” for decisionmaking at the local and regional level. In other words: we cannot take the “usability” of scientific outputs
1
Department of Environmental Politics
Helmholtz Centre for Environmental Research - UFZ
Permoserstraße 15 / 04318 Leipzig / Germany
Phone: **49 (0)341 235-1727 (Fax: -1836)
Christoph.Aicher@ufz.de
2
Department of Environmental Politics
Helmholtz Centre for Environmental Research - UFZ
Permoserstraße 15 / 04318 Leipzig / Germany
Phone: **49 (0)341 235-1727 (Fax: -1836)
E-mail:
silke.beck@ufz.de
3

Following the SPARC definition, we understand “usable” in that sense that information meets the changing needs of decision makers.
http://cstpr.colorado.edu/sparc/outreach/sparc_handbook/index.html
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as given. Decision makers/ stakeholders demand information with regard to the impacts of climate
change over different geographical regions and, more importantly, what types of interventions will make
a difference at a given level (e.g. international, national, regional, local), over what time scales, at what
costs, and to whose benefit (Beck 2011). Climate and economic models and scenarios simply cannot deliver this specific type of information (Dessai et al. 2009). The assessments of regional impacts and the
evaluation of response strategies have to deal with a variety of critical uncertainties (Petersen 2012). One
of the major tasks for expert bodies is to reconcile demand and supply of information (to put it in the
market metaphor) and to combine and integrate political needs with the scientific supply in an effective
and coherent way. Since relevance and usable are not given, it takes systematic efforts in order to make
scientific knowledge relevant and usable. To improve its relevance, knowledge has to be “translated” and
communicated into appropriate languages. The task of providing usable information also requires the
integration of such information into the decision makers' existing knowledge systems so they know what
the science means, and how it can help improve their decisions. “Relevant” scientific knowledge, in this
sense, is situated and context-dependent. As a result, attention has also to be paid to the processes of
the translation and embedding of research outputs into political decision-making and planning processes.
The paper examines how the TEEB-initiative (The Economics of Ecosystems and Biodiversity) has addressed the task to provide usable information. The initiative only started in 2007. In a short period of
time a number of internationally acknowledged reports were produced (see: http://www.teebweb.org/).
This success led to a growing number of national and subnational as well as local activities. TEEB combines top-down approaches with more place-based, bottom-up ones involving local and regional jurisdictions and stakeholders. TEEB has tried to reconcile the political and societal demand and scientific supply
of information in order to make more people listen and act. One of the keys to TEEB’s success is to focus
on the demands and needs of decision makers and to integrate the social and practical dimension of the
problems at stake into the assessment.

2

TEEB

Ministers at a G8 meeting in Potsdam in 2007 started an international initiative to halt ecosystem degradation and the loss of biodiversity on global scale which was perceived as being dramatic (GBO 2010;
Balmford et al. 2008). Faced by this global environmental challenge, a wakening call for biodiversity was
intended comparable to the Stern report on climate change (Stern 2007). The goals of TEEB were to raise
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awareness of the problem of biodiversity loss and to provide evidence for the opportunites and urgency
to act. The basic approach for this is to recognize, demonstrate and capture values of ecosystems and
biodiversity. The framing of the objective and problem had consequences. The IPCC, for instance, focused on “invisible” gases at a global scale and on “global temperature” as symbol for the problem of
global-warming as well as on producing standards and standardized assessments with peer-reviewed
science as the only relevant and valid source of knowledge. This approach failed to inform effective, diverse and local adaptation and mitigation policies and practices (Turnhout et al. 2012). Biodiversity, on
the other hand, addresses the complex relationships between living beings and abiotic matter in different spaces and levels of organization (i.e. genes, species, eco-systems). Biodiversity has been tied to conservation issues and the ecological crisis (Reid 2004; Farnham 2007). Thus, it is necessarily linked to specific places as well as to cultural, socio-economic and political aspects. It is contextualized and situated. 4

2.1

The Millennium Ecosystem Assessment

TEEB had not only been impacted by the climate change discourse but also by the Millennium Ecosystem
Assessment (MA). The MA also shows some general similarities to IPCC. 5 It dealt, however, explicitly with
the scaling issue by looking at global developments as well as sub-global ones and reflected the complexity of the nature-society interdependence. This can be seen in the MA-framework (see figure 1).
Figure 1 shows the framing of the process and objective of the MA. Two aspects are important:
x

The frame distinguishes different scales of assessments (global, regional/national, local) indicating the interconnectedness and interdependence of these scales, i.e. gains on a global level
might

lead

to

losses

on

local

levels

(MA

2005;

for

sub-global

assessments:

http://www.unep.org/maweb/en/Multiscale.aspx)
x

The authors of the MA process recognized that a sole science based knowledge system was no
longer adequate to deal with the complexities of and that knowledge dealing with environmental management needed to be contextualized (Reid et al., 2006: 317; Willibanks 2006)

In contrast to the IPCC, the MA was rather organized as a bottom-up process driven by scientific communities and discourses with the objective to consult politics and society (Reid 2004; 2006). The aspect of
scale, multilevel governance, contextuality, transdisciplinarity and the interdependence of nature and

4
Decisions are made among a variety of competing interests and values including economic, social, political, and ethical demands, and thus the science
needs to be contextual, reflecting the various constraints and opportunities of policy options
(https://ams.confex.com/ams/19Applied/webprogram/Paper190530.html)
5
For instance more than 1300 experts of 95 countrues worked on different MA reports (see: www.millenniumassessment.org).
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human well-being had an impact on TEEB. Looking at conceptual and organizational aspects, the success
of TEEB shall be explored further.

Figure 1: The framing of the Millenium Ecosystem Assessments (MA 2005: vii)

2.2

The TEEB-Approach

TEEB started with a clear political mandate and demand (Potsdam Initiative 2007). Transferring experiences from the MA process, the complex concept of ecosystem services (see figure 1; for the concept of
ecosystem services: Costanza et al. 1997; Daily 1997, Potschin et al., 2011) with all its implications (see
2.1) gained importance. The central aims of TEEB can be summarized as follows (Ring et al. 2010):
x

Assess, communicate and draw attention to the urgency of action to address the loss of ecosystems and biodiversity, highlighting the economic, societal and human value of the benefits of
ecosystems and biodiversity, and the scale of the potential damage of losing these benefits

x

Show how the value of ecosystems and biodiversity can be included in decision making
4
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x

Address the needs of policy-makers, local administrators, business and citizens

This shows the demand towards science to produce “usable” information for decision-making. Implementation and feasibility are central elements for the production of knowledge within TEEB. Highly aggregated data or a one-size-fits-all model cannot work because the most appropriate ways to address the
information needs and challenges vary from case to case and are dependent on the particular context.
Put in other words: An ecosystem approach dissents any universal perspective in the sense that neither
the ecological dimension (i.e. the complexity of ecosystem and biodiversity) nor the culturally dependent
assessments of the meaning and value of ecosystems for the human wellbeing permit unequivocal definitions or hierarchies (TEEB Foundations 2010; Görg et al. in press).
Exploring the procedural dimension, TEEB has not the status of an intergovernmental panel like the
IPCC. 6 The architecture was “open”. Representatives of science, business and politics were included into
the advisory board. They were not nominated by governments but rather selected by a growing network
itself. An international and diverse “community” of over 500 experts contributed to the assessments and
review processes. They, also, had various backgrounds including natural and social scientists, practitioners, representatives of public and private institutions as well as individuals sharing their knowledge on
best practices, tools, methods and experience. It should be mentioned that the majority of the authors
are scientists, i.e. the knowledge production follows rules of scientific quality control (review processes).
However, TEEB accepts not peer- reviewed sources. This is a prerequisite for a transdisciplinary project. 7
The mechanism and processes to reconcile supply and demand for information are different to the IPCC
due to the demand and practice oriented approach and the multi-level governance. The international
initiative, for example, secured the close link to political demand by three organizational aspects:
x

The Advisory Board had decision makers of governmental, public, research and business institutions

x

A Coordination Group has been set up where representatives of the European Commission, governments and science regularly have discussed strategies and procedures

x

Governmental institutions were directly involved in contributing to and reviewing the reports

Since 2011 the focus is rather on mainstreaming and outreaching. Following, a considerable number of

6
7

TEEB is linked to UN system being hosted by UNEP.
This question was intensely discussed in the Advisory Board where certain voices wanted to restrict the sources to peer-reviewed scientific articles.
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national and sector studies have been initiated. 8 All of them face the challenge to translate the TEEB approach to specific demands and socio-ecological circumstances. The studies have to find their own answers to these challenges. Some are organized and financed by state institutions, others also integrate
political demands through organizational structures. UNEP and the TEEB-community support the ongoing processes to secure a level of quality by providing information on best practices and by strengthening
networks (e.g. guiding and training materials, TEEBrief, TEEBcase).
In the case of TEEB-Germany the environmental ministry is, for instance, part of the steering group. The
Advisory Board is composed of experts also from policy (plus science, media and business) and there is
an additional Project Advisory Group where representatives from several ministries, administration,
NGOs, science, alliances and business meet. The produced reports are the result of an integrative process with a broad call for evidence, workshops with stakeholder consultations as well as contributing and
reviewing processes where also experts from policy and administration get involved.
Table 1: The TEEB six-step approach (adopted from TEEB 2010b: 6)
Including ecosystem services (ESS) in decisions
Examples of guiding questions
and policies step by step
Step 1: Specify and agree on the problem with
Are key people on board?
stakeholders
Are all relevant aspects being considered?
Step 2: Identify which ESS are most relevant
Which ecosystem services?
Who depends on them most?
How do policies affect them?
Step 3: Define information needs and select
What kind of information or which ESS is needappropriate methods
ed?
Including ES in decisions and policies step by
Examples of guiding questions
step
Step 4: Assess ESS
What role play ESS in livelihood situation?
How can ES distribution and different scenarios
for changes be mapped?
Step 5: Identify and appraise policy options
How can assessment results feed into political
processes?
Step 6: Assess distributional impacts
What are possible consequences of changed ESS
flows (gains/ losses)?

8
National TEEB studies: e.g. Austria, Brazil, Georgia, Germany, India, Israel, Mexico, Netherlands, Portugal, Thailand, Turkey, UK, South Africa; subnational TEEB studies: e.g. Polish TEEB for Cities, TEEB Flanders, TEEB Reykjavík, TEEB Waikato (New Zealand); regional TEEB studies: e.g. Arab Wetland
Study, TEEB Europe, Heart of Borneo, Nordic TEEB, Southeast Asia; sector TEEB studies: e.g. NL TEEB for Business, TEEB-De Germany for Business, TEEB
for Business Brazil, TEEB for Business St. Lucia (personal communication with UNEP TEEB office).
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Another aspect for the mentioned strong focus on the “usability” of TEEB can be demonstrated with the
so called six-step approach (see table 1). This approach has been developed in response to the challenges of a demand oriented production of scientific knowledge. So far it has been applied mostly on local
level. This approach indicates the aim of integrating all relevant stakeholders and to give them a voice for
defining and framing the problems and conflicts with regard to the use, access and distribution of ecosystem services. Following, scientific knowledge and expertise is rather supportive in finding answers to
questions and demands jointly raised by the relevant stakeholders. Thus the approach and process is
open for perspectives and problem definitions by stakeholders, society or political decision-makers. It is
not a deduction from universally applicable models, but a contextualization of socio-economic and ecological circumstances.

3

Conclusion

There is evidence that features and procedures of TEEB can be interesting when it comes to provide climate services. The latter have also to address information needs at the local level. TEEB’s success in visibility and replications on national and local levels allows drawing some lessons. What are the main strategies and features that have contributed to make the assessment “usable”?
x

First, the TEEB focus on the application of scientific knowledge. TEEB created a conceptual framework as well as organizational and procedural strategies which make a strong case for an assessment
that are demand driven. The social and political demands and information needs are the starting
point of TEEB.

x

Second, when it comes to scoping and framing processes, TEEB openly endorses the political and
social dimension of ecosystem loss.

x

Third, continuous interactions between experts and the potential users, target groups and audiences
were additional strategies to make TEEB reports and products relevant to the changing needs of potential users. They have enabled different stakeholders to bring in their own needs and expertise. It
also contributed to enhance the legitimacy and acceptance of the assessments and allows if not demands the translation and contextualization of scientific knowledge. They are also contributed to integrate TEEB findings into the decision makers' existing knowledge systems. In his way, scientific findings are rendered “usable.”

x

Fourth, the “openness” in the architecture and the approach of the different TEEB assessments also
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enables the demand orientation of assessment. However, there is also the risk of blurring
knowledge. It is not always clear, for instance, whether or not the broad concept of recognizing,
demonstrating and capturing values of ecosystems and biodiversity is really understood and applied
within national or local studies. Thus, the intended TEEB approach and “spirit” might not be found in
all products and processes which are labeled “TEEB”. One idea to cope with this problem is the preparation of a Guidance Manual which raises questions people responsible for organizing a TEEB process should consider and offers possibilities how things could get done.
At the same time, TEEB runs the risk to allow reducing issues at stake to a narrow economic and quantifiable core. Intrinsic cultural values and life world understandings are not easily translated into an abstract scientific language. Attempts to translate and mediate these dimensions may result in a loss of
their original meaning and credibility. By opening the door for these forms of scientification, we have to
keep their political and democratic implications in mind.
Making knowledge relevant to a particular user group does not directly contribute to improve the legitimacy of expertise. These questions mainly go back to a reduced understanding of relevance that is identified with strategic, utilitarian contributions to problem solving. Politically relevant information in the
context is equated with a numerical evidence for decision-making. The assessments, however, cannot
substitute decision making and scientific evidence is not the only authority when it comes to democratic
decision. At the same time, we face real life conditions and need to be pragmatic about the limitations of
such “experiments” rather than to commit us to implausible achievements and dangerous, idealized assumptions about the virtues of science and policy. This approach is doomed to fail.
Last but not least: one of the major challenges will remain how to put these insights into operational
mode. How can we open up academic concepts to those who design and participate in real-life assessments and politics? The results of these experiments are open, they cannot be decided by science alone
but they have to be tested and approved by active consultations and co-design processes including the
voices and information of all affected by environmental change in a legitimate and balanced way.

4
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Adaptive water management in coastal areas:
From climate impact assessment to decision
making
Helge Bormann, Frank Ahlhorn, Thomas Klenke
Abstract—Based on the results of a participatory study focusing on the adaptation of water
management to climate change at the German North Sea coast, we adress the following
questions: Which information is needed for adaptive water management related decision
making in coastal regions? Which information from hydrologists is suitable for decision
makers in such a climate adaptation process? How should we deal with the uncertainty in the
climate projections? How does selective use of available information influence the
characteristics of adaptation options? Discussing these questions, we infer the necessary
compromise between scientific completeness of information and the requirements on
straightforwardness for decision making.
Index Terms—water management; climate adaptation; participation; use of information;
uncertainty.
————————————————————

1

Introduction

Climate proofing the coastal water management in the North Sea region requires several subsequent
actions: Providing information on expected regional hydrological change, assessing the functionality of
the existing water management systems, elaborating adaptation options for future scenarios, making the
decision and implementing the most suitable adaptation option. As part of this process, linking science
and policy plays a crucial role (Veraart et al., 2010). Scientific projections reflecting the regional socioecological circumstances are required for a sound decision making, while the information provided to
decision makers must be provided in a way which is suitable for non-scientists.
This contribution presents results of the EU-Interreg VIB “Climate Proof Areas” project. In the German
part of the North Sea Region, water management regulates a strong seasonality in water quantity. While
in winter time drainage and storage avoid flooding, in summer time watering assists guaranteeing sufficient water availability with respect to quantity and quality. In a participatory process together with representative stakeholders we analysed the efficiency of the regional water management system and developed an inventory of adaptation alternatives based on hydrological model simulations quantifying the
expected impact of climate change on the regional hydrological system (Bormann et al., 2012).
During this process the question arose how different kind of information was used: experience based
knowledge on the region, scientific information on climate scenarios and expected hydrological change
1
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as well as the awareness of the uncertainty inherent to all future projections.

2
2.1

Region and methodology
Regional characteristics

The Wesermarsch County (822 km²) serves as an example for many regions along the North Sea coast
lying below sea level. The rural county has a population of about 92,000 people (year 2009). 95% of the
area is used for agriculture (from which 90% is grassland, mainly for dairy cattle). The topography is predominantly flat (elevations between -2 m and 5 m above sea level), soils are either fine textured (marsh
soils) or organic (peat). In order to safeguard the region against storm tides, dikes have been constructed
for centuries and continuously heightened to reduce the risk of flooding.
The Wesermarsch County is faced with several hydrological challenges. In winter time, water has to be
drained from the area to avoid flooding. In order to minimise the energy amount required for pumping,
the region is drained during low tide as far as possible. Contrarily, in summer time, the region suffers
from a water deficit which needs to be compensated to avoid drying out of marsh water bodies. For this
purpose, fresh water from the Weser River is conveyed into the canal system of the Wesermarsch during
high tide. Due to the deepening of the Weser River for shipping and the intense drainage of low-lying
areas, salinisation of surface and groundwater bodies is an increasing problem. In order to regulate water surplus and deficits, a traditional water management system has been developed in the last centuries. A dense network of ditches, channels, barriers, sluices and pumping stations has been established
to regulate ground- and surface water levels in the region.

2.2

Participation

Since adaptation planning on regional scale must integrate local people, an integrative and participatory
bottom-up process was organised to develop and agree upon regional adaptation options for the Wesermarsch. Stakeholders from regional and local organizations were invited to take part in this process. A
regional stakeholder forum was established consisting of water managers, farmers, urban and regional
planners, civil servants from different administrative levels, nature conservationists and scientists. They
identified water management being the common focus issue. The regional forum aimed at the development of an inventory of recent water related problems, possible solutions and the identification of actors
to be further integrated in this process. The stakeholders agreed upon a time horizon of adaptation
planning for the year 2050. Expert interviews were carried out individually with all stakeholders in order
2
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to ensure the consideration of their institutional and personal point of views on recent and future problems, solutions and visions without being confronted to other stakeholders with different interests. The
current knowledge on regional climate change and its implications on regional hydrological processes
were presented to the regional forum to provide basic information for this collaborative planning process. All members of the regional forum were invited to contribute to a joint ‘‘Wesermarsch vision 2050’’.

2.3

Climate change projections

In order to assess a possible future climate change, regional climate projections of the WETTREG model
(Weather Type Based Regional Climate Model; scenarios A1B, B1, A2) were used. The model generates
station based time series. WETTREG is a stochastic downscaling approach determining the frequency of
specific weather types from global climate models (e.g., ECHAM) to simulate station specific weather
time series.
The variations among the scenarios were relatively small compared to the differences between current
conditions (=base line) and the three available scenarios. Accordingly, the results of the A1B scenario
were selected as input. The A1B scenario is a rather pessimistic one and describes relatively well the development of the change in global temperature since the year 2000. The investigation of time series for
four climate stations around the Wesermarsch and the nine rain gauges located in the Wesermarsch revealed consistent climate trends. For the year 2050, WETTREG projected an increase in temperature of
~1 °C and an increase in winter precipitation (+25% from December to February) while summer precipitation was expected to decrease by 15% (from June to August). Similarly, average wind speed was expected to increase in winter and decrease in summer while sunshine duration was expected to increase
in summer (Spekat et al., 2007).

2.4

Simulation of hydrological change

Based on the climate projections, hydrological change can be projected by applying a hydrological model.
Physically based models are expected to be suited best to reproduce future hydrological conditions. The
1-D physically based model SIMULAT (Bormann, 2008) was applied to the available climate scenarios
from the WETTREG model.
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3
3.1

Results
Projected hydrological change

Model simulations resulted in increasing runoff rates in winter and an increasing water deficit during
summer months (Bormann et al., 2012). Changes in the simulated water balance can be interpreted as
changes in water volumes to be additionally drained (winter) or watered (summer), respectively. While in
winter runoff generation could be expected to increase by 10 mm per month until year 2050 (scenario
A1B), water deficit during summer months might increase by approximately 10 mm per month (scenario
A1B). The differences among the three investigated climate scenarios were smaller than the differences
between baseline and scenarios

3.2

Participation process

The inventory of recent water management related problems revealed that already today the regional
water management system works at its limit. Information on (possible) hydrological change was presented to the stakeholder forum. It was used to (1) raise awareness that the amounts of water to be
drained and watered might probably change in the coming decades and to (2) be able to estimate additional volumes of water to be managed by a revised water management system.
In order to consider the different sector specific views on the future, all members of the regional forum
were invited to contribute to the joint ‘‘Wesermarsch vision 2050’’. During one workshop all participants
were asked to describe their personal ideas on a future development of the Wesermarsch until year
2050. They expressed their interest to achieve continuity with respect to landscape, land use (agriculture), coastal protection and working conditions. Together with the information on the expected regional
climate change as well as its likely effect on the hydrological cycle, the landscape vision represented the
main boundary condition for the adaptation planning process.
Two focus groups developed and discussed different adaptation options for future water management,
focusing on the needs of rural and urban areas. In both cases, the focus groups favoured to compose an
adaptation portfolio, consisting of a set of parallel, possible adaptation measures, instead of developing a
comprehensive adaptation strategy. Most of the recommended adaptation measures were based on
technical solutions (e.g., dike enforcement, extension of the canal system, modernising pumps, building
barriers). The proposed adaptation options, however, complied with the currently applied water management statutes of the water boards.
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4

Information related issues

Data from regional climate projections and hydrological simulations in combination with participatory
planning action enable to answer to four questions being crucial with respect to future good practice in
adaptive water management.
Which information is needed for adaptive water management related decision making in coastal
regions?
Adaptive water management in terms of climate adaptation requires detailed regional scale information
on climate change and its hydrological implications. However, such information is not necessarily available for every region. In addition, specific knowledge on recent regional challenges and problems is urgently needed in order to be able to assess the impact of changing boundary conditions on the existing
water management system.
Which information from hydrologists is suitable for decision makers in a climate adaptation process
focussing water management needs?
Adaptation to climate change in requires attention and action by people who have not explicitly considered climate (change) in their past decisions (Füssel, 2007). Therefore, regional projections on climate
and hydrology should be translated into self-explanatory information such as changes in water balance
(volumes, water levels) or sea level rise.
How should we deal with the uncertainty in the climate projections?
Dealing with uncertainty implies to synchronise the necessity to provide a band width of possible futures
due to its unknown character and the tendency of stakeholders to stick to one scenario (Veraart et al.,
2010), to be interpreted as a “best guess”. In our case, this problem was partly solved by the selection of
a distinct time horizon (year 2050) resulting in a similar signal of all scenarios. This decision excluded
considering the uncertainty as an excuse for not taking (innovative) action. However, stakeholders expected the scientists to provide fixed “numbers” describing the regional climate change and its impacts.
How does selective use of available information influence the characteristics of suggested adaptation
options?
The stakeholders used the available information according to the regional water managers’ attitude to
protect against design events, to implement directives, and to act according to the statutes of the water
boards. Accordingly, stakeholders selectively perceived and used information which was consistent with
traditional thinking (e.g., in terms of the landscape vision 2050) and opted for traditional water man5
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agement solutions.

5

Conclusion

Based on the results of the “Climate Proof Areas” project we conclude that a successful climate change
adaptation requires a participatory bottom-up process in order to raise awareness and acceptance. The
essential knowledge on regional climate change must be linked to specific knowledge on resp. of the region and its actors. Knowledge on predictive uncertainty should be processed according to stakeholders’
way of thinking. The choice of an (adequate) time horizon thereby affects the degree of flexibility in the
proposed solutions. We observed that available information is used selectively according to the stakeholders’ attitude. Therefore, stakeholders have to share their knowledge and to come to a mutual understanding which can be realised by social learning in a regional forum, as part of collaborative planning
process. It became obvious that successful participation requires confidence among all participants.
Hence time matters, participation should be part of the adaptation from an early stage in the adaptation
process onwards.

6
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Reinvigorating a U.S. conversation on climate change through the lens of
climate impacts
Rachel Cleetus, Todd Sanford and Doug Boucher1

Union of Concerned Scientists
Abstract: The impacts and growing risks of climate change are becoming increasingly clear to the
American public, especially after Hurricane Sandy. This is an opportunity to reinvigorate a national
conversation about the urgent need to take action to lower global warming emissions and build resilience
to climate impacts. Communicating the latest science in a way that is relevant for people’s daily lives,
highlighting necessary policies and actions, and engaging with local planners and experts on the
frontlines of responding to climate change will be critical to realizing this opportunity.

Introduction
The United States, along with other countries, has experienced a spate of devastating extreme weather
events recently, including droughts, heat waves, and flooding. Projections of future climate change show
that the risks of some types of extreme events and their impacts will continue to increase (Peterson et al.
2012, Rahmstorf et al. 2011, Min et al. 2011). Recent polling shows that Americans are increasingly
recognizing the links between climate change, extreme weather and associated costs, particularly in the
wake of Hurricane Sandy. 2
We see this as an opportunity to reinvigorate a dialog on the urgent need for action in the U.S. to address
the risks of climate change and limit its future magnitude.3 Our research and advocacy in two key areas –
coastal impacts caused by sea level rise along the Eastern seaboard of the U.S. and the implications of
changing climate conditions on wildfire and beetle infestation risks in the forests of the Rockies – is
aimed at engaging citizens, local and state leaders, and experts in development and support of ambitious
climate and energy policies.

Confronting the Realities of Climate Change
Hurricane Sandy pounded ashore on the Eastern seaboard of the U.S. on October 29, 2012, dramatically
changing the country’s sense of vulnerability to coastal storms. The storm dealt a crippling blow to
energy and wastewater infrastructure, shut down major airports and mass transit, flooded significant parts
1

Corresponding author: Rachel Cleetus (rcleetus@ucsusa.org). Opinions expressed in this paper are solely attributable to the
authors and not to UCS.
2
For example, polling in November 2012 commissioned by Climate Nexus found that 60% of American voters agreed with the
statement that “global warming made Hurricane Sandy worse,” and 73% of respondents agreed with the statement: “Global
warming is affecting extreme weather events in the United States.” A Yale/GMU poll conducted in early September of 2012
found that 74% of Americans agreed with the statement “Global warming is affecting weather in the United States.” A November
2012 Zogby Analytics poll showed that the year’s extreme weather also had a dramatic effect on opinions across party lines, with
50% of Republicans, 73% of independents and 82% of Democrats saying that they are worried about the growing cost and risks
of extreme weather disasters fueled by climate change.
3
We recognize that many parts of the world are even more vulnerable to climate impacts, and that the U.S. has a unique
responsibility to contribute to global efforts to mitigate and adapt to climate change. Taking action at home is a necessary, but not
sufficient, condition for living up to those global obligations.

800

of New York, New Jersey, Connecticut and Rhode Island, and even closed Wall Street. Insurance
industry estimates put the economic losses from Sandy at $65 to 70 billion across the U.S., Caribbean,
Bahamas and Canada (Swiss Re 2013, Aon Benfield 2013), making it the second most expensive U.S.
storm after Katrina.4
Vast swathes of the Midwest and Texas have suffered record-breaking drought conditions for over a year,
estimated to cost $35 billion in 2012 (Aon Benfield 2013). Recent years have also brought intense heat
waves, wildfires, torrential rain, flooding, low snowpack in the Western U.S., and record low water levels
on the Great Lakes and the Mississippi River. In all, the U.S. experienced 11 extreme weather events that
cost over $1 billion apiece in 2012 and 14 such events in 2011 (NOAA 2013a). Climate change is an
important contributor to many of these events such as drought, heat waves and extreme precipitation
(IPCC 2012).

Source: NOAA, NCDC

Thus far, for the most part, the U.S. has dealt with these events in a reactionary way, on an emergency
footing. Emergency assistance through the Federal Emergency Management Agency (FEMA), working
together with local authorities, as well as taxpayer-backed insurance programs such as the Federal Crop
Insurance Program (FCIP) and the National Flood Insurance Program (NFIP) have played a key role in
helping with recovery and rebuilding efforts. The funding for this assistance has been the subject of much
4

These cost estimates do not include the loss of lives (an estimated 200 people across 7 countries) or the costs of human pain and
suffering. They also do not fully include costs covered by taxpayer funds such as emergency assistance and subsidized insurance
coverage.
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discussion and political wrangling, given the difficult economic and budgetary situation that currently
confronts the U.S. Congress.5
But as they become increasingly common, a different approach that takes long term scientific projections
about climate change and risks into account is clearly called for. The state of Texas, for example, has
experienced multi-year droughts and long term water planning6 has become an urgent issue much debated
in the state legislature.7
In general, there has been a great reluctance on the part of U.S. government officials to draw any
connection between extreme weather events and climate change. But in January 2013, President Obama,
in his inaugural remarks at the start of his second term as President, said: “We will respond to the threat of
climate change, knowing that the failure to do so would betray our children and future generations. Some
may still deny the overwhelming judgment of science, but none can avoid the devastating impact of raging
fires and crippling drought and more powerful storms.” Governors Chris Christie of New Jersey and
Andrew Cuomo of New York, both of whose states were hard-hit by Hurricane Sandy, have also made
powerful statements about the need to recognize the risks and realities of sea level rise and climate
change.

From Extreme Weather to Climate Change
It is important to be scientifically accurate and careful in discussions of climate attribution and variability.
For example, in our work we always frame a single extreme weather event in the context of the longerterm observed trends and how projections of the risks of these types of events may change under future
warming. For a given flood event, we talk about how heavy precipitation is generally on the rise in many
parts of the U.S. and is increasing flood risk and associated health impacts (Perera, Sanford and Cleetus
2012). This trend is projected to continue under future warming. But we also acknowledge that a formal
attribution study has not been carried out on this particular event. As another example, in our work on
extreme heat in the Midwest, we have pointed out there are year-to-year ups and downs in the data, but
the longer term trends (the climate signal) fit with what we would expect regarding the increased risk of
elevated heat and heat waves with global warming (Perera et. al. 2012). We have also created an
infographic based on the 2012 IPCC report on extreme weather that shows, based on data from the past
50 years, that there is strong scientific evidence linking climate change with increasing heat waves,
coastal flooding, extreme precipitation and severe droughts. The evidence is much more limited for
hurricanes and tornadoes (UCS, 2012). Again, we are very careful to base our work on the best available
science and not overstate climate links, especially to individual events.
It has become quite common to see newspaper articles linking extreme weather events to climate change.
Large scale losses, especially of lives and property, highlight the potential costs of climate change. But as
time passes and immediate recovery efforts end, the event can recede from the public eye. This creates a
5

For example, the Hurricane Sandy Relief Bill was finally passed at the end of January after being held up for weeks in the U.S.
House of Representatives and becoming caught up in the so-called fiscal cliff negotiations and their fallout.
6
Texas’s most recent water plan states plainly: “In serious drought conditions, Texas does not and will not have enough water to
meet the needs of its people, its businesses, and its agricultural enterprises.” (Texas Water Development Board 2012).
7
According to a recent news report, “Lt. Gov. David Dewhurst and other Republicans proposed tapping an emergency fund that
is fed by taxes on oil production to finance the building of new reservoirs and other projects identified in the state’s 50-year water
plan, an unusual move in a state where fiscal conservatives usually push to streamline government and limit spending.” (New
York Times, January 12, 2013)
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fundamental problem for sustained public pressure for climate action. However, there are some climate
impacts such as sea level rise that are proceeding apace rather than manifesting themselves episodically.
Highlighting those risks can be an entry point for raising people’s awareness of what climate change
could mean in their daily lives and why we urgently need to act.
Sea Level Rise and U.S. Coastal Communities
Sea level rise, driven primarily by climate change via thermal expansion of ocean waters and melting land
ice, is a global problem most acutely affecting low lying nations such as the island states and Bangladesh.
The United States is also uniquely at risk: Recent studies have found that the stretch of the U.S. eastern
coast between Cape Cod and Cape Hatteras experienced rates of sea-level rise 3 to 4 times faster than the
global average, between 1950 and 2009 (Sallenger et al. 2012, Cazenave and Llovel 2010).8 This is partly
due to local factors such as changes in the path or strength of ocean currents and local land subsidence.
The stretch of Atlantic coastline between the Gulf of Mexico and Nova Scotia has also experienced
among the fastest rates of sea level rise in the world.9
The American coasts, as elsewhere in the world, are among the most densely populated and developed
parts of the country. Roughly a third of the nation's population—more than 100 million people—lives in
coastal counties.10 These counties account for 42 percent of the U.S. gross domestic product.11 Coastal
states with low-lying land are especially vulnerable to rising seas and coastal storm surges. Future
projections of global sea level rise show that 1 meter of rise is likely to occur by the end of the century
under a mid-range scenario for sea level rise12 and that it could occur even earlier under the highest
scenario (NOAA 2012), and local factors make it likely that parts of the East and Gulf coasts of the
United States will experience an even faster pace of sea level rise, than this.
Amplified storm surge, coastal erosion, flooding and inundation have already cost lives and billions of
dollars of damage in the U.S. and these risks are only growing with rising sea levels. Coastal
communities, from Alaska to the Florida Keys, are increasingly being forced to grapple with difficult
choices regarding whether to accommodate the rising seas, retreat from them, or try to defend coastal
properties and infrastructure with a variety of protective measures.
Wildfire Risks Faced by Rocky Mountain Communities
The risk of wildfire in western U.S. states seems to be increasing as illustrated by recent trends in number
of fires, area burned, and duration of wildfire season (Westerling et al. 2006, Climate Central. 2012).
Wildfire leads to many costly societal impacts including potential for loss of life, damage to structures,
and reduced air quality. The forest ecosystems are often greatly altered impacting the functions and
8

Sea level rise in the Northeast US has risen by approximately 30 cm since 1900—a rise that exceeds the global average by
approximately 20 cm (Church et al. 2011).
9
Since 1955, much of the eastern North American coast has experienced rates of sea-level rise exceeding the global average
(Milne 2008).
10
Coastal shoreline counties are defined and provided by NOAA. See http://coastalsocioeconomics.noaa.gov/coast_defined.html.
We exclude counties bordering the Great Lakes from our population analysis (U.S. Bureau of the Census 2010).
11
Data are available from NOAA’s State of the coast website: http://stateofthecoast.noaa.gov/coastal_economy/welcome.html.
Economic data include activity along the Great Lakes shorelines of Pennsylvania and New York but not along other Great Lakes
shorelines.
12
NOAA 2012. This comes from NOAA’s Intermediate-High scenario.
http://cpo.noaa.gov/sites/cpo/Reports/2012/NOAA_SLR_r3.pdf
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services they provide such as improved water quality and habitat for many species. These in turn can
affect local communities not only through direct impacts to life and the built environment, but also
through recreation and tourism losses.
Wildfire risk presents, perhaps, a more challenging scientific issue than sea-level rise as many interacting
factors may be driving the risk. Temperatures are rising throughout the Western U.S. which is leading to
increasing aridity and drought, especially in the southern portion of the Rockies favoring conditions for
fire. Also, increases in temperature throughout the year are increasing the length of the fire season. In the
northern portions where precipitation is showing some increase overall, trends in winter precipitation are
toward more coming in the form of rain as opposed to snow. This can lead to decreased snowpack and
earlier snowmelt. This reduces water availability and soil moisture in later months during fire season
driving increasing risk. The warming West has also lead to favorable conditions for widespread insect
outbreaks and tree mortality. There is still debate whether insect killed trees are driving fire risk, but some
view it as a large increase in fuel. Also, mapped onto this are non-climate factors, such as decades of fire
suppression management that have forests far from their historic fire regimes.

Communicating Climate Science to Policymakers, Planners and the Public
A unique aspect of our work at the Union of Concerned Scientists (UCS) is the melding of scientific
research and a robust communications initiative to get salient information to decision makers and the
public. We have recently launched an initiative focused on elevating the realities of climate impacts in the
U.S. and thereby motivating the public, experts and policymakers to engage in an action-oriented national
conversation. Without a solid, broad-based foundation of support, attempts to enact climate legislation are
likely to suffer the same fate as the Waxman-Markey bill of 2009.13 Combining good science with a sharp
political and outreach strategy will be vital to breaking through the partisan gridlock and finding both
Democratic and Republican champions willing to support climate action in the U.S. at all levels from the
local to the national.
As an early example from our coastal impacts project, we are convening a roundtable for city and state
officials from the East Coast states of Florida, New York, New Jersey, North Carolina and Virginia to
discuss their experiences in planning for and responding to coastal storms and sea level rise. This will
provide an opportunity for sharing lessons and good practices, as well as setting an agenda for future
changes that are necessary for increasing coastal resilience.
In the Rocky Mountain States, we hope to engage a variety of stakeholders to bring attention to climate
risks there. As the scientific message around climate impacts and fire risk is a bit more complex we first
are reaching out to key experts in the region, including Federal land management scientists, to determine
where the most robust connections reside between regional climate change, forest impacts, and fire risks.
We are also reaching out to outdoor recreation businesses, such as the ski industry, which face existential

13

The Waxman-Markey Bill (more formally known as the American Clean Energy and Security Act) was a comprehensive
climate and energy bill passed by the US House of Representatives in June 2009. However, the Senate failed to pass matching
legislation before the legislative term ended in July 2010 and thus the whole effort to get legislation enacted foundered. There
have been many reasons cited for this failure – from shortfalls in the bill’s provisions to the economic recession, from
competition with other Obama Administration priorities (such as passage of the Health Care bill) to failed strategy from the
environmental community – but it is clear that the American public was never fully convinced of the urgent need for the
legislation and thus political leaders found it easy to sidestep their responsibility to address climate change.
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threats from climate change.
Our work is informed by a growing body of social science research on how people perceive risks, and
how their attitudes about climate change are formed and can change (Leiserowitz et. al. 2012; Myers et.
al. 2012; Kahan et. al. 2011; Kahan 2008). One major theme that is emerging from this work is that
Americans relate more to climate impacts in their daily lives than to a polarized discussion of the science
and causes of anthropogenic climate change. The question remains: How best to use these insights to
motivate action to address climate change on an urgent basis?
Through our research and advocacy we want to call attention to the opportunity to make smarter
collective choices, based on the latest science, so as to begin to reduce exposure to climate risks. Even as
we work to adapt to unfolding climate change, making deep reductions in global warming emissions is
still the best way to reduce adaptation costs and limit the magnitude and pace of future climate impacts.
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Abstract
There is mounting evidence that global warming is producing variations in local
weather patterns and water supplies, disturbing ecosystems and soil landscapes, and impacting
economic production and social conditions. Climate change has been defined as a “wicked”
problem for which there are no easy solutions and no simple approaches. The paper discusses
climate governance and the science/practice interface in terms of improving adaptation policy
making.
A significant challenge has been the limited integration between researchers and those
government agencies that play a central role in the everyday management of development and
natural resources. There are significant institutional and cultural barriers between researchers
and policy-makers that hinder the transformation of scientific knowledge into plans and
actions able to strengthen adaptive capacity. Recommendations in this paper are made, based
on previous research project experience, on how to improve the communication between all
parties to improve policy-making. Based on the dissemination experience of this policyoriented project, and the political context of two other projects, the paper applies the lessons
learned in these projects.

Introduction
The expected impacts of climate change will certainly increase risks, with serious
repercussions for sustainability and local livelihoods, and, in some cases, new opportunities
for development. There are significant unknowns about the balance of risks and opportunities
at a regional and local level, but what is absolutely certain is that an effective management of
both threats and opportunities requires the development of a planned and proactive strategy of
adaptation and a strengthening of the determinants of adaptive capacity, which is a strategy in
which governments should play a central role. A necessary step in this direction requires an
increasing elaboration and systematization of scientific knowledge and local knowledge, and
their integration into public policies and programs and governments’ information systems.
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This paper contributes to the discussion of section 5 of the conference. It focuses on the
science/policy interface in the area of climate change, an issue that is becoming highly
relevant to our present research efforts. The paper is based on a process of self-reflexive
evaluation of one of our interdisciplinary policy-oriented research project –the Institutional
Adaptation to Climate Change Project (IACC)—and two other Latin American projects, in
terms of their ability to contribute to policy development. The paper starts with a brief
account of the project and its outcomes and then it moves into a discussion of the interface in
the specific context of the problematic of climate change. It ends with a set of brief
recommendations.
The Outcomes of the IACC project
The IACC project involved a study of governance institutions in two river basins, one in
northern Chile and another in western Canada. The study involved both an assessment of
governance and set of community vulnerability assessments oriented to know how vulnerable
are the communities to climate and the role played by governance in reducing this
vulnerability. The development of climate change scenarios for the two basins, historical
studies, analysis of water conflicts, and economic evaluations of the impacts of extreme
climate impacts complemented these assessments. As a scientific study, the IACC project was
highly successful. There was an increased knowledge of local vulnerabilities and capacities to
climate and a deeper understanding of the capacity of governance to reduce the vulnerability
of rural people. Moving beyond the idea that the simple presence of an “institutional capacity”
and “well developed institutional systems” (IPCC, 2001: 896-897) are conditions that ensure
an adaptive capacity, it was demonstrated that even well established institutional systems have
shortcomings due to the absence of proper climate policies and internal management practices
that limit the proper integration and coordination of policies. The project was also able to
address the complexities of organizing and implementing an interdisciplinary approach,
integrating different disciplinary interests and emphases into well coherent research results.
Important for this interdisciplinary success was an emphasis on vulnerability as a central
focus, channelling all research efforts into the same direction. The success of the project
translated into a large number of academic publications and conference presentations, as well
as in new international and national research projects in related areas and the development
and consolidation of a Canadian and Latin American interdisciplinary research network in the
area of climate change and adaptation. New projects and academic collaborations have also
resulted in the training of new scholars and significant job opportunities for research
assistants.
The IACC also implemented a knowledge dissemination program to inform rural
communities, practitioners, and policy-makers in both countries of its activities and results. In
the case of policy makers, a special effort was made to facilitate the transfer of knowledge
from the project, which included annual and final reports, participation in government
workshops and conferences, and special reports for Chilean and Canadian government
agencies, which included several general recommendations for changes to government
programs and organizational patterns. The results were mixed. On one side, the project
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contributed to increasing awareness of climate change within the rural community and
practitioners. Also, solid linkages were established in Canada with one of the agencies of the
federal Ministry of Agriculture, a linkage that has become very fruitful for the development of
new forms of research and working collaboration. In Chile, linkages were developed with the
National Commission for the Environment and the Office of Agricultural Planning. On the
other side, and in spite of a well-organized strategy of knowledge mobilization, the project
was unable to attract the attention of those involved in the policy agenda. As expected,
establishing causal links between scientific results and these changes is difficult to prove. We
would like to think however, that the IACC provided additional grist for the decision making
mill and that the insights provided by the project was part of the wider conversation going on
in the province of Saskatchewan regarding water management. In the case of Chile, the
project –through some of its researchers—provided significant inputs for the development of
a National Adaptation Program and started the discussion for a climate program within some
of the agencies of the Ministry of Agriculture. While it is difficult to identify how much it
influenced the processes, one can nonetheless reasonably assert that it added a further
substantiation to these program creations.
Evaluating the Science/Policy Interface
The science/policy interface in the area of climate change seems to be plagued by difficulties
–and the failure of Kyoto is a good indicator of this. There are already significant insights
about the barriers that impede a smooth flow of the information between science and policy.
Some of them are related to the institutional tensions that characterize each one of the spheres.
In the policy area there are issues related to the politicisation of science and reciprocal
scientisation of policy (Hoppe, 1999; Weingart, 1999). Climate science is questioned, either
because of the high level of uncertainty that characterize its work, or because the findings
demand important redefinitions of the ideas that sustain existing political constructs (Choi et
al. 2005, Sarewitz, 2011). Three areas have been identified based on our experiences and
confirmed in the existing literature relevant to the analysis of the science/policy interface: the
quality of the scientific evidence, the nature of the links that exist between the policy and
research communities, and the political context (Jones et al. 2009; Court and Young, 2003).
Using these three areas as lens to analyze the IACC’s experience provides us with some
relevant insights.
The dimension of evidence is related to the quality of the research process and has to do with
issues of credibility, the methodological approach, and the degree of consensus arrived at
within research teams (Court and Young, 2003: 16; see also Ingram et al, 2007; Morgenstern
Brenner, 2011). Having well-known scholars in the team provided the necessary scientific
credibility and legitimacy to the results. Moreover, the interdisciplinary nature of the teams
and the high degree of integration reached in the projects facilitated a proper methodological
approach and a comprehensive set of timely results. An issue, however, was the degree of
uncertainty that characterize climate change, which affected the acceptance of many of the
IACC recommendations by policy-makers. Policy makers interviewed in the governance
assessment often identified as reasons for not making policy changes the uncertainty of
climate change and the distrust of the community in climate change science (Hurlbert, 2011).
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A clear triangular relationship between scientists, policy makers and community is essential
and a strategy employed to bridge the divide between the “cultural construct” of policy
makers and the “scientific construct” of scientists identified by Van Storch (2009). Often the
social distrust and lack of credibility (also identified by Kasperson, 2011, p. 433) although
apparent in the interviews, was not acknowledged or dealt with.
Links between scientists and policy-makers were non-existent at the beginning of the
project (they certainly improved during the project) which meant that the definition of the
project’s objectives and its research design were orphans of policy-makers’ advise. At the
beginning of the project there was a limited recognition of the diversity of interests existing
within the policy sphere, which was realized later to be naïve. Establishing these links in the
formulation of the project may have allowed some of the barriers of conflicting time frames,
epistemologies, goals, reward structures, process-cycles and criteria for judging the quality of
knowledge (Hegger et al., 2012; Hegger and Dieperinck, 2012; Dilling and Lemos, 2011).
Perhaps the epistemological differences between engaged and neutral scientists in relation to
the role of scientists in the policy process (Higgins et al, 2005), the relevance of local
knowledge (Liberatore and Funtowicz, 2003), or the need for specialized expertise versus the
democratization of knowledge (Cash et al., 2003), could also have been bridged.
The political context was perhaps the most problematic issue. A clearly limitation was the
team’s naïve understanding of the complexities of the policy-making process, typical of a
rationalist modern discourse (Leroy et al, 2010), assuming that informing policy was an
unidirectional and direct process. This limitation resulted in the absence of mechanisms to
monitor the impacts of knowledge mobilization efforts and, more relevant, a limited effort to
understand the political context. In Canada, we had a limited appreciation of how difficult is
to influence the federal and some of the provincial governments in the area of climate change.
During the period in which the project took place the federal and the provincial governments
relevant to the project were controlled by conservative politicians who ignored systematically
(and still do) the relevance of climate change in the public agenda. In Chile we faced a similar
issue. In spite that the government in power at the time was socialist, the government’s
approach assigned to economic development a priority role in relation to environmental
issues. In these terms, the possibility of mainstreaming climate as a comprehensive issue in
the political agenda was an impossible task.
No less relevant was our limited understanding of the government organizational structures in
both countries. The IACC project was focused on the impacts of climate on rural water
resources, which required a knowledge mobilization program directed to a multitude of
agencies operating at different levels and areas of government. These organizational
balkanizations in Canada and Chile, characterized by limited levels of inter-agency
coordination and communications, made the mobilization effort easily lost in the myriad of
organizational interests.
The experience on other Latin American projects has been starkly different. In Argentina, a
similar project, centred around producer vulnerability, found the political context one in
which the scientists facilitated the government in legitimizing the governments proposed
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policies in relation to climate and water. Although these policies are still regarded by the
scientists as not reaching far enough, a unity of interests between the scientists and policy
makers was experienced (Montana, 2013). In a very different political context in Bolivia, a
more participatory governance structure in relation to water and vulnerability projects exists
(Montana, 2013; Cerruto, 2013). In this political context, a vulnerability project found the
scientists acting as mediators between the government and the community in relation to the
development of adaptation policies (Cerruto, 2013). Consequently, the relationship between
community, scientists and policymakers varies within each political context.
Conclusions
Robust climate policies could contribute certainly to improve the capacity of society to reduce
the risks associated with climate change and science could contribute with its knowledge to
produce these policies. There is a need, however, to pay more systematic attention to the
science/policy interface, and recognize the three way relationship between scientists, policy
makers and community. The experience of the IACC project indicates the need to be better
informed about the specificities of the political context and the complexities of establishing
robust links with a multiplicity of government actors an integrate this information into
knowledge mobilization strategy that is part of the research design of the project. The
experiences of other Latin American projects determine that a flexible role for scientists
depending on political context may be necessary.
Given the particularities of different government contexts and organizational patterns, it is
almost essential to carry out international comparative research as a way to have a better
knowledge of the multiplicity of contexts and processes that characterize the science/policy
interface. Specially important seems to be areas such as the impact of development ideologies
on the degree of aperture of policy to scientific evidence; the roles of a diversity of
intermediaries that could facilitate bridging the gap between science and the policy
community, and managing better mobilization of knowledge characterized by uncertainty.
Perhaps this will help to reduce what has been the wicked problem of climate change to a
structured problem of managing climate risk, mitigating climate change, and capitalizing on
potential adaptation
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Abstract
Agriculture is susceptible to climate risk and is therefore vulnerable to climate change. So far,
climate forecasts have been developed from the seasonal time scale and longer term climate change
predictions with an attempt to assist decision making in sectors vulnerable to climate risk. However,
it is not always clear that the end-users’ needs for that information are met and there might be a
large gap between information supplied and needed. The use of medium term forecasts (1 to 10
years), which are longer than seasonal but shorter than climate change, have not been investigated.
Through interview surveys with apple farmers and other experts in South Africa, we found that these
medium term forecasts would affect farmers’ cultivar selection for the following ten year period. We
suggest that the information exchange between farmers and experts is important to make forecast
more useful and usable.

Index Terms
Apple production, Climate Information, Farmers’ decision making, Medium term, South Africa

1. Introduction
Climate forecasts have been developed to assist decision making in sectors averse to, and affected
by, climate risks (Johnston et al, 2004) and agriculture is one of those. Former researchers have
shown that when seasonal climate forecast information was provided to farmers prior to decisions,
farmers adapted by changing their choice of planting seeds and timing (Patt et al, 2002) or area
planted (Phillips et al, 2002). It has been pointed out, however, that even when forecasts were
available, they were often not utilized by farmers and extension services because of lack of trust in
the forecast (Ziervogel et al, 2010) or the forecasts didn’t reach to the targeted farmers (Ziervogel et
al, 2004).
So far, many studies have focused on the use of seasonal forecasts or longer term climate
change prediction, but little research has been done on the medium term, that is, 1 to 10 year future
climate information (Goddard et al, 2012). The agriculture and food system sector is one potential
user, as land use policy and cropping systems selection may fall into this time scale and may affect

815

farmers’ decision making process. Given that reliable information is provided, it might contribute to
resilient farming and furthermore longer term food security.
In order to reveal farmers’ strategic decision making processes and the role of medium term
climate information, we focused on apple production in South Africa. Apples in South Africa are
generally grown under conditions of insufficient winter chill units; this necessitates the use of
chemical rest-breaking treatments to achieve satisfactory budburst, fruit set, yield, and fruit quality
(Cook et al, 2000). In the event of a warming climate, the accumulation of chill units is expected to
decrease, eventually reaching a critical threshold at which apple production would no longer be
commercially sustainable (Midgley et al, 2011). Under this condition, what climatic and non-climatic
stimuli have farmers recognized and how have they adapted to them? Would medium term climate
forecasts affect farmers’ decisions? Through interview surveys with experts and farmers, we explore
these questions.

2. Study Site and Methods
2.1 Study Site: Elgin
South Africa is one of the world’s major apple suppliers, ranked 15th in the world (FAO, 2011) with
an annual production of 766,000 t in 2011 (Deciduous Fruit Producers’ Trust, 2011). Elgin (34° 8’ 55”
S, 19° 2’ 34” E) is one of the largest apple production areas, located in Western Cape (Fig 1). In 2011
about 90 % of apples in South Africa were produced in Western Cape, and about 26 % in Elgin
(Deciduous Fruit Producers’ Trust, 2011), where we focused our survey. There are about 130 apple
farmers in the region.
For the period 1973-2009, the mean annual air temperature was 16.3 °C, and the linear
trends showed an increase of +0.55 °C/ decade for mean annual (P<0.0001) in Elgin (Grab et al,
2011). Along with temperature increases, chill units decreased by 25% in the last 40 years (19672007) (Midgley et al, 2011). In the future, by 2035, this region would experience a reduction in the
chill units by 19-34 % with 1.0 °C increase in temperature, which would breach a threshold level of
chill units for commercial apple production of acceptable yield and quality (Midgley et al, 2011).

816

Figure 1. Geographical spread of pome fruit production in South Africa. Quoted by Deciduous Fruit
Producers’ Trust, 2011.

2.2 Methods
We conducted 11 semi-structured interview surveys with apple farmers and experts in November
2012. The farmers were asked basic and descriptive information. The former includes their planted
area, sales channels and usage of climatic information. The latter includes their cultivation history in
good years and bad years in terms of production and profitability in the last 20 years, and any
actions they may have taken during bad years.

3. Results
3.1 The role of climatic information on farmers’ decision making process
3.1.1 Current usage of climatic information
Farmers use updated, up to ten days in advance, weather information every day in order to schedule
their practices. In the early growing stage of apples, shortly after flowering, the forecast for rainfall is
especially important as the possibility of infection to fungal disease would be higher. The fungal
index, calculated with the forecast of rainfall, wind and temperature, was provided to farmers by
technicians at the companies through which they sell (see 3.1.2) so that farmers can adjust their
schedule of pesticides spray dates. Currently it appears that farmers do not use any longer term
climate information.
Apple production needs long term strategies. The life cycle of an apple tree is from 25 to 30
years; hence farmers aim to replant 4 to 5 % of their orchard every year to keep production levels
constant. They order nursery trees, at least two years and up to six years, before they plant. Newly
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planted nursery trees bear first fruits after 4 years. In total, farmers make decisions about cultivation
selection between 6 to 10 years prior to production. They are interested in medium term climate
information especially for temperature in winter because chill unit information is one of the major
concerns influencing cultivars selection.

3.1.2 Co-operatives and Companies: key of farmers’ sales and communication channels
Farmers rely on the sales and distribution companies for the information they need. There are three
main companies in Elgin who collect, pack and ship to local/ international markets. Those three
companies started as farmers’ cooperatives around 1950 and became private companies around
1990. Many farmers have kept supplying to the same company since they began, and the number of
farms supplying the companies is stable. Of 130 apple farms, about 120 farmers supply to one of the
companies above, and the remaining ten are independent or are owned by another supply company.
Each company has technical experts that specialise in cultivation. All the farmers interviewed
received farming and climate information from the technical experts of the company to which they
supply their product. The technical experts in the three companies also exchange information among
themselves regularly, especially for planting techniques such as timing of spray and recipe of
chemicals. As a result, the information different farmers receive is similar, which leads to similar
farming strategies.

3.2 Farmers’ strategic decision making and the factors in the past
3.2.1

Farmers’ recognition of conditions that ensure a good harvest and good profit

Farmers’ recognition of conditions which ensure a good harvest was closely related with climatic
events. 2012 year crop was referred as a good harvest (Table 1), high yield, due to the colder winter
in 2011 which brought higher chill unit and enabled apple trees to rest and produce more buds. The
harvests of 2008 and 2009 were also referred as good for the same reason.
Farmers mentioned that yield and profit are closely linked and the quality of apples does not
produce a huge difference in their income. However one event was mentioned as a memorably good
profit year: 2009. About the half of apples produced in South Africa are for export. After 2008 the
South African Rand dropped dramatically in value against Euro/ Pound which automatically
increased farmers’ income. The currency exchange rate changed from R 9.5 to 1 Euro in 2007 to R
13-14 to 1 Euro in December 2008. Good tonnage and currency exchange rate made this year a
memorably good one for farmers.
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Table 1. Farmers recognition of good harvest, profit and bad harvest, profit and the reasons

Memorable events

Bad harvest

Years
2008 crop
2009 crop
2012 crop
Same as harvest
2009, 2012
2010 crop
2011 crop

Bad profit

Same as harvest

Good harvest
Good profit

Reason
Cold winter 2007
Cold winter 2008
Cold winter 2011
Good volume
Good exchange rate
Warm winter 2009
Warm winter 2010 and
2011 Jan heat wave
Low volume/ income

Table 2. The top four climatic and non-climatic events which affect farmers most

Weather/climate factors
Lack of chill/ warm winter
Heat wave/ hot summer
Rain in spring
Extreme events (wind/ hail)

Other factors
Exchange rate
Trends in market
Input cost (oil/ labour/ fertilizer)

3.2.2 Farmers’ recognition of a bad harvest, and profit and adaptation strategies
A bad production year is also related to chill units, heat waves in summer and extreme events such
as hail and strong wind. Heat waves cause sunburn of apples and induce water stress in trees, which
leads smaller fruit size. Sunburn increases the percentage of fruit relegated to processing/ juice,
causing a substantial decrease in income. Hail damage largely depends on the location of farm and
orchard, but generally hail after flowering results in loss of yield.
Low profit years were often caused by low volume. Farmers also mentioned that input cost
such as oil, labour, fertilizer and shipping cost are increasing and this tightens their margins (Table 2).
Responding to the lack of chill units, farmers have changed the recipe for break dormancy,
such as the mix rate of oil/ Cyanamid. From the research side, new cultivars with lower chill
requirements have been introduced. The Granny Smith cultivar requires fewer chill units, but it is
very prone to sunburn. The solution to protect it from sunburn is to use shade nets. However some
farmers think the cost exceeds the profit and rather plan to plant other cultivars instead of
replanting Granny Smith. Popular cultivars were Cripps’ Pink and Fuji, mainly because they fetch
higher prices at the markets. Indeed, young trees of Granny Smith (0 to 10 years) contribute much
less towards the total planted area (10% of total Granny Smith) than old trees (older than 25 years)
(67% of total) and the area of Cripps’ Pink has increased about 30% in the last three years
(Deciduous Fruit Producers’ Trust. 2011).
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4. Discussions
Regarding the climate forecast information, three factors are required to make information usable:
user’s perception of information fit: how new knowledge interplays with other kinds of knowledge
that are currently used by users: and the level and quality of interaction between producers and
users (Lemos et al. 2012). These points are discussed below.

4.1 How shall we marry impacts and adaptation research?
Through our survey we found that apple farmers’ decadal decision making is affected by climatic
events, and they have already started changing cultivars. Hence, the medium term climate
information, particularly temperature and rainfall in the critical period for farming, may be of great
use for them. It was pointed out that the current climate prediction information is not consistently
or sufficiently reaching policy makers and local farmers, nor is it particularly oriented towards their
needs, which has prevented farmers from using climate information to their full potential in the
decision making process (Rarieya et al, 2010). Only by conducting this type of field research, might
we be able to determine the climate information that fits the users’ needs, and attempt to close the
gap between information provided and that which they require (given that we could generate a
reliable medium term forecast). For that, we need to better understand farmers’ decision making
processes and farming systems.

4.2 How can we achieve more active communication with policy makers?
Beside interaction between producers and users, we argue for the role of an intermediate institution
for channelling information. It was discussed that understanding stakeholder networks is key to
determining the opportunities and barriers to the flow of forecast information, which could enable
more focused forecast dissemination (Ziervogel et al, 2004). Our research agrees with this view.
Farmers rely on information exchange channels with experts in the companies, and information
exchange among experts was also productive. If forecasts could be provided to farmers through
those experts, the forecasts may help farmers’ decision making and, at the same time, result in
resilient farming in the region, which would contribute to broader food security. We need to point
out that the nature of the producer-experts network largely depends on regions and crops. It would
be different case by case. By accumulating these case studies, we could provide useful feedback to
the agricultural sector and achieve more active communication.
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Abstract - This abstract addresses a number of points in the visioning document for the IMPACTS
WORLD 2013 conference, primarily those in Key Challenge 3.5, Is Anyone Listening?. We present an
approach for linking impacts modeling and associated research with adaptation planning undertaken by
managers and policy-makers (practitioners) in the forestry sector. We base this on a number of
modeling projects we have undertaken over the past five years, as well as a review and synthesis of
approximately a dozen forestry case studies across Canada in which impacts modeling was used to
support practitioners in developing adaptation plans. We begin with a conceptual framework that brings
together climate change vulnerability assessment (comprising climate exposure, ecosystem sensitivity
and forest managers’ adaptive capacity) and adaptation planning undertaken by practitioners. The
overriding principle in this framework is that the goal is to continue to deliver Sustainable Forest
Management (SFM) in a changing environment. We find significant benefits in bringing together
researchers and practitioners early in the research process, particularly in making use of practitioners’
knowledge of planning and management requirements to identify and focus the research questions.
Impacts modeling can then be targeted at components of ecosystem structure and function that bear
directly on decision making, e.g. forest productivity (related to determining wood supply and annual
allowable harvest levels), changes in fire and pest outbreaks (wood supply, fire suppression planning,
integrated pest management programs) and changes in species distributions on the landscape
(economics of continued forest products development). In addition, modeling can be used to examine
the effects of implementing adaptation options and developing scenarios in which a variety of options
are considered. Similarly, “embedding” researchers in government or industry forest management
planning exercises allows researchers to obtain a first-hand understanding of the realities of forest
management which can be incorporated into subsequent impacts modeling.
Index Terms – Vulnerability assessment, adaptation planning, mainstreaming, Canada, adaptive
capacity, embedded science.

1 Introduction
This paper addresses a number of points in the visioning document for the IMPACTS WORLD 2013
conference, primarily those in Key challenge 3.5, Is Anyone Listening?. We present an approach for
linking impacts modeling and associated research (i.e. researchers) with adaptation planning undertaken
by managers and policy-makers in the forestry sector (i.e. practitioners). We base this on a number of
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modeling projects we have undertaken over the past five years, as well as a review and synthesis of
approximately a dozen forestry vulnerability-adaptation case studies across Canada in which impacts
modeling was used to support practitioners in developing adaptation plans. Much of the data reported
below was based on interviews with case study leaders conducted between December 2011 and March
2012.The location of the case studies is shown in Fig 1.

Figure 1. Location of vulnerability-adaptation case studies in Canada. RAC, Regional Adaptation Collaborative Program,
Natural Resources Canada; ESRD, Alberta Environment and Sustainable Resource Development. Source: Johnston and
Edwards, in press.

2 Sustainable Forest Management and Climate Change
We begin by stating the principle that climate change adaptation is not an end in itself. Rather, it is a
means to an end: a way in which Sustainable Forest Management (SFM) can be delivered in a changing
environment. By “environment”, we mean not only the biophysical environment, but also the economic,
political and social environments within which SFM is practiced. Therefore forestry practitioners need to
know: (i) something about the nature of the changing environment(s); (ii) how those changes may affect
their local SFM activities; (iii) what options they may have for adapting to these changes; (iv) some way
of choosing from among many potential adaptation options; and (v) a monitoring and feedback system
for assessing the effectiveness of the options that were chosen. In order to characterize these elements
and show how they relate to impacts modeling, we use a recent framework and a forthcoming
guidebook developed in Canada and based on a four-year project under the auspices of the Canadian
Council of Forest Ministers (CCFM). The CCFM represents provincial forest ministries across Canada and
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provided an opportunity to review several science-policy collaborations occurring across the country
dealing with climate change and SFM. The CCFM framework was strongly influenced by the concept of
an adaptation policy assessment as proposed by Füssel and Klein (2006). These authors characterize an
adaptation policy assessment as “contribut[ing] to policy-making by recommending specific adaptation
measures, thus representing a fundamental shift in the assessment purpose. They are characterized by
the intensive involvement of stakeholders, by a strong emphasis on the vulnerability of a population to
current climate variability, by the formulation and evaluation of response strategies that are robust
against uncertain future developments, and by the integration of adaptation measures with existing
policies.” (Füssel and Klein 2006, p. 324).
A changing environment and its impacts on SFM is captured by a vulnerability assessment as described
by Smit and Wandel (2006) and adopted by the IPCC. A vulnerability assessment as defined by Smit and
Wandel (2006) comprises exposure (the nature of the changing environment); sensitivity (the
responsiveness of the forest ecosystem and associated SFM system) and adaptive capacity (the ability of
the SFM system to adapt to the impacts, as mediated by the system’s sensitivity). We note here that in
this framework adaptive capacity refers to the human system involved in SFM, rather than physiological
adjustment or genetic change of the forest ecosystem (these are included in system sensitivity). Impacts
modeling is applied to explore the system’s sensitivity, given information about levels of exposure (e.g.,
output from a climate model or a socio-economic scenario). Once information about potential impacts is
available, forest managers assess their adaptive capacity using a structured workshop and a guidebook
(forthcoming). Information on impacts and capacity are then brought together to form the assessment
of vulnerability of the SFM system.

3 Impacts Modeling
Impacts modeling is potentially a time-consuming exercise and requires relatively sophisticated
expertise. Forest practitioners rarely have a sufficient amount of either time or expertise to undertake
such exercises so experts (e.g. scientists) from outside the forest management organization are often
consulted to do the modeling, or at least that portion that lies outside of normal modeling activity in
SFM practice (e.g. wood supply analysis or harvest scheduling). Through the CCFM case studies and
other experience, we find that close association between practitioners and experts is essential for
successful application of impacts modeling for the Canadian forest sector. Adequate knowledge
exchange needs to occur at the beginning of the assessment, so that the scientists understand the
context and background to the assessment and the uses to which it will be put. Van Damme et al. (2008)
used the term “embedded science” to describe the high degree of integration between the practitioners
and the scientists in a forest management planning exercise that included impacts modeling. Similar
projects across Canada, many involving long-term forest management planning activities, have shown
similar results: strong and early integration of scientists into SFM planning is necessary for the science to
be relevant and for the practitioners to communicate their objectives and the realities of their
landscapes and management systems to the scientists. Often the scientists learn as much about the
realities of SFM as the practitioners learn about modeling impacts to forest ecosystems.
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4 Scientists and Practitioners
“Embedded science” also allows the scientists to focus on questions of direct relevance to the
practitioners. The modeling can be targeted at components of ecosystem structure and function that
bear directly on decision making, e.g. forest productivity (related to determining wood supply and
annual allowable harvest levels), changes in forest fire occurrence and pest outbreaks (impacts on wood
supply, fire suppression planning, integrated pest management programs) and changes in species
distributions on the landscape (large-scale economics of continued forest products development and
markets; opportunities for use of new species for new products).
An additional lesson from the case studies is that forest practitioners are often unwilling to address
climate change if it is presented as something apart from day-to-day activities and decision making.
Particularly since the recent downturn in the forest sector across North America, practitioners have little
time or incentive to consider things seen to be “outside” of their core business. That puts the onus on
the science community to help them “mainstream” (Smit and Wandel 2006) climate change
considerations into business-as-usual activities. Successful examples of mainstreaming among the case
studies are those in which the embedded science model was used to incorporate climate change into
long-term management plans. These planning exercises are typically longer term (e.g. 20 years) and in
many cases are a requirement under provincial legislation where SFM is occurs on publicly-owned land
(Crown forests in Canada). In addition, the nature of these plans is strategic rather than operational, so
the long-term outlook and broad-scale thinking are conducive to climate change considerations.

5 Uncertainty
Uncertainty about future conditions is always identified by practitioners and stakeholders as a barrier to
coming to grips with climate change. The natural inclination is to want a clear view of the future, and
then to simply develop policies and plans that take the SFM system to that new future destination.
However, it is obviously impossible to accurately predict the future, so the better option is to develop
policies and management systems that are robust to a variety of future conditions. One well-known
approach is the no-regrets option, where, based on current understanding of SFM best practices, forest
management is modified in ways that improve management regardless of the reality (or not) of climate
change. Another is to assess current climate-related vulnerability and learn from actual events which
adaptation options worked well and will likely be robust in the future. For example, the years 1995-2000
saw some of the worst forest fires occur across western Canada. This level of fire activity is similar to
that projected by recent analyses for the latter part of this century (e.g. Balshi et al. 2009). Discussions
with fire managers in this region focused on the impacts of this level of fire activity, and was based on
real experience rather than asking them to imagine a hypothetical future scenario. This quickly led to a
discussion of the implications of a future in which this level of fire activity becomes the norm every five
or 10 years rather than once in a century. Another option that is being explored across Canada is the
value of considering some type of assisted migration. There are many aspects to this, from incorporating
seed from southerly locations into reforestation programs, to planting exotics. A real-world example is
the use of provenance test data in British Columbia to modify the province’s seed transfer guidelines in
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anticipated warming. This policy change was based on extensive analysis of data from a lodgepole pine
provenance test established in the 1970s (O’Neill et al. 2008). This now provides practitioners with an
option to move seed slightly outside the former transfer zones.

6 Adaptation Options
Once vulnerability has been assessed, adaptation options are identified. Rather than develop a long list
of options with no guidance for practitioners, we have adopted the CCFM Criteria and Indicators (C&I) of
SFM as a means for prioritizing options. Practitioners can test potential adaptation options against the
C&I to determine whether the options will continue to deliver SFM into the future in a changing climate.
Again we emphasize that adaptation is not an end in itself, but rather a way to continue to practice SFM
in an uncertain and changing future. We find this approach appropriate at the national level, since forest
managers are generally familiar with the system and it defines Canadian SFM at a high level. We also
suggest that any additional criteria used at local levels (e.g., provincial government regulation, forest
certification, individual company objectives) can also be used to screen adaptation options, as long as
they contribute to SFM objectives.

7 Adaptation Modeling
Once adaptation options have been identified and chosen based on the priorities established for SFM
under the C&I or other definition of SFM, further impacts modeling can be used as a preview of the
effects of implementing them. Adaptation options could be implemented in the model and the impacts
scenarios re-run. For example, provenance test data could be used to model future forest productivity
and determine the effects of increased growth on wood supply when using different seed sources. In
this way, adaptation options can be (virtually) tested, further increasing confidence in their ability to
enhance SFM in the future. However, there may be circumstances in which implementing adaptation
will not be sufficient to maintain SFM objectives. An example is the southern fringe of the boreal forest
in central Canada. Here the forest is adjacent to the North American prairie and its boundary is
determined by moisture availability (Hogg 1997). Given future projections of a warmer and drier climate
in this region (Sauchyn et al. 2010), areas of forest along this boundary may not regenerate following
disturbance (Hogg and Bernier 2005). For this area the objectives of SFM may have to be completely rethought, such that maintaining forest cover may no longer be an option under future conditions. Hence
the need to consider the policy implications of impacts of climate change that may overwhelm SFM
objectives. This is another example of the use of impacts modeling.

8 Science and Policy-making
Linking science with policy-making has always been a challenge. We see the use of the embedded
science model as one way of strengthening those linkages, particularly through the vehicle of long-term
forest management plans. In addition, we encourage the review of existing SFM policies through a
climate change lens. While current understanding is not perfect and uncertainty will always exist, there
is enough knowledge and expertise to undertake policy reviews with respect to climate change
vulnerability. It may involve qualitative analyses and depend on expert opinion, but it is certainly
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possible to get a general idea of vulnerability relative to forest policy now, and not wait until the science
has moved further. Some Canadian jurisdictions have moved strongly in this direction and their
experience provides opportunities for others to learn from. In addition, recognition by forest
certification systems of the importance of climate change to achieving SFM objectives could provide an
additional opportunity for helping practitioners with vulnerability assessment and adaptation planning.
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Climate assessment tools in communication and implementation of
results of climate impact research
Oleksandr Kit, Matthias Lüdeke

Introduction

Climate change impact assessment process tries to understand and preferably to quantify
the fundamental relationships between the global climate system and the human socioeconomic environment. Apart from creating undisputed scientific and policy-making value,
the results of the research ultimately aim to be implemented locally, translating into specific
climate change adaptation measures at the local level. Such measures often seek to attract
public or private funding and hence must be thoroughly justified. To do so, decision makers
normally commission extensive background studies, perform cost-benefit analyses and have
their plans scrutinised by public consultation processes. Climate assessment tools as
described in this paper can offer great assistance and ultimately become an integral
component of any climate change impact assessment process.

“Climate assessment tool” is an umbrella name for a broad spectrum of technological
solutions aimed at communication and implementation of results of climate impact
research. They are particularly important in the context of impact analysis targeted at
rapidly growing urban agglomerations of the global South – places, where the paucity of
data is often accompanied by suboptimal inter-agency communication and cooperation
processes. The availability of climate-relevant information, the possibility to compare
climate and socio-economic scenarios and to assess alternative futures in a coherent way
are very important prerequisites for cities as focal points of global growth to align
themselves with sustainable development pathways and to successfully adapt to the climate
of the future.
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Basically, climate assessment tools are a subtype of decision support systems – interactive
computer-based systems or subsystems intended to help decision makers use
communications technologies, data, documents, knowledge and/or models to identify and
solve problems, complete decision process tasks, and make decisions (Power et al., 2011).
Using the tools, the decision maker utilizes information technology to access the various
input bases and execute the processing tasks of organizing problem elements, generating
ideas, structuring the problem, simulating policies and events, and finding the best problem
solution (Phillips-Wren et al., 2011). General public needs such tools to be able to act as
educated citizen by controlling decision makers’ actions and fostering community
cooperation.

The user needs and requirements analysis performed for a climate change impact
assessment tool for OECD urban areas (Cavan et al., 2010) revealed that the majority of
users expect the tool to:
x

Map risk and vulnerability to climate change hazards and show spatial distributions;

x

Allow map overlay to enable identification of priority areas for adaptation actions;

x

Identify relative patterns of risk in urban environments;

x

Show the severity of the impacts;

x

Generate a list of climate hazards and receptors;

x

Inform preparation of planning documents to enable accounting of climate change
impacts on people, property, assets and infrastructure; and,

x

To be fully accessible to all stakeholders online, including residents, developers, local
businesses, utilities and councils.

Development process
The development and implementation of an efficient climate assessment tool is a multithreaded process. It involves generation of robust scientific input, development of
appropriate technological solutions and establishment of suitable communication methods
and feedback mechanisms. Even though the principal target audience of such tools consists
of urban planners and the like, these can be efficiently used by non-professionals thanks to
the possibilities offered by internet-based technologies.
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The complexity of climate impact modelling algorithms and availability of computing
resources either within Web-browsers (client-side) or commercial Web hosting solutions
(server side) limit Web-based climate assessment tools to visualisation of pre-calculated
scenarios and to simple analytical steps such as layer overlay analysis. This limitation is,
however, largely offset by the advantages of Web-GIS, namely shallow learning curve,
accessibility to non-professional users as well as feedback and participatory functionality. It
is worth nothing, however, that JavaScript performance within a typical WebKit browser
installed on a consumer-level computer is measured in tens of millions of floating point
operations per second – more than IBM’s 360/195 supercomputer used to run global
climate models in the early 1970ies.

Hyderabad case study

This study draws upon the experience of developing an instance of Climate Assessment Tool
for Hyderabad (CATHY) for use in an Indian megacity of Hyderabad, developed between
2009 and 2013.

The process of development of Climate Assessment Tool for Hyderabad consisted of the
following main steps:
x

study of horizontal and vertical governance structures and identification of relevant
stakeholders

x

assessment of existing decision making process and data availability across multiple
stakeholders

x

data acquisition and generation of consistent datasets

x

generation of socio-economic and CO 2 emissions scenarios

x

generation of quantitative and qualitative spatially explicit climate change impacts

x

development of the WebGIS and dynamic scenario comparison interfaces

The impact assessment component of the tool further developed the approach of using
impact nets for identification of potential adaptation points and projection of their range of
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influence, as outlined by section of the First Assessment Report on Climate Change and
Cities which focuses on Hyderabad (Reckien et al., 2011). By visualising those nets in clear
and accessible way, CATHY helps urban decision makers to better understand causeconsequence relationships of local climate change processes and to evaluate the potential
of influence of planning decisions. In addition to that, the use of impact nets positively
contributes to harmonization of development goals and climate change adaptation
strategies at local and regional levels.

Successful science communication is always based on robust and undisputable research
results. To achieve this, Luedeke et al., 2010 downscaled all the 21 IPCC AOGCMs to
Hyderabad and analysed their output under A1 and B2 global emissions scenarios. The
reliability of this process has been partially limited by local climate data availability in
Hyderabad, with only one weather station at Begumpet airport reporting temperature and
precipitation data since 1951. However, the very nature of projected climate impacts
(increase in frequency of pluvial floods and extreme heat waves) made it possible to
extrapolate the results to the whole of the urban agglomeration without jeopardising
scientific validity of the results.

The combination of spatial and non-spatial data can enable development of new valuable
spatial datasets. By combining flow accumulation model (spatial), average temperature
predictions (non-spatial) and a vector-borne disease spread model (partially spatial)
datasets, the user would be able to come up with a spatially explicit dataset that describes
various dengue and malaria risk levels in the city under various scenarios. Such techniques
can be applied to assess other urban problem areas as well.

The case study of Hyderabad also exposed multiple failures at the science-policy interface.
The first one is the disagreement of planning time horizons of elected administrators and
the one of the climate change process. The science-policy interface in our case also did not
take into the consideration the balance of powers on the ground and the fact that it very
much relies on the scarcity and exclusivity of spatial information.
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Conclusions
We believe that even though a society delegates the tasks of planning and policy making to
a limited set of institutions, the controllability of such decisions also depends on the
accessibility of information to all members of the society. Therefore, fitness for public
participation and wide accessibility of climate assessment tools are just as important part of
an adequate impact assessment and efficient climate change adaptation strategy as the
availability of specialised solutions.

Web-GIS applications offer the combination of simplicity and power which is difficult to
achieve using other methods. They do not require any specific software or extensive setups
and are instantly available at a mouse click. The exclusive use of open source technologies in
CATHY meant that using and further development by the end users incurs no additional
licensing costs – a strong argument given the budgetary constraints of the megacities of the
global South.

Climate assessment tools can greatly facilitate achieving more active exchange of
information and ideas across multiple stakeholders. The most obvious pathway is the
science - decision maker one, which is well addressed through the CATHY-like concept.
Nevertheless, the efficiency of this exchange very much depends on the inner motivation of
the parties and willingness to exchange, and this is often far from being optimal. Therefore,
only the enhancement of climate assessment tools with science - general public and general
public - decision maker functionality can multiply the performance of tools and make them
invaluable means and objects of communication in urban climate change impact discourse.
While the technology is largely there, it the overcoming of administrative and political
barriers which is often the limiting factor in successful implementation of climate
assessment tools.
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/ŵƉĂĐƚƐ tŽƌůĚ ϮϬϭϯ͕ /ŶƚĞƌŶĂƟŽŶĂů ŽŶĨĞƌĞŶĐĞ ŽŶ ůŝŵĂƚĞ ŚĂŶŐĞ īĞĐƚƐ͕
WŽƚƐĚĂŵ͕ DĂǇ ϮϳͲϯϬ

ŵƉŝƌŝĐĂůůǇ ĐĂůŝďƌĂƟŶŐ ĚĂŵĂŐĞ ĨƵŶĐƟŽŶƐ ĂŶĚ
ĐŽŶƐŝĚĞƌŝŶŐ ƐƚŽĐŚĂƐƟĐŝƚǇ ǁŚĞŶ ŝŶƚĞŐƌĂƚĞĚ
ĂƐƐĞƐƐŵĞŶƚ ŵŽĚĞůƐ ĂƌĞ ƵƐĞĚ ĂƐ ĚĞĐŝƐŝŽŶ ƚŽŽůƐ
ZŽďĞƌƚ ͘ <ŽƉƉଵǡ^ ͕ כŽůŽŵŽŶ D͘ ,ƐŝĂŶŐଶ ͕ DŝĐŚĂĞů KƉƉĞŶŚĞŝŵĞƌଶǡଷ

ďƐƚƌĂĐƚ ʹ ĞŶĞĮƚͲĐŽƐƚ ŝŶƚĞŐƌĂƚĞĚ ĂƐƐĞƐƐŵĞŶƚ ŵŽĚĞůƐ ;/DƐͿ͕ ƚŚŽƵŐŚ ĚĞǀĞůŽƉĞĚ ŽƌŝŐŝŶĂůůǇ ĨŽƌ
ĞǆƉůŽƌĂƚŽƌǇ ƌĞƐĞĂƌĐŚ͕ ĂƌĞ ŶŽǁ ďĞŝŶŐ ĂƉƉůŝĞĚ ĂƐ ĚĞĐŝƐŝŽŶͲŵĂŬŝŶŐ ƚŽŽůƐ͘ dŚŝƐ ĂƉƉůŝĐĂƟŽŶ ƉůĂĐĞƐ ŶĞǁ
ĚĞŵĂŶĚƐ ŽŶ ŵŽĚĞů ĐĂůŝďƌĂƟŽŶ ĂŶĚ ĐĂƉĂďŝůŝƟĞƐ͘ tĞ ƐƵŐŐĞƐƚ ƚǁŽ ĚŝƌĞĐƟŽŶƐ ĨŽƌ ŝŶĐƌĞĂƐŝŶŐ ƚŚĞ
ƉŽůŝĐǇ ĂƉƉůŝĐĂďŝůŝƚǇ ŽĨ /DƐ͘ &ŝƌƐƚ͕ ĞŵƉůŽǇ ƌĞĐĞŶƚ ǁŽƌŬ ŝŶ ƚŚĞ ŝŵƉĂĐƚƐ ĐŽŵŵƵŶŝƚǇ ŽŶ ĞŵƉŝƌŝĐĂů
ŝŵƉĂĐƚ ĨƵŶĐƟŽŶƐ͕ ŐƌŽƵŶĚĞĚ ŝŶ ƚŚĞ ŽďƐĞƌǀĞĚ ƌĞƐƉŽŶƐĞ ŽĨ ŚƵŵĂŶ ƐǇƐƚĞŵƐ ƚŽ ĐůŝŵĂƚĞ ǀĂƌŝĂďŝůŝƚǇ͕ ƚŽ
ƉĂƌĂŵĞƚĞƌŝǌĞ ĂŶĚ ĐĂůŝďƌĂƚĞ /D ĚĂŵĂŐĞ ĨƵŶĐƟŽŶƐ͘ ŵƉŝƌŝĐĂů ĚĂŵĂŐĞ ĨƵŶĐƟŽŶƐ ĐĂŶ ƐƵƉƉůĞŵĞŶƚ
ĂŶĚ͕ ŝŶ ƐŽŵĞ ĐĂƐĞƐ͕ ƌĞƉůĂĐĞ ƚŚĞ ŽŌĞŶͲĚĂƚĞĚ ĚĂŵĂŐĞ ĞƐƟŵĂƚĞƐ ŝŶ /DƐ ǁŝƚŚ ĂůƚĞƌŶĂƟǀĞƐ ƚŚĂƚ ĐĂŶ
ďĞ ĚŝƌĞĐƚůǇ ĐŽŵƉĂƌĞĚ ƚŽ ĐŽŶƚĞŵƉŽƌĂƌǇ ŽďƐĞƌǀĂƟŽŶƐ͘ ^ĞĐŽŶĚ͕ ĞǆƉůŝĐŝƚůǇ ŵŽĚĞů ƚŚĞ ŝŶƚĞƌĂĐƟŽŶƐ
ďĞƚǁĞĞŶ ĐŚĂŶŐĞƐ ŝŶ ŵĞĂŶ ĐůŝŵĂƚĞ ĂŶĚ ƐƚŽĐŚĂƐƟĐŝƚǇ ŝŶ ŶĂƚƵƌĂů ĂŶĚ ŚƵŵĂŶ ƐǇƐƚĞŵƐ ;Ğ͘Ő͕͘ ǁĞĂƚŚĞƌ͕
ďƵƐŝŶĞƐƐ ĐǇĐůĞƐͿ͘ ǆƉůŝĐŝƚ ƐƚŽĐŚĂƐƟĐŝƚǇ ĞŶĂďůĞƐ ĐŽŶƐŝĚĞƌĂƟŽŶ ŽĨ ƌŝƐŬ ĂǀĞƌƐŝŽŶ ǁŝƚŚ ƌĞƐƉĞĐƚ ƚŽ
ĞƉŝƐŽĚŝĐ ĨĂĐƚŽƌƐ͕ ƐƵĐŚ ĂƐ ĞǆƚƌĞŵĞ ǁĞĂƚŚĞƌ͕ ƚŚĞƌĞďǇ ƉƌŽǀŝĚŝŶŐ Ă ŶĂƚƵƌĂů ǁĂǇ ƚŽ ĞǆĂŵŝŶĞ ƚŚĞ
ďĞŶĞĮƚƐ ŽĨ ĐŽŶƐƵŵƉƟŽŶͲƐŵŽŽƚŚŝŶŐ ĂĚĂƉƟǀĞ ŵĞĂƐƵƌĞƐ͕ ƐƵĐŚ ĂƐ ŝŶƐƵƌĂŶĐĞ͘
/ŶĚĞǆ ƚĞƌŵƐ ʹ ŝŶƚĞŐƌĂƚĞĚ ĂƐƐĞƐƐŵĞŶƚ ŵŽĚĞůƐ͕ ĚĂŵĂŐĞ ĨƵŶĐƟŽŶƐ͕ ĂƌƚŚ ƐǇƐƚĞŵ ŵŽĚĞůƐ͕ ǁĞĂƚŚĞƌ͕
ƐƚŽĐŚĂƐƟĐŝƚǇ

ϭ /ŶƚƌŽĚƵĐƟŽŶ
dŚĞ ŝŶƚĞŐƌĂƚĞĚ ĂƐƐĞƐƐŵĞŶƚ ŵŽĚĞůƐ ;/DƐͿ ƵƐĞĚ ĨŽƌ ďĞŶĞĮƚͲĐŽƐƚ ĂŶĂůǇƐŝƐ ŽĨ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚƐ ĂŶĚ ŵŝƟŐĂƟŽŶ
ŐĞŶĞƌĂůůǇ ƚƌĂĐĞ ƚŚĞŝƌ ŝŶƚĞůůĞĐƚƵĂů ůŝŶĞĂŐĞ ƚŽ EŽƌĚŚĂƵƐ ;ϭϵϵϮͿ ĂŶĚ ƚŚĞ ĮƌƐƚ ǀĞƌƐŝŽŶ ŽĨ ƚŚĞ / ŵŽĚĞů͕ ƉƌĞƐĞŶƚĞĚ
ƚŚĞƌĞŝŶ͘ dŚĞƐĞ ŵŽĚĞůƐ ŚĂǀĞ ĞŵƉůŽǇĞĚ ƐŝŵƉůĞ ĨƵŶĐƟŽŶĂů ĨŽƌŵƵůĂƐ ƚŽ ƌĞůĂƚĞ ƉŚǇƐŝĐĂů ĐůŝŵĂƚĞ ĐŚĂŶŐĞƐ ;ŵŽƐƚ ƚǇƉͲ
ŝĐĂůůǇ ŝŶĚĞǆĞĚ ďǇ ĐŚĂŶŐĞ ŝŶ ŐůŽďĂů ŵĞĂŶ ƚĞŵƉĞƌĂƚƵƌĞͿ ƚŽ ƚŚĞŝƌ ĞĐŽŶŽŵŝĐ ŝŵƉĂĐƚƐ͘ DŽƐƚ /DƐ ĞŝƚŚĞƌ ŚĂǀĞ ĨƵŶĐͲ
ƟŽŶĂů ƌĞƉƌĞƐĞŶƚĂƟŽŶƐ ŽĨ Žƌ ĂƌĞ ĐĂůŝďƌĂƚĞĚ ĂŐĂŝŶƐƚ ƉƌŽũĞĐƟŽŶƐ ŽĨ ŝŵƉĂĐƚƐ͕ Ăƚ ƌĞůĂƟǀĞůǇ ůŽǁ ůĞǀĞůƐ ŽĨ ǁĂƌŵŝŶŐ͕ ĨŽƌ
Ă ĨĞǁ ĚŝƐĐƌĞƚĞ ƐĞĐƚŽƌƐ ;Ğ͘Ő͕͘ ĂŐƌŝĐƵůƚƵƌĞ͕ ĞŶĞƌŐǇ ĚĞŵĂŶĚ͕ ŚƵŵĂŶ ŚĞĂůƚŚͿ͖ ŝŶƚĞƌĂĐƟŽŶƐ ĂŵŽŶŐ ƚŚĞƐĞ ƐĞĐƚŽƌƐ ĂŶĚ
ďĞƚǁĞĞŶ ƌĞŐŝŽŶƐ ĂƌĞ ŽŌĞŶ ŝŐŶŽƌĞĚ ;tĂƌƌĞŶ͕ ϮϬϭϭ͖ KƉƉĞŶŚĞŝŵĞƌ͕ ϮϬϭϯͿ͘ tŚŝůĞ ƵŶĐĞƌƚĂŝŶƚǇ ŝŶ ƉĂƌĂŵĞƚĞƌƐ ƐƵĐŚ
ĂƐ ĐůŝŵĂƚĞ ƐĞŶƐŝƟǀŝƚǇ ŵĂǇ ďĞ ĐŽŶƐŝĚĞƌĞĚ͕ ƚŚĞƐĞ ŵŽĚĞůƐ ŐĞŶĞƌĂůůǇ ĚŽ ŶŽƚ ĞǆƉůŝĐŝƚůǇ ƚƌĞĂƚ ƚŚĞ ĞĐŽŶŽŵŝĐ ŝŵƉĂĐƚƐ ŽĨ
ĐůŝŵĂƚĞ ǀĂƌŝĂŶĐĞ Žƌ ŽƚŚĞƌ ƐƚŽĐŚĂƐƟĐ ĨĂĐƚŽƌƐ͘
&Žƌ ĞǆĂŵƉůĞ͕ &ŝŐ͘ ϭ ƐŚŽǁƐ ĞƐƟŵĂƚĞƐ ŽĨ ĚĂŵĂŐĞƐ ďǇ ƚŚĞ ƐĞĐƚŽƌĂů ĐĂůŝďƌĂƟŽŶ ŽĨ ƚŚĞ ĚĂŵĂŐĞ ĨƵŶĐƟŽŶ ƵƐĞĚ ďǇ
/ ;EŽƌĚŚĂƵƐ͕ ϮϬϬϳ͕ ϮϬϬϴͿ ĂŶĚ ƚŚĞ ƐĞĐƚŽƌĂů ĚĂŵĂŐĞ ĞƐƟŵĂƚĞƐ ŽĨ &hE ;ŶƚŚŽī ĂŶĚ dŽů͕ ϮϬϭϮͿ ĂŶĚ Es/^'
;ZŽƐŽŶ ĂŶĚ DĞŶƐďƌƵŐŐŚĞ͕ ϮϬϭϮͿ͘ /Ŷ / ĂŶĚ &hE͕ ƚǁŽ ŵŽĚĞůƐ ǁŝƚŚ ůŽŶŐ ůŝŶĞĂŐĞƐ ŽĨ ƉƵďůŝĐĂƟŽŶƐ͕ ŵŽƐƚ ŽĨ
ƚŚĞ ƐĞĐƚŽƌĂů ƐƚƵĚŝĞƐ ƵƐĞĚ ĨŽƌ ĐĂůŝďƌĂƟŽŶ ĚĂƚĞ ďĂĐŬ ŵŽƌĞ ƚŚĂŶ Ă ĚĞĐĂĚĞ͕ ƚŽ Ă ƟŵĞ ǁŚĞŶ ƚŚĞ ŝŵƉĂĐƚ ƌĞƐĞĂƌĐŚ
ϷĞƉĂƌƚŵĞŶƚ ŽĨ ĂƌƚŚ Θ WůĂŶĞƚĂƌǇ ^ĐŝĞŶĐĞƐ ĂŶĚ ZƵƚŐĞƌƐ ŶĞƌŐǇ /ŶƐƟƚƵƚĞ͕ ZƵƚŐĞƌƐ hŶŝǀĞƌƐŝƚǇ͕ EĞǁ ƌƵŶƐǁŝĐŬ͕ E:͕ h^
ϸtŽŽĚƌŽǁ tŝůƐŽŶ ^ĐŚŽŽů ŽĨ /ŶƚĞƌŶĂƟŽŶĂů Θ WƵďůŝĐ īĂŝƌƐ͕ WƌŝŶĐĞƚŽŶ hŶŝǀĞƌƐŝƚǇ͕ WƌŝŶĐĞƚŽŶ͕ E:͕ h^
ϹĞƉĂƌƚŵĞŶƚ ŽĨ 'ĞŽƐĐŝĞŶĐĞƐ͕ WƌŝŶĐĞƚŽŶ hŶŝǀĞƌƐŝƚǇ͕ WƌŝŶĐĞƚŽŶ͕ E:͕ h^
ΎŽƌƌĞƐƉŽŶĚŝŶŐ ĂƵƚŚŽƌ͘ ŵĂŝů͗ ƌŽďĞƌƚ͘ŬŽƉƉΛƌƵƚŐĞƌƐ͘ĞĚƵ
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ĐŽŵŵƵŶŝƚǇ͛Ɛ ƵŶĚĞƌƐƚĂŶĚŝŶŐ ĂŶĚ ĂďŝůŝƚǇ ƚŽ ŵŽĚĞů ƐƵĐŚ ŝŵƉĂĐƚƐ ǁĂƐ ƐŝŐŶŝĮĐĂŶƚůǇ ůĞƐƐ ĚĞǀĞůŽƉĞĚ ƚŚĂŶ ƚŽĚĂǇ ;ƐĞĞ
<ŽƉƉ Ğƚ Ăů͕͘ ϮϬϭϮ͕ ĨŽƌ Ă ƐǇŶŽƉƐŝƐͿ͘ dŚŝƐ ůĂŐ ďĞƚǁĞĞŶ ĞŵƉŝƌŝĐĂů ŝŵƉĂĐƚ ƌĞƐĞĂƌĐŚ ĂŶĚ ŝƚƐ ŝŶĐŽƌƉŽƌĂƟŽŶ ŝŶƚŽ /DƐ ŝƐ
ƵŶĚĞƌƐƚĂŶĚĂďůĞ͗ ĨƌŽŵ ĂŶ ĂĐĂĚĞŵŝĐ ƌĞƐĞĂƌĐŚ ƉĞƌƐƉĞĐƟǀĞ͕ ŵĂŶǇ ŽĨ ƚŚĞ ĨƵŶĚĂŵĞŶƚĂů ƋƵĞƐƟŽŶƐ ŵŽĚĞůƐ ůŝŬĞ /
ĂŶĚ &hE ǁĞƌĞ ĚĞǀĞůŽƉĞĚ ƚŽ ĂĚĚƌĞƐƐ ĂƌĞ ĐŽŶĐĞƉƚƵĂů͘ &Žƌ ĞǆĂŵƉůĞ͕ ŚŽǁ ĚŽĞƐ ƚŚĞ ƐŽĐŝĂů ĐŽƐƚ ŽĨ ĐĂƌďŽŶ ĐŚĂŶŐĞ
ǁŝƚŚ ĚŝīĞƌĞŶƚ ĂƐƐƵŵƉƟŽŶƐ ĂďŽƵƚ ĚŝƐĐŽƵŶƟŶŐ͕ ĞƋƵŝƚǇ͕ Žƌ ƐŽĐŝŽͲĞĐŽŶŽŵŝĐ ĂŶĚ ƉŽůŝĐǇ ƐĐĞŶĂƌŝŽƐ͍ /Ŷ ƚŚŝƐ ĐŽŶƚĞǆƚ͕
ƚƵŶŝŶŐ Žƌ ƵƉĚĂƟŶŐ ĚĂŵĂŐĞ ĐĂůŝďƌĂƟŽŶƐ ƚŽ ŵĂƚĐŚ ƚŚĞ ůĂƚĞƐƚ ŝŵƉĂĐƚƐ ůŝƚĞƌĂƚƵƌĞ ŝƐ ŶŽƚ Ă ŚŝŐŚ ƉƌŝŽƌŝƚǇ ;ĂůƚŚŽƵŐŚ
ŝŵƉƌŽǀŝŶŐ ŵŽĚĞůƐ ƚŽ ŝŶĐůƵĚĞ ƵŶŝŵƉůĞŵĞŶƚĞĚ ƐƚƌƵĐƚƵƌĂů ĞīĞĐƚƐ ƐƵĐŚ ĂƐ ŝŶƚĞƌƐĞĐƚŽƌĂů ŝŶƚĞƌĂĐƟŽŶƐ Žƌ ƐƚŽĐŚĂƐƟĐŝƚǇ
ŵŝŐŚƚ ďĞͿ͘
EĞǀĞƌƚŚĞůĞƐƐ͕ ƚŚĞ ƋƵĂŶƟƚĂƟǀĞ ŽƵƚƉƵƚƐ ŽĨ ďĞŶĞĮƚͲĐŽƐƚ /DƐ ĂƌĞ ĐƵƌƌĞŶƚůǇ ďĞŝŶŐ ƵƐĞĚ ƚŽ ŝŶĨŽƌŵ ƉŽůŝĐǇ ũƵĚŐŵĞŶƚƐ͘
/Ŷ ƚŚĞ hŶŝƚĞĚ ^ƚĂƚĞƐ͕ ĨŽƌ ĞǆĂŵƉůĞ͕ ďĞŶĞĮƚͲĐŽƐƚ ĂŶĂůǇƐĞƐ ƚŚĂƚ ŚĞůƉ ƐĞƚ ƐƚƌŝŶŐĞŶĐǇ ŽĨ &ĞĚĞƌĂů ƌĞŐƵůĂƟŽŶƐ ƚŚĂƚ ƌĞͲ
ĚƵĐĞ ĐĂƌďŽŶ ĚŝŽǆŝĚĞ ĞŵŝƐƐŝŽŶƐ ;ƐƵĐŚ ĂƐ ĞŶĞƌŐǇ ĞĸĐŝĞŶĐǇ ƐƚĂŶĚĂƌĚƐ ĂŶĚ ƉŽǁĞƌ ƉůĂŶƚ ĐĂƌďŽŶ ƐƚĂŶĚĂƌĚƐͿ ĞŵƉůŽǇ
ĞƐƟŵĂƚĞƐ ŽĨ ƚŚĞ ƐŽĐŝĂů ĐŽƐƚ ŽĨ ĐĂƌďŽŶ ĚĞƌŝǀĞĚ ĨƌŽŵ ƚŚĞƐĞ ŵŽĚĞůƐ͘ dŚĞ ĐƵƌƌĞŶƚ ƌĂŶŐĞ ŽĨ ŽĸĐŝĂů h͘^͘ ƐŽĐŝĂů ĐŽƐƚ
ŽĨ ĐĂƌďŽŶ ĞƐƟŵĂƚĞƐ ;ΨϱͲΨϳϬͬƚŽŶŶĞ Kଶ ĞŵŝƩĞĚ ŝŶ ϮϬϭϯͿ ĂƌĞ ĚĞƌŝǀĞĚ ďǇ ĂǀĞƌĂŐŝŶŐ ĂĐƌŽƐƐ ƚŚƌĞĞ /DƐ ʹ /͕
W' ;,ŽƉĞ͕ ϮϬϬϲͿ ĂŶĚ &hE ʹ Ăƚ ƚŚƌĞĞ ĚŝīĞƌĞŶƚ ĚŝƐĐŽƵŶƚ ƌĂƚĞƐ ;/ŶƚĞƌĂŐĞŶĐǇ tŽƌŬŝŶŐ 'ƌŽƵƉ ŽŶ ƚŚĞ ^ŽĐŝĂů ŽƐƚ
ŽĨ ĂƌďŽŶ͕ hŶŝƚĞĚ ^ƚĂƚĞƐ 'ŽǀĞƌŶŵĞŶƚ͕ ϮϬϭϬ͖ <ŽƉƉ ĂŶĚ DŝŐŶŽŶĞ͕ ϮϬϭϮͿ͘ /Ŷ ƚŚĞ ĐŽŶƚĞǆƚ ŽĨ ƉŽůŝĐǇ ĂŶĂůǇƐŝƐ͕ ƚŚĞ
ƋƵĂŶƟƚĂƟǀĞ ĐĂůŝďƌĂƟŽŶ ŽĨ ĚĂŵĂŐĞ ĞƐƟŵĂƚĞƐ ŵĂƩĞƌƐ ŐƌĞĂƚůǇ͕ ĂƐ ŵĂǇ ŽŵŝƩĞĚ ĨĞĂƚƵƌĞƐ ŽĨ ƚŚĞ ĐůŝŵĂƚĞ ƐƵĐŚ ĂƐ
ƐƚŽĐŚĂƐƟĐŝƚǇ͘ /Ŷ ƚŚĞ ƌĞŵĂŝŶĚĞƌ ŽĨ ƚŚŝƐ ƉĂƉĞƌ͕ ǁĞ ƉƌŽƉŽƐĞ ĂŶ ĂƉƉƌŽĂĐŚ ĨŽƌ ƚĂĐŬůŝŶŐ ĞĂĐŚ ŽĨ ƚŚĞƐĞ ĞůĞŵĞŶƚƐ ĂŶĚ
ŝůůƵƐƚƌĂƚĞ ƚŚĞŝƌ ƉŽƚĞŶƟĂů ƋƵĂŶƟƚĂƟǀĞ ŝŶŇƵĞŶĐĞ͘

DICE 2007
ENVISAGE
FUND 3.8

0.5

−1.5

health/
labor
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ecosystem/
tourism

−1

agriculture/
forestry

−0.5

energy

water

0

coastal/
sea level

n/a

°

Damages at 2.5 C
as % of global GDP

1

expected
not included
catastrophic
not included

1.5

−2

&ŝŐƵƌĞ ϭ͗ DŽŶĞƟǌĞĚ ĚĂŵĂŐĞ ĐĂůŝďƌĂƟŽŶ ;ĨŽƌ / ϮϬϬϳͿ Žƌ ĞƐƟŵĂƚĞƐ ;ĨŽƌ Es/^' ĂŶĚ &hE ϯ͘ϴͿ ďǇ ƐĞĐƚŽƌ
Ăƚ Ϯ͘ϱ ͕ לĂƐ Ă ƉĞƌĐĞŶƚ ŽĨ ŐůŽďĂů 'W͘ ƌƌŽƌ ďĂƌƐ ĨŽƌ &hE ƌĞŇĞĐƚ ϱƚŚͲϵϱƚŚ ƉĞƌĐĞŶƟůĞƐ ĐĂůĐƵůĂƚĞĚ Žī ƚŚĞ &hE
ƌĞĨĞƌĞŶĐĞ ƐĐĞŶĂƌŝŽ͘ DŽĚŝĮĞĚ ĨƌŽŵ <ŽƉƉ ĂŶĚ DŝŐŶŽŶĞ ;ϮϬϭϮͿ͘

Ϯ ŵƉŝƌŝĐĂů ĐĂůŝďƌĂƟŽŶ ŽĨ ĚĂŵĂŐĞ ĨƵŶĐƟŽŶƐ
KǀĞƌ ƚŚĞ ůĂƐƚ ĚĞĐĂĚĞ͕ ƌĞƐĞĂƌĐŚĞƌƐ ŚĂǀĞ ĚĞǀĞůŽƉĞĚ ĞŵƉŝƌŝĐĂů ĞƐƟŵĂƚĞƐ ŽĨ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ ŝŵƉĂĐƚƐ ďĂƐĞĚ ŽŶ ŽďͲ
ƐĞƌǀĞĚ ŚŝƐƚŽƌŝĐĂů ƌĞůĂƟŽŶƐŚŝƉƐ ďĞƚǁĞĞŶ ĞŶǀŝƌŽŶŵĞŶƚĂů ĐŽŶĚŝƟŽŶƐ ĂŶĚ ƐŽĐŝŽĞĐŽŶŽŵŝĐ ƌĞƐƉŽŶƐĞƐ͕ ƐƵĐŚ ĂƐ ĂŐƌŝĐƵůͲ
ƚƵƌĂů ŽƵƚƉƵƚ ;Ğ͘Ő͕͘ ^ĐŚůĞŶŬĞƌ ĂŶĚ ZŽďĞƌƚƐ͕ ϮϬϬϵͿ͕ ůĂďŽƌ ƉƌŽĚƵĐƟǀŝƚǇ ;Ğ͘Ő͘ ,ƐŝĂŶŐ͕ ϮϬϭϬͿ͕ Žƌ ĞŶĞƌŐǇ ĚĞŵĂŶĚ ;Ğ͘Ő͕͘
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Avg. temperature change from 2°C warming

12
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Multi-model distribution
(20 models, CMIP3)
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Experienced temperature change from 2°C warming
(°C, annual avg.)

&ŝŐƵƌĞ Ϯ͗ hƉƉĞƌ ůĞŌ͗ dŚĞ ŐůŽďĂů ĚŝƐƚƌŝďƵƟŽŶ ŽĨ ƐƵƌĨĂĐĞ ƚĞŵƉĞƌĂƚƵƌĞ ĐŚĂŶŐĞƐ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ Ϯ לǁĂƌŵŝŶŐ ŝŶ ŐůŽďĂů
ŵĞĂŶ ƚĞŵƉĞƌĂƚƵƌĞ͕ ĂǀĞƌĂŐĞĚ ĂĐƌŽƐƐ ϮϬ ĂƌƚŚ ^ǇƐƚĞŵ DŽĚĞůƐ ŝŶ D/Wϯ͘ >ŽǁĞƌ ůĞŌ͗ dŚĞ ŐůŽďĂů ĚŝƐƚƌŝďƵƟŽŶ ŽĨ ƚŚĞ
ǁŽƌůĚ ƉŽƉƵůĂƟŽŶ͕ ĨƌŽŵ ƚŚĞ 'ƌŝĚĚĞĚ WŽƉƵůĂƟŽŶ ŽĨ ƚŚĞ tŽƌůĚ͘ ZŝŐŚƚ͗ dŚĞ ĚŝƐƚƌŝďƵƟŽŶ ŽĨ ƚĞŵƉĞƌĂƚƵƌĞ ĐŚĂŶŐĞƐ
ĞǆƉĞƌŝĞŶĐĞĚ ďǇ ŝŶĚŝǀŝĚƵĂůƐ͕ ĂĐƌŽƐƐ ŵŽĚĞůƐ͘
ƵĭĂŵŵĞƌ ĂŶĚ ƌŽŽŶƌƵĞŶŐƐĂǁĂƚ͕ ϮϬϭϭͿ͘ hŶĨŽƌƚƵŶĂƚĞůǇ͕ ŝŶƚĞŐƌĂƟŶŐ ĞŵƉŝƌŝĐĂů ƌĞƐƵůƚƐ ŝŶƚŽ /DƐ ŝƐ Ă ĚŝĸĐƵůƚ
ƚĂƐŬ͕ ĂŶĚ ĨĞǁ ĂƵƚŚŽƌƐ ƉƵƌƐƵĞ ƐƵĐŚ ŝŶƚĞŐƌĂƟŽŶ͘ ,ĞƌĞ͕ ǁĞ ƉƌŽƉŽƐĞ Ă ƉƌŽĐĞĚƵƌĞ ƚŽ ƐƚƌĞĂŵůŝŶĞ ŝŶƚĞŐƌĂƟŽŶ͕ ŵĂŬŝŶŐ
ŝƚ ĞĂƐŝĞƌ ĨŽƌ ĞŵƉŝƌŝĐĂů ƌĞƐĞĂƌĐŚĞƌƐ ƚŽ ƉƌĞƐĞŶƚ ƚŚĞŝƌ ƌĞƐƵůƚƐ ŝŶ Ă ƐƵĐŚ Ă ǁĂǇ ƚŚĂƚ ƚŚĞǇ ĂƌĞ ŝŵŵĞĚŝĂƚĞůǇ ĂƉƉůŝĐĂďůĞ ƚŽ
/DƐ͘ Ɛ ŵŽƌĞ ĞŵƉŝƌŝĐĂů ƐƚƵĚŝĞƐ ĂƌĞ ĐŽŶǀĞƌƚĞĚ ŝŶƚŽ /DͲƌĞĂĚǇ ĨŽƌŵĂƚ͕ ǁĞ ƐƵŐŐĞƐƚ ĚĞǀĞůŽƉŝŶŐ ĂŶ ŽŶůŝŶĞ ĚĂƚĂďĂƐĞ
ƚŚĂƚ ǁŝůů ƵƐĞ ĂǇĞƐŝĂŶ ƵƉĚĂƟŶŐ ƚŽ ĐŽŶƟŶƵŽƵƐůǇ ŝŵƉƌŽǀĞ ƐĞĐƚŽƌĂů ĚĂŵĂŐĞ ĨƵŶĐƟŽŶƐ ĨŽƌ ƵƐĞ ŝŶ /DƐ͘ dŚŝƐ ƐǇƐƚĞŵ
ǁŝůů ƉƌŽǀŝĚĞ Ă ƐĞĂŵůĞƐƐ ůŝŶŬ ďĞƚǁĞĞŶ ƚŚĞ ĞŵƉŝƌŝĐĂů ŝŵƉĂĐƚƐ ƌĞƐĞĂƌĐŚ ĐŽŵŵƵŶŝƚǇ ĂŶĚ ƚŚĞ /D ƌĞƐĞĂƌĐŚ ĐŽŵŵƵͲ
ŶŝƚǇ͕ ƚŚĞƌĞďǇ ĞŶƐƵƌŝŶŐ ƚŚĂƚ ƉŽůŝĐǇ ĚĞĐŝƐŝŽŶƐ ŵĂĚĞ ƵƐŝŶŐ /DƐ ĂƌĞ ĂůǁĂǇƐ ďĂƐĞĚ ŽŶ ƚŚĞ ďĞƐƚͲĂǀĂŝůĂďůĞ ĞŵƉŝƌŝĐĂů
ƌĞƐĞĂƌĐŚ͘
ƐƐĞŶƟĂůůǇ͕ ŽƵƌ ĂƉƉƌŽĂĐŚ ĐŽůůĂƉƐĞƐ ŵƵůƟĚŝŵĞŶƐŝŽŶĂů ŽƵƚƉƵƚ ĨƌŽŵ ŐůŽďĂů ĞĂƌƚŚ ƐǇƐƚĞŵƐ ŵŽĚĞůƐ ŝŶƚŽ ƚŚŽƐĞ ƐƚĂƟƐͲ
ƟĐƐ ŶĞĞĚĞĚ ƚŽ ŵĂŬĞ ŝŵƉĂĐƚ ƉƌŽũĞĐƟŽŶƐ ƵƐŝŶŐ ƐƚĂƟƐƟĐĂů ĞƐƟŵĂƚĞƐ ƚĂŬĞŶ ĨƌŽŵ ƚŚĞ ĞŵƉŝƌŝĐĂů ƌĞƐĞĂƌĐŚ ĐŽŵŵƵŶŝƚǇ͘
hƐŝŶŐ ƚŚĞƐĞ ƐƵŵŵĂƌǇ ƐƚĂƟƐƟĐƐ͕ ǁĞ ĐĂŶ ƚŚĞŶ ƉƌŽũĞĐƚ Ă ƐŽĐŝŽĞĐŽŶŽŵŝĐ ƌĞƐƉŽŶƐĞ ďĂƐĞĚ ŽŶ ŵŽƐƚ ĞŵƉŝƌŝĐĂů ĞƐƟͲ
ŵĂƚĞƐ͕ ĂŶĚ ĂŐŐƌĞŐĂƚĞ ƚŚĞƐĞ ƌĞƐƵůƚƐ ƵƉ ƚŽ ƚŚĞ ůĞǀĞů ŽĨ ĂŶĂůǇƐŝƐ ƵƐĞĚ ŝŶ /DƐ͘ dŚĞ ďĂƐŝĐ ŇŽǁ ŝƐ ĂƐ ĨŽůůŽǁƐ͗

ϭ͘ hƐĞ ĂƌƚŚ ƐǇƐƚĞŵ ŵŽĚĞů ŽƵƚƉƵƚ ƚŽ ĚĞǀĞůŽƉ Ă ƉƌŽďĂďŝůŝƐƟĐ ŵĂƉƉŝŶŐ ďĞƚǁĞĞŶ ŐůŽďĂů ŵĞĂŶ ƚĞŵƉĞƌĂƚƵƌĞ
ĐŚĂŶŐĞ ĂŶĚ ƚŚĞ ĚŝƐƚƌŝďƵƟŽŶ ŽĨ ƐŽĐŝĂů ;Žƌ ĞĐŽŶŽŵŝĐͿ ĞǆƉŽƐƵƌĞ ƚŽ ĨƵƚƵƌĞ ĐůŝŵĂƟĐ ĐŚĂŶŐĞƐ ďĂƐĞĚ ŽŶ ƚŚĞ
ŐůŽďĂů ĚŝƐƚƌŝďƵƟŽŶ ŽĨ ƉƌŝŵŝƟǀĞ ƵŶŝƚƐ͕ ŝ͘Ğ͘ ŶƵŵďĞƌ ŽĨ ŚƵŵĂŶƐ͕ ĚŽůůĂƌƐ ŽĨ ĞĐŽŶŽŵŝĐ ƉƌŽĚƵĐƟŽŶ͕ ĂƌĞĂ ŽĨ
ĂŐƌŝĐƵůƚƵƌĂů ĐƌŽƉ ůĂŶĚƐ͕ ĞƚĐ͘ ;&ŝŐƵƌĞ ϮͿ͘
Ϯ͘ ^ƵŵŵĂƌŝǌĞ ŐůŽďĂů ƵŶŝƚͲůĞǀĞů ĐŚĂŶŐĞƐ ŝŶ ĐůŝŵĂƟĐ ĞǆƉŽƐƵƌĞ ďĂƐĞĚ ŽŶ ƚŚĞ ĐŚĂƌĂĐƚĞƌŝƐƟĐƐ ŽĨ ƵŶŝƚƐ ƚŚĂƚ ĂƌĞ
ĞƐƐĞŶƟĂů ĨŽƌ ĞƐƟŵĂƟŶŐ ƚŚĞŝƌ ƌĞƐƉŽŶƐĞ ƚŽ ĐůŝŵĂƟĐ ĐŚĂŶŐĞƐ͕ ƐƵĐŚ ĂƐ ƚŚĞ ŝŶĐŽŵĞ ŽĨ ƉŽƉƵůĂƟŽŶƐ ʹ ǁŚŝĐŚ
ŵŝŐŚƚ ŝŶŇƵĞŶĐĞ ƚŚĞŝƌ ĐĂƉĂĐŝƚǇ ƚŽ ĂĚĂƉƚ ;&ŝŐƵƌĞ ϯͿ͘
ϯ͘ WƌŽũĞĐƚ ƚŚĞƐĞ ĚŝƐƚƌŝďƵƟŽŶƐ ŽĨ ĞǆƉŽƐƵƌĞ ŽŶƚŽ ĞŵƉŝƌŝĐĂůůǇ ĚĞƌŝǀĞĚ ͞ĚŽƐĞͲƌĞƐƉŽŶƐĞ͟ ĨƵŶĐƟŽŶƐ ƚŚĂƚ ĚĞƐĐƌŝďĞ
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Additional exposure time (per unit)





Human exposure:
by infant survival
by income
Top
Middle
Bottom



Top
Middle
Bottom

Croplands
(hectares)
source: SAGE

Economic output
(PPP dollars)
source: G-ECON



ï
ï











Monthly avg temperature (°C)

ï











Monthly avg temperature (°C)

&ŝŐƵƌĞ ϯ͗ dŚĞ ĂŵŽƵŶƚ ŽĨ ĂĚĚŝƟŽŶĂů ƟŵĞ ƚŚĂƚ Ă ƌĂŶĚŽŵůǇ ƐĞůĞĐƚĞĚ ƵŶŝƚ ǁŝůů ďĞ ĞǆƉŽƐĞĚ ƚŽ ƐƉĞĐŝĮĞĚ ƚĞŵƉĞƌĂƚƵƌĞƐ
ƵŶĚĞƌ Ϯ  לǁĂƌŵŝŶŐ ŝŶ ŐůŽďĂů ŵĞĂŶ ƚĞŵƉĞƌĂƚƵƌĞ͘ dŚĞ ŐůŽďĂů ƉŽƉƵůĂƟŽŶ ;ůĞŌͿ ŝƐ ƐƚƌĂƟĮĞĚ ŝŶƚŽ ƚŚƌĞĞ ƟĞƌƐ ďĂƐĞĚ
ŽŶ ƚǁŽ ŵĞƚƌŝĐƐ ŽĨ ǀƵůŶĞƌĂďŝůŝƚǇ͗ ŝŶĐŽŵĞ ĂŶĚ ŝŶĨĂŶƚ ŵŽƌƚĂůŝƚǇ͘ ůƐŽ ƐŚŽǁŶ ŝƐ ƚŚĞ ĚŝƐƚƌŝďƵƟŽŶ ŽĨ ĞĐŽŶŽŵŝĐ ĂĐƟǀŝƚǇ
ĂŶĚ ĐƌŽƉůĂŶĚƐ ;ƌŝŐŚƚͿ͘
ŚŽǁ ƐŽĐŝŽͲĞĐŽŶŽŵŝĐ ƐĞĐƚŽƌƐ ƌĞƐƉŽŶĚ ƚŽ Ă ŐŝǀĞŶ ͞ĚŽƐĞ͟ ŽĨ ĐůŝŵĂƟĐ ĞǆƉŽƐƵƌĞ ;ĞŐ͘ &ŝŐƵƌĞ ϰͿ͘
ϰ͘ ŐŐƌĞŐĂƚĞ ƉƌŽũĞĐƚĞĚ ŝŵƉĂĐƚƐ͕ ĐŽŶĚŝƟŽŶĂů ŽŶ ĐŚĂŶŐĞƐ ŝŶ ŐůŽďĂů ŵĞĂŶ ƚĞŵƉĞƌĂƚƵƌĞ͕ ƵƉ ƚŽ ƚŚĞ ƵŶŝƚ ŽĨ ĂŶĂůͲ
ǇƐŝƐ ƵƐĞĚ ŝŶ /DƐ ;Ğ͘Ő͕͘ ŐĞŽŐƌĂƉŚŝĐ ƌĞŐŝŽŶƐͿ͘
ϱ͘ ŽŵƉĂƌĞ ĂŶĚ͕ ĂƐ ĚĞƐŝƌĞĚ͕ ŝŶƚĞŐƌĂƚĞ ;ǀŝĂ ĂǇĞƐŝĂŶ ƐƚĂƟƐƟĐƐͿ ĞŵƉŝƌŝĐĂů ĚĂŵĂŐĞ ĞƐƟŵĂƚĞƐ ǁŝƚŚ ƉƌŽĐĞƐƐͲ
ŵŽĚĞůͲďĂƐĞĚ ĞƐƟŵĂƚĞƐ͕ ƐŽ ĂƐ ƚŽ ŽǀĞƌĐŽŵĞ ůŝŵŝƚƐ ŽĨ ĞŵƉŝƌŝĐĂů ƐƚƵĚŝĞƐ ;ĨŽƌ ĞǆĂŵƉůĞ͕ ĨŽƌ ŽƵƚͲŽĨͲƐĂŵƉůĞ
ƉƌŽũĞĐƟŽŶͿ͘
ϲ͘ WƌŽƉĂŐĂƚĞ ŝŵƉĂĐƚƐ ƚŚƌŽƵŐŚ Ă ŵĂĐƌŽĞĐŽŶŽŵŝĐ ŵŽĚĞů͕ ƐƵĐŚ ĂƐ Ă ĐŽŵƉƵƚĂďůĞ ŐĞŶĞƌĂů ĞƋƵŝůŝďƌŝƵŵ ;'Ϳ
ŵŽĚĞů͕ ƚŽ ƚƌĂŶƐůĂƚĞ ŝŵƉĂĐƚƐ ŝŶƚŽ ŽƵƚƉƵƚ Žƌ ǁĞůĨĂƌĞ ůŽƐƐĞƐ ĂŶĚ ĂĐĐŽƵŶƚ ĨŽƌ ĐŽŵƉĞŶƐĂƚŽƌǇ Žƌ ĂŵƉůŝĨǇŝŶŐ
ŝŶƚĞƌĂĐƟŽŶƐ ďĞƚǁĞĞŶ ƌĞŐŝŽŶƐ ĂŶĚ ƐĞĐƚŽƌƐ͘
ϳ͘ /ŶƚĞŐƌĂƚĞ ŝŵƉĂĐƚ ĞƐƟŵĂƚĞƐ ĂĐƌŽƐƐ ƉƌŽũĞĐƟŽŶƐ ƚŚĂƚ ƵƐĞ ĚŝīĞƌĞŶƚ ĞŵƉŝƌŝĐĂů ƐƚƵĚŝĞƐ ;ǀŝĂ ĂǇĞƐŝĂŶ ƐƚĂƟƐƟĐƐͿ
ƚŽ ĐŽŶƐƚƌƵĐƚ Ă ĐŽŵƉŽƐŝƚĞ ĚĂŵĂŐĞ ĨƵŶĐƟŽŶƐ ƚŚĂƚ ĂƌĞ ƵƉĚĂƚĞĚ ŝŶ ƌĞĂůͲƟŵĞ ĂŶĚ ƉƵďůŝĐůǇ ĂǀĂŝůĂďůĞ ǀŝĂ ƐĞƌǀĞƌ͘

dŽ ĚĞŵŽŶƐƚƌĂƚĞ ƚŚĞ ŝŵƉŽƌƚĂŶĐĞ ŽĨ ƚŚŝƐ ĐĂůŝďƌĂƟŽŶ ƉƌŽĐĞĚƵƌĞ͕ ǁĞ ƉƌŽũĞĐƚ ƚŚĞ ƉƌĞĚŝĐƚĞĚ ĐŚĂŶŐĞ ŝŶ hŶŝƚĞĚ ^ƚĂƚĞƐ
ĐƌŽƉ ĞǆƉŽƐƵƌĞ ŽŶƚŽ ƚŚĞ ƚĞŵƉĞƌĂƚƵƌĞ ƌĞƐƉŽŶƐĞ ĨƵŶĐƟŽŶƐ ŝŶ &ŝŐƵƌĞ ϰ ;ŽďƚĂŝŶĞĚ ĨƌŽŵ ,ƐŝĂŶŐ Ğƚ Ăů͘ ;ϮϬϭϮͿͿ͘ tĞ ƉůŽƚ
ƚŚĞ ƉƌŽũĞĐƚĞĚ ŝŵƉĂĐƚ ŽĨ Ă Ϯ  לŐůŽďĂů ŵĞĂŶ ǁĂƌŵŝŶŐ ĨŽƌ Ăůů ĨŽƵƌ ŵĂũŽƌ ĐƌŽƉƐ ŝŶ &ŝŐƵƌĞ ϱ͕ ĂůŽŶŐ ǁŝƚŚ ƚŚĞ ĂǀĞƌĂŐĞ
ƌĞƐƉŽŶƐĞ ;ǁĞŝŐŚƚĞĚ ďǇ ĂƌĞĂͲƉůĂŶƚĞĚͿ͘ tŚĞŶ ǁĞ ĐŽŵƉĂƌĞ ƚŚĞƐĞ ƌĞƐƉŽŶƐĞƐ ƚŽ ĐŽŵƉĂƌĂďůĞ ͞ĂŐƌŝĐƵůƚƵƌĂů ĚĂŵĂŐĞ
ĨƵŶĐƟŽŶƐ͟ ƵƐĞĚ ŝŶ ƚŚƌĞĞ ŵŽĚĞƌŶ /DƐ͕ ǁĞ ŶŽƚĞ ƚŚĂƚ ƚŚĞƐĞ ĞŵƉŝƌŝĐĂů ĞƐƟŵĂƚĞƐ ƐƵŐŐĞƐƚ ĂŐƌŝĐƵůƚƵƌĂů ůŽƐƐĞƐ ƵŶĚĞƌ
Ϯ  לǁĂƌŵŝŶŐ ǁŝůů ďĞ ƌŽƵŐŚůǇ ĂŶ ŽƌĚĞƌ ŽĨ ŵĂŐŶŝƚƵĚĞ ůĂƌŐĞƌ ŝŶ ŵĂŐŶŝƚƵĚĞ ƚŚĂŶ ƚŚĞ /D ĨƵŶĐƟŽŶƐ ƉƌĞĚŝĐƚ͘ dŚŝƐ
ůĂƌŐĞ ĚŝƐĐƌĞƉĂŶĐǇ ŝŶĚŝĐĂƚĞƐ ƚŚĂƚ ƐǇƐƚĞŵĂƟĐ ĐĂůŝďƌĂƟŽŶ ŽĨ /D ĚĂŵĂŐĞ ĨƵŶĐƟŽŶƐ ŝƐ ďĂĚůǇ ŶĞĞĚĞĚ͘
dŽ ŝůůƵƐƚƌĂƚĞ ƚŚĞ ŐĞŶĞƌĂůŝǌĂďŝůŝƚǇ ŽĨ ŽƵƌ ƉƌŽƉŽƐĞĚ ĐĂůŝďƌĂƟŽŶ ƉƌŽĐĞĚƵƌĞ͕ ǁĞ ĚĞŵŽŶƐƚƌĂƚĞ ƚŚĂƚ ŝƚ ĐĂŶ ĞĂƐŝůǇ ůŝŶŬ Ă
͞ŶĞǁ͟ ĚĂŵĂŐĞ ĨƵŶĐƟŽŶ ƚŽ ŝŵƉĂĐƚƐ ĂŐŐƌĞŐĂƚĞĚ ĂĐƌŽƐƐ ƌĞŐŝŽŶƐ ƵƐĞĚ ŝŶ /DƐ͘ /Ŷ &ŝŐƵƌĞ ϲ ;ƵƉƉĞƌ ůĞŌ ƉĂŶĞůͿ ǁĞ
ŝůůƵƐƚƌĂƚĞ ĂŶ ĞŵƉŝƌŝĐĂů ĞƐƟŵĂƚĞ ĨŽƌ ƚŚĞ ůŽƐƐ ŽĨ ůĂďŽƌ ƉƌŽĚƵĐƟǀŝƚǇ ŽďƐĞƌǀĞĚ Ăƚ ŚŝŐŚ ƚĞŵƉĞƌĂƚƵƌĞƐ ,ƐŝĂŶŐ ;ϮϬϭϬͿ͘
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Wheat

1

Relative yield

Relative yield

Soybeans

5

0

0

10
20
30
Mean temperature during growing season (C)

1

5

0

40

0

10
20
30
Mean temperature during growing season (C)

Relative yield

1

5

0

$GGLWLRQDOH[SRVXUHWLPH PR

Cotton

0

10
20
30
Mean temperature during growing season (C)

USA



0

ï

0

10
20
30
Mean temperature during growing season (C)

1

5

0

40

$GGLWLRQDOH[SRVXUHWLPH PR

Relative yield

Maize

40

10
20
30
Mean temperature during growing season (C)

40

Global agriculture



0

ï

40

0

0

10
20
30
Mean temperature during all months (C)

40

&ŝŐƵƌĞ ϰ͗ dŽƉ ĨŽƵƌ ƉĂŶĞůƐ͗ ŵƉŝƌŝĐĂůůǇͲĚĞƌŝǀĞĚ ƌĞƐƉŽŶƐĞƐ ŽĨ ĨŽƵƌ ŵĂũŽƌ ĐƌŽƉƐ ƚŽ ŐƌŽǁŝŶŐ ƐĞĂƐŽŶ ƚĞŵƉĞƌĂƚƵƌĞ ŝŶ
hŶŝƚĞĚ ^ƚĂƚĞƐ ĐŽƵŶƟĞƐ͕ ĨƌŽŵ ,ƐŝĂŶŐ Ğƚ Ăů͘ ;ϮϬϭϮͿ͘ dŚĞ ĞƐƟŵĂƚĞƐ ĂƌĞ ďĂƐĞĚ ƵƉŽŶ ĐŽŵƉĂƌŝƐŽŶ ŽĨ ĐŽƵŶƚǇͲůĞǀĞů ŽƵƚͲ
ƉƵƚ ƚŽ ĐŽƵŶƚǇͲůĞǀĞů ĂǀĞƌĂŐĞ ŐƌŽǁŝŶŐ ƐĞĂƐŽŶ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶĚ ƌĂŝŶĨĂůů ;ϭϵϱϬͲϮϬϭϬͿ͘ ŽƵŶƚǇͲůĞǀĞů ǇŝĞůĚƐ ŝƐ ŵŽĚĞůĞĚ
ĂƐ Ă ƉŽůǇŶŽŵŝĂů ƌĞƐƉŽŶƐĞ ƚŽ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶĚ ƌĂŝŶĨĂůů͕ ĂĐĐŽƵŶƟŶŐ ĨŽƌ ƵŶŽďƐĞƌǀĞĚ ĚŝīĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ ĐŽƵŶƟĞƐ
ĂŶĚ ƐĞĐƵůĂƌ ƚƌĞŶĚƐ͘ KƵƚƐŝĚĞ ƚŚĞ ůŝŵŝƚƐ ŽĨ ƚŚĞ ƚĞŵƉĞƌĂƚƵƌĞ ĚĂƚĂ͕ ǁĞ ĐŽŶƐĞƌǀĂƟǀĞůǇ ĂƐƐƵŵĞ ĐŽŶƐƚĂŶƚ ǇŝĞůĚƐ͘ >ŽǁĞƌ
ƉĂŶĞůƐ͗ dŚĞ ĂĚĚŝƟŽŶĂů ĂŵŽƵŶƚ ŽĨ ƟŵĞ ƚŚĂƚ ĐƌŽƉůĂŶĚƐ ŝŶ ƚŚĞ hŶŝƚĞĚ ^ƚĂƚĞƐ ĂŶĚ ƚŚĞ ǁŽƌůĚ ǁŝůů ďĞ ĞǆƉŽƐĞĚ ƚŽ ƚŚĞƐĞ
ƚĞŵƉĞƌĂƚƵƌĞƐ ƵŶĚĞƌ Ϯ  לǁĂƌŵŝŶŐ ŝŶ ŐůŽďĂů ŵĞĂŶ ƚĞŵƉĞƌĂƚƵƌĞ͘
DĂƉƉŝŶŐ ƚŚŝƐ ƌĞƐƉŽŶƐĞ ĨƵŶĐƟŽŶ ŽŶƚŽ ƚŚĞ ĚŝƐƚƌŝďƵƟŽŶ ŽĨ ŚƵŵĂŶ ĞǆƉŽƐƵƌĞ ƚŽ ƚĞŵƉĞƌĂƚƵƌĞ ;ůŽǁĞƌ ůĞŌ ƉĂŶĞůͿ ĂůůŽǁƐ
ƵƐ ƚŽ ĞƐƟŵĂƚĞ ƌĞŐŝŽŶͲƐƉĞĐŝĮĐ ŝŵƉĂĐƚƐ ;ƌŝŐŚƚ ƉĂŶĞůͿ ďĂƐĞĚ ŽŶ ƚŚĞ ƌĞŐŝŽŶƐ ƵƟůŝǌĞĚ ŝŶ &hE͘
Ɛ ƉĂƌĂŵĞƚƌŝǌĂƟŽŶƐ ŽĨ ĂĚĂƉƚĂƟŽŶ ĂƌĞ ĚĞǀĞůŽƉĞĚ ŝŶ ƚŚĞ ĞŵƉŝƌŝĐĂů ůŝƚĞƌĂƚƵƌĞ͕ ƚŚĞƐĞ ĚĂŵĂŐĞ ĨƵŶĐƟŽŶ ĐĂůŝďƌĂƟŽŶƐ
ĐĂŶ ďĞ ĂĚũƵƐƚĞĚ ĂĐĐŽƌĚŝŶŐůǇ͘

ϯ dŚĞ ƌŽůĞ ŽĨ ƐƚŽĐŚĂƐƟĐŝƚǇ
DĂŶǇ ŶĂƚƵƌĂů ĂŶĚ ŚƵŵĂŶ ƐǇƐƚĞŵƐ ĂƌĞ ƐƚŽĐŚĂƐƟĐ͘ &Žƌ ĞǆĂŵƉůĞ͕ ǁĞĂƚŚĞƌ ŝƐ ƚŚĞ ŵĂŶŝĨĞƐƚĂƟŽŶ ŽĨ ǀĂƌŝĂŶĐĞ ĂƌŽƵŶĚ
ĐůŝŵĂƚŽůŽŐŝĐĂů ŵĞĂŶƐ͖ ďƵƐŝŶĞƐƐ ĐǇĐůĞƐ ĂƌĞ ŵĂŶŝĨĞƐƚĂƟŽŶƐ ŽĨ ǀĂƌŝĂŶĐĞ ĂƌŽƵŶĚ ůŽŶŐͲƚĞƌŵ ĞĐŽŶŽŵŝĐ ŐƌŽǁƚŚ͘ ůͲ
ƚŚŽƵŐŚ ĐůŝŵĂƚĞ ĚĂŵĂŐĞƐ ĂƌĞ ŽŌĞŶ ƉĂƌƟĂůůǇ ƌĞĂůŝǌĞĚ ƚŚƌŽƵŐŚ ƐŚŝŌƐ ŝŶ ĐůŝŵĂƚŽůŽŐŝĐĂů ĞǆƚƌĞŵĞƐ͕ /DƐ ŚĂǀĞ ŐĞŶĞƌͲ
ĂůůǇ ŶŽƚ ĞǆƉůŝĐŝƚůǇ ŝŶĐůƵĚĞĚ ǇĞĂƌͲƚŽͲǇĞĂƌ ǀĂƌŝĂďŝůŝƚǇ͘ /D ǁĞůĨĂƌĞ ĂŶĂůǇƐŝƐ ƚŚĞƌĞĨŽƌĞ ŝŵƉůŝĐŝƚůǇ ĂƐƐƵŵĞƐ ƉĞƌĨĞĐƚůǇͲ
ĨƵŶĐƟŽŶŝŶŐ ŵĂƌŬĞƚƐ ĂŶĚ ŝŶƐƟƚƵƟŽŶƐ ĐĂƉĂďůĞ ŽĨ ƐƉƌĞĂĚŝŶŐ ƌŝƐŬ ŽǀĞƌ ƟŵĞ ĂŶĚ ƚŚƵƐ ĂůůŽǁŝŶŐ ƚŚĞ ǁĞůĨĂƌĞ ŝŵƉĂĐƚ ŽĨ
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ï
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0

1
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Change in global mean temperature (°C)

&ŝŐƵƌĞ ϱ͗ ůĂĐŬ͗ WƌŽũĞĐƚĞĚ ĐŚĂŶŐĞƐ ŝŶ ǇŝĞůĚƐ ƵƐŝŶŐ ƌĞƐƉŽŶƐĞ ĨƵŶĐƟŽŶƐ ŝŶ &ŝŐƵƌĞ ϰ ĂŶĚ ƚŚĞ ƉƌŽũĞĐƚĞĚ ĞǆƉŽƐƵƌĞ ŽĨ
h^ ĐƌŽƉůĂŶĚƐ͘ ǀĞƌĂŐĞ ĐŚĂŶŐĞƐ ĂƌĞ ĂǀĞƌĂŐĞĚ ďǇ ĐƌŽƉůĂŶĚ ƉůĂŶƚĞĚ ŝŶ Ă ŐŝǀĞŶ ĐƌŽƉ͘ dŚĞ ƐŚĂĚĞĚ ƌĞŐŝŽŶ ŝƐ ƚŚĞ
ϵϱй ĐŽŶĮĚĞŶĐĞ ŝŶƚĞƌǀĂůƐ ĨŽƌ ƚŚĞ ĂǀĞƌĂŐĞ ĞīĞĐƚ ĂĐƌŽƐƐ ĐƌŽƉƐ ŽŵƉĂƌĂďůĞ ĚĂŵĂŐĞ ĨƵŶĐƟŽŶƐ ;ŝŶ ǇŝĞůĚ ƚĞƌŵƐ ĨŽƌ
Es/^' ĂŶĚ &hE ĂŶĚ ŵŽŶĞƟǌĞĚ ƚĞƌŵƐ ĨŽƌ Z/Ϳ ĨƌŽŵ Es/^'͕ &hE ĂŶĚ Z/ ĂƌĞ ĐŽůŽƌĞĚ͘
ĂǀĞƌĂŐĞ ĚĂŵĂŐĞƐ ƚŽ ďĞ Ă ŐŽŽĚ ƐƵďƐƟƚƵƚĞ ĨŽƌ ƚŚĞ ǁĞůĨĂƌĞ ŝŵƉĂĐƚ ŽĨ Ă ƐĞƋƵĞŶĐĞ ŽĨ ĂĐƚƵĂů ůŽƐƐ ƌĞĂůŝǌĂƟŽŶƐ ;ǁŚŝĐŚ
ǀĂƌǇ ĂƌŽƵŶĚ ƚŚŝƐ ĂǀĞƌĂŐĞͿ͘ tŝƚŚŽƵƚ ƐƵĐŚ ŵĂƌŬĞƚƐ Žƌ ŝŶƐƟƚƵƟŽŶƐ͕ ŚŽǁĞǀĞƌ͕ ƚŚĞ ĂďƐĞŶĐĞ ŽĨ ŝŶƚĞƌͲĂŶŶƵĂů ǀĂƌŝĂďŝůŝƚǇ
ůŝŬĞůǇ ůĞĂĚƐ ƚŽ ĂŶ ƵŶĚĞƌĞƐƟŵĂƚĞ ŽĨ ĨƵƚƵƌĞ ǁĞůĨĂƌĞ ůŽƐƐĞƐ͘
dŚĞ ŝŵƉŽƌƚĂŶĐĞ ŽĨ ƐƚŽĐŚĂƐƟĐŝƚǇ ŝƐ ĐůĞĂƌůǇ ŝůůƵƐƚƌĂƚĞĚ ďǇ ƚŚĞ ĞǆĂŵƉůĞ ŽĨ ƐĞĂ ůĞǀĞů ĐŚĂŶŐĞ͘ DŽƐƚ ĚĂŵĂŐĞ ĚƵĞ ƚŽ ƐĞĂ
ůĞǀĞů ƌŝƐĞ ŝƐ ŶŽƚ ĚƵĞ ƚŽ ƚŚĞ ƉĞƌŵĂŶĞŶƚ ŝŶƵŶĚĂƟŽŶ ŽĨ ůĂŶĚ ďƵƚ ƚŽ ĞŶŚĂŶĐĞĚ ĞƉŝƐŽĚŝĐ ŇŽŽĚŝŶŐ͘ >ŽĐĂů ƐĞĂ ƐƵƌĨĂĐĞ
ŚĞŝŐŚƚ ŝƐ ƚŚĞ ƐƵŵ ŽĨ ůŽŶŐͲƚĞƌŵ ĂŶƚŚƌŽƉŽŐĞŶŝĐ ĂŶĚ ŶĂƚƵƌĂů ƚƌĞŶĚƐ͕ ŵƵůƟͲǇĞĂƌ ŽĐĞĂŶ ĚǇŶĂŵŝĐ ǀĂƌŝĂďŝůŝƚǇ͕ ƉĞƌŝŽĚŝĐ
ƟĚĂů ƐŝŐŶĂůƐ͕ ĂŶĚ ƐƚŽƌŵ ƐƵƌŐĞƐ͘ dŚĞ ȂϮϬ Đŵ ŽĨ ĐůŝŵĂƟĐĂůůǇͲĚƌŝǀĞŶ ƚǁĞŶƟĞƚŚͲĐĞŶƚƵƌǇ ƐĞĂ ůĞǀĞů ƌŝƐĞ ůĞĚ ƚŽ ĂĐƵƚĞ
ŝŵƉĂĐƚƐ ĨŽƌ ĮŌǇ ƚŚŽƵƐĂŶĚ ĂĚĚŝƟŽŶĂů ƌĞƐŝĚĞŶƚƐ ŽĨ EĞǁ zŽƌŬ ŝƚǇ ǁŚĞŶ ƚŚĞ ĐŝƚǇ ǁĂƐ Śŝƚ ďǇ ^ƵƉĞƌƐƚŽƌŵ ^ĂŶĚǇ
;ůŝŵĂƚĞ ĞŶƚƌĂů͕ ϮϬϭϯͿ͖ ƚŚŝƐ ŝŵƉĂĐƚ ǁĂƐ ĞǆĂĐĞƌďĂƚĞĚ ďĞĐĂƵƐĞ ƚŚĞ ƐƚŽƌŵ ƐƵƌŐĞ ŽĐĐƵƌƌĞĚ ŝŶ ƐƵƉĞƌƉŽƐŝƟŽŶ ǁŝƚŚ
ƉƌĞͲĞǆŝƐƟŶŐ ƐĞĂ ůĞǀĞů ƌŝƐĞ ;ĂƐ ǁĞůů ĂƐ ŚŝŐŚ ƟĚĞͿ͘ /DƐ͕ ĂƐ ƚŚĞǇ ĂƌĞ ĐƵƌƌĞŶƚůǇ ƐƚƌƵĐƚƵƌĞĚ͕ ĚŽ ŶŽƚ ĐĂƉƚƵƌĞ ƚŚĞƐĞ
ŬŝŶĚƐ ŽĨ ĂĐƵƚĞ ŝŵƉĂĐƚƐ ĂŶĚ ŝŶƐƚĞĂĚ ǁŽƵůĚ ŵŽĚĞů ƚŚĞ ŝŵƉĂĐƚ ŽĨ Ă ĐǇĐůŽŶĞͲŝŶĚƵĐĞĚ ƐƵƌŐĞ ĂƐ Ă ƐŵĂůů ŝŶĐƌĞĂƐĞ ŝŶ
ĂǀĞƌĂŐĞ ƐĞĂ ůĞǀĞů ƐƉƌĞĂĚ ĂĐƌŽƐƐ ŵĂŶǇ ǇĞĂƌƐ͘
EĂƚƵƌĂů ƐǇƐƚĞŵ ƐƚŽĐŚĂƐƟĐŝƚǇ ŝƐ ŶŽƚ ůŝŵŝƚĞĚ ƚŽ ƐĞĂ ůĞǀĞů ĂŶĚ ŇŽŽĚŝŶŐ͖ ŝƚ ŝƐ ƵďŝƋƵŝƚŽƵƐ ĂŶĚ ĂīĞĐƚƐ ŵŽƐƚ ĐůŝŵĂƚĞ
ĐŚĂŶŐĞ ŝŵƉĂĐƚƐ͘ Ɛ ĂŶŽƚŚĞƌ ĞǆĂŵƉůĞ͕ ĐŽŶƐŝĚĞƌ ĐŽƌŶ ǇŝĞůĚƐ͘ ŵƉůŽǇŝŶŐ ƚŚĞ ŝŵƉĂĐƚ ĨƵŶĐƟŽŶ ŽĨ ^ĐŚůĞŶŬĞƌ ĂŶĚ
ZŽďĞƌƚƐ ;ϮϬϬϵͿ ƚŽ ĚĂŝůǇ ƚĞŵƉĞƌĂƚƵƌĞƐ ĨƌŽŵ dŽƉĞŬĂ͕ <ĂŶƐĂƐ͕ h^ ;EĂƟŽŶĂů ůŝŵĂƚĞ ĂƚĂ ĞŶƚĞƌ͕ ϮϬϭϯͿ͕ ǁĞ ĮŶĚ
ƚŚĂƚ ĐŽƌŶ ǇŝĞůĚ ŽǀĞƌ ƚŚĞ ŝŶƚĞƌǀĂů ϭϵϳϯͲϭϵϵϴ ƐŚŽƵůĚ ŚĂǀĞ ǀĂƌŝĞĚ ďĞƚǁĞĞŶ ϲϬй ĂŶĚ ϭϭϬй ŽĨ ŝƚƐ ĞǆƉĞĐƚĞĚ ǀĂůƵĞ
ĚƵĞ ƚŽ ƚŚĞ ĞīĞĐƚƐ ŽĨ ƚĞŵƉĞƌĂƚƵƌĞ ĂůŽŶĞ ;&ŝŐ͘ ϳͿ͘ dŚĞ ƌĞƚƵƌŶ ŝŶƚĞƌǀĂů ŽĨ Ă ϮϬй ůŽƐƐ ĞǀĞŶƚ ;ŝ͘Ğ͕͘ ǇŝĞůĚ ŽĨ ϴϬй ŽĨ ŝƚƐ
ĞǆƉĞĐƚĞĚ ǀĂůƵĞͿ ǁĂƐ ĂďŽƵƚ ϮϬ ǇĞĂƌƐ͘ /Ŷ &ŝŐƐ͘ ϴ ĂŶĚ ϵ ǁĞ ĞǆĂŵŝŶĞ ƚŚĞ ƉƌŽũĞĐƚĞĚ ĞīĞĐƚ ŽĨ ǁĂƌŵŝŶŐ ŽŶ ĞǆƉĞĐƚĞĚ ĐƌŽƉ
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USA CAN WEU JPK ANZ CEE FSU MDE CAM SAM SAS SEA CHI NAF SSA SIS

ï

ï

&,

Labor productivity impact
(by FUND region per 2°C
in global mean temperature)
ï

&ŝŐƵƌĞ ϲ͗ dŽƉ ůĞŌ͗ ŵƉŝƌŝĐĂů ĞƐƟŵĂƚĞ ŽĨ ƚŚĞ ƌĞƐƉŽŶƐĞ ŽĨ ůĂďŽƌ ƉƌŽĚƵĐƟǀŝƚǇ ƚŽ ƚĞŵƉĞƌĂƚƵƌĞ ĞǆƉŽƐƵƌĞ ǁŝƚŚ ϵϱй
ĐŽŶĮĚĞŶĐĞ ŝŶƚĞƌǀĂů ;ŐƌĂǇͿ ;,ƐŝĂŶŐ͕ ϮϬϭϬͿ͘ dŚĞ ĞƐƟŵĂƚĞ ŝƐ ďĂƐĞĚ ƵƉŽŶ ĂŶĂůǇƐŝƐ ŽĨ ƚŚĞ ŝŶŇƵĞŶĐĞ ŽĨ ĂŶŶƵĂů͕ ŵŽŶƚŚůǇ
ĂŶĚ ĚĂŝůǇ ƚĞŵƉĞƌĂƚƵƌĞ ǀĂƌŝĂƟŽŶƐ ŽŶ ŽǀĞƌĂůů ĞĐŽŶŽŵŝĐ ŽƵƚƉƵƚ ;'WͿ ŝŶ Ϯϴ ĐŽƵŶƚƌŝĞƐ ŝŶ ƚŚĞ ĂƌŝďďĞĂŶ ĂŶĚ ĞŶƚƌĂů
ŵĞƌŝĐĂ ;ϭϵϳϬͲϮϬϬϲͿ ƵƐŝŶŐ ƉĂŶĞů ĚĂƚĂ ĚŝƐĂŐŐƌĞŐĂƚĞĚ ďǇ ŝŶĚƵƐƚƌǇ͕ ĂŶĚ ĂĐĐŽƵŶƟŶŐ ĨŽƌ ƉƌĞĐŝƉŝƚĂƟŽŶ͕ ŚƵƌƌŝĐĂŶĞ
ĞǆƉŽƐƵƌĞ͕ ƵŶŽďƐĞƌǀĞĚ ĐŽŶƐƚĂŶƚ ĚŝīĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ ĐŽƵŶƚƌŝĞƐ͕ ƐĞĐƵůĂƌ ƚƌĞŶĚƐ ĂŶĚ ĂƵƚŽĐŽƌƌĞůĂƟŽŶ͘ >ŽǁĞƌ ůĞŌ͗
ƚŚĞ ƉƌŽũĞĐƚĞĚ ĐŚĂŶŐĞ ŝŶ ƚĞŵƉĞƌĂƚƵƌĞ ĞǆƉŽƐƵƌĞ ŽĨ ƚŚĞ ŐůŽďĂů ƉŽƉƵůĂƟŽŶ ;ĂĐƌŽƐƐ Ăůů ƌĞŐŝŽŶƐͿ ƵŶĚĞƌ Ϯ  לǁĂƌŵŝŶŐ ŝŶ
ŐůŽďĂů ŵĞĂŶ ƚĞŵƉĞƌĂƚƵƌĞ͘ ZŝŐŚƚ͗ ƚŚĞ ĐŽƌƌĞƐƉŽŶĚŝŶŐ ůŽƐƐ ŝŶ ůĂďŽƌ ƉƌŽĚƵĐƟǀŝƚǇ͕ ďƌŽŬĞŶ ĚŽǁŶ ĂĐĐŽƌĚŝŶŐ ƚŽ &hE
ƌĞŐŝŽŶ͘
ǇŝĞůĚ͕ ƚŚĞ ϱƚŚͲϵϱƚŚ ƉĞƌĐĞŶƟůĞƐ ŽĨ ĐƌŽƉ ǇŝĞůĚ͕ ĂŶĚ ƚŚĞ ƌĞƚƵƌŶ ŝŶƚĞƌǀĂůƐ ŽĨ ĐƌŽƉ ůŽƐƐ ĞǀĞŶƚƐ͘ tŝƚŚ ϭ  לŽĨ ǁĂƌŵŝŶŐ͕ ƚŚĞ
ƌĞƚƵƌŶ ŝŶƚĞƌǀĂů ŽĨ Ă ϮϬй ůŽƐƐ ĞǀĞŶƚ ĚƌŽƉƐ ƚŽ ϭϮ ǇĞĂƌƐ͖ ǁŝƚŚ Ϯ  לŽĨ ǁĂƌŵŝŶŐ͕ ƚŽ ϳ ǇĞĂƌƐ͖ ĂŶĚ ǁŝƚŚ ϰ  לŽĨ ǁĂƌŵŝŶŐ͕
ŝƚ ĚƌŽƉƐ ƚŽ ϭ͘Ϯ ǇĞĂƌƐ͘ ƐƟŵĂƚĞƐ ŽĨ ǁĞůĨĂƌĞ ůŽƐƐĞƐ ĂŶĚ ĞīĞĐƟǀĞ ĂĚĂƉƟǀĞ ŵĞĂƐƵƌĞƐ ŵƵƐƚ ďŽƚŚ ƚĂŬĞ ŝŶƚŽ ĂĐĐŽƵŶƚ
ƚŚĞ ŝŶĐƌĞĂƐŝŶŐ ĨƌĞƋƵĞŶĐǇ ŽĨ ĞǆĐĞƉƟŽŶĂůůǇ ůŽǁ ŚĂƌǀĞƐƚ ǇĞĂƌƐ ĂŶĚ ƚŚĞ ƐƚƌĂŝŶ ƚŚĞǇ ĞǆĞƌƚ ŽŶ ŝŶƐƵƌĂŶĐĞ ĂŶĚ ƐĂĨĞƚǇ
ŶĞƚǁŽƌŬƐ͕ ŶŽƚ ũƵƐƚ ƚŚĞ ĐŚĂŶŐĞ ŝŶ ĞǆƉĞĐƚĞĚ ĂŐƌŝĐƵůƚƵƌĂů ǇŝĞůĚ͘ tŝƚŚ ϭ  לŽĨ ǁĂƌŵŝŶŐ͕ ƚŚĞ ŝŶĐƌĞĂƐĞĚ ĨƌĞƋƵĞŶĐǇ ŽĨ
ƚŚĞ ϮϬй ůŽƐƐ ĞǀĞŶƚ͕ ŶŽƚ ƚŚĞ ŵŝŶŽƌ ĚƌŽƉ ŝŶ ĞǆƉĞĐƚĞĚ ǇŝĞůĚƐ͕ ŵĂǇ ĚƌŝǀĞ ǁĞůĨĂƌĞ ŝŵƉĂĐƚƐ͖ ŝŶ ƚŚĞŝƌ ƉƌĞƐĞŶƚ ĨŽƌŵ͕ ŵŽƐƚ
/DƐ ĐĂŶ ĚĞĂů ŽŶůǇ ǁŝƚŚ ƚŚĞ ůĂƩĞƌ͕ ŶŽƚ ƚŚĞ ĨŽƌŵĞƌ͘
/DƐ ĐŽƵůĚ ŝŶĐŽƌƉŽƌĂƚĞ ƌĞŐŝŽŶĂů ĐůŝŵĂƚŽůŽŐŝĐĂů ǀĂƌŝĂďŝůŝƚǇ ŝŶƚŽ DŽŶƚĞ ĂƌůŽ ƐŝŵƵůĂƟŽŶƐ͕ ĞŵƉůŽǇŝŶŐ ĂƐ Ă ĮƌƐƚ ĞƐƟͲ
ŵĂƚĞ ŚŝƐƚŽƌŝĐĂů ĞƐƟŵĂƚĞƐ ŽĨ ǀĂƌŝĂŶĐĞ͕ ŵƵĐŚ ĂƐ ǁĞ ŚĂǀĞ ŝŶ ƚŚŝƐ ĞǆĂŵƉůĞ͘ ĂƌƚŚ ƐǇƐƚĞŵ ŵŽĚĞů ĞƐƟŵĂƚĞƐ ŽĨ ĐŚĂŶŐĞƐ
ŝŶ ǀĂƌŝĂŶĐĞ ĐŽƵůĚ ƌĞĮŶĞ ƚŚŝƐ ĂƉƉƌŽĂĐŚ͘ ĐŽŶŽŵŝĐ ƐƚŽĐŚĂƐƟĐŝƚǇ ŚĂƐ ĂůƌĞĂĚǇ ďĞĞŶ ŝŶĐŽƌƉŽƌĂƚĞĚ ŝŶ ƐŽŵĞ ƐƚƵĚŝĞƐ
ƚŚƌŽƵŐŚ ƚŚĞ ƵƐĞ ŽĨ ĚǇŶĂŵŝĐ ƐƚŽĐŚĂƐƟĐ ŐĞŶĞƌĂů ĞƋƵŝůŝďƌŝƵŵ ŵŽĚĞůƐ ;Ğ͘Ő͕͘ 'ĞƌƐƚ Ğƚ Ăů͕͘ ϮϬϭϯͿ͘ tĞ ĞǆƉĞĐƚ ƚŚĂƚ ŝŶƚĞƌͲ
ĂĐƟŽŶƐ ďĞƚǁĞĞŶ ĞĐŽŶŽŵŝĐ ǀĂƌŝĂďŝůŝƚǇ ĂŶĚ ǁĞĂƚŚĞƌ ƚŚĂƚ ǁŽƵůĚ ĞŵĞƌŐĞ ĨƌŽŵ ƚŚĞ ŝŶĐůƵƐŝŽŶ ŽĨ ƚŚĞƐĞ ĨĂĐƚŽƌƐ ǁŽƵůĚ
ĂĐƚ ŝŶ ƐŽŵĞ ĐĂƐĞƐ ĂƐ Ă ĚĂŵƉĞŶŝŶŐ ĨĂĐƚŽƌ ĂŶĚ ŝŶ ƐŽŵĞ ĐĂƐĞƐ ĂƐ ĂŶ ĂŵƉůŝĨǇŝŶŐ ĨĂĐƚŽƌ ƚŽ ĐůŝŵĂƚĞ ĚĂŵĂŐĞƐ͘

ϰ ŽŶĐůƵƐŝŽŶƐ ĂŶĚ ŶĞǆƚ ƐƚĞƉƐ
&Žƌ ďĞŶĞĮƚͲĐŽƐƚ /DƐ ƚŽ ďĞ ƐƵŝƚĂďůĞ ĨŽƌ ƌĞĂůͲǁŽƌůĚ ƉŽůŝĐǇ ĂŶĂůǇƐŝƐ͕ ƚŚĞŝƌ ĚĂŵĂŐĞ ĞƐƟŵĂƚĞƐ ŶĞĞĚ ƚŽ ƌĞŇĞĐƚ ƚŚĞ
ĂǀĂŝůĂďůĞ ŝŵƉĂĐƚ ůŝƚĞƌĂƚƵƌĞ͘ /ƚ ŝƐ ƵŶƌĞĂƐŽŶĂďůĞ ƚŽ ĞǆƉĞĐƚ Ă ŚĂŶĚĨƵů ŽĨ ƐŵĂůů ƌĞƐĞĂƌĐŚ ŐƌŽƵƉƐ͕ ŵŽƟǀĂƚĞĚ ƉƌŝŵĂƌŝůǇ
ďǇ ƚŚĞ ƉƵƌƐƵŝƚ ŽĨ ƌĞƐĞĂƌĐŚ ƋƵĞƐƟŽŶƐ ŽĨ ĂĐĂĚĞŵŝĐ ĞĐŽŶŽŵŝĐƐ ŝŶƚĞƌĞƐƚ͕ ƚŽ ŵĂŶĂŐĞ ƚŚŝƐ ƚĂƐŬ ŽŶ ƚŚĞŝƌ ŽǁŶ͘ ŽŵͲ
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Mean growing season temperature (C)
26
24
22
20
18

1975

1980

1985

1990

1995

1990

1995

1990

1995

Growing season degree days
4500
4000
3500
3000

1975

1980

1985
Yield relative to expected

1
0.8
0.6

1975

1980

1985

&ŝŐƵƌĞ ϳ͗ DĞĂŶ ŐƌŽǁŝŶŐ ƐĞĂƐŽŶ ƚĞŵƉĞƌĂƚƵƌĞ͕ ŐƌŽǁŝŶŐ ƐĞĂƐŽŶ ĚĞŐƌĞĞ ĚĂǇƐ͕ ĂŶĚ ĐŽƌŶ ǇŝĞůĚ ƌĞůĂƟǀĞ ƚŽ ĞǆƉĞĐƚĞĚ
ĐŽƌŶ ǇŝĞůĚ ĐĂůĐƵůĂƚĞĚ ƵƐŝŶŐ ƚŚĞ ĞŵƉŝƌŝĐĂů ŝŵƉĂĐƚ ĨƵŶĐƟŽŶ ŽĨ ^ĐŚůĞŶŬĞƌ ĂŶĚ ZŽďĞƌƚƐ ;ϮϬϬϵͿ ĨŽƌ dŽƉĞŬĂ͕ <ĂŶƐĂƐ͕
ϭϵϳϯͲϭϵϵϴ͘ ;ĂƚĂ ĨƌŽŵ EĂƟŽŶĂů ůŝŵĂƚĞ ĂƚĂ ĞŶƚĞƌ ;ϮϬϭϯͿ͘Ϳ
ŵƵŶŝƚǇ ŝŶĨƌĂƐƚƌƵĐƚƵƌĞ ĐŽƵůĚ ƚŚĞƌĞĨŽƌĞ ŵĂŬĞ Ă ĐƌŝƟĐĂů ĐŽŶƚƌŝďƵƟŽŶ͘ tĞ ƉƌŽƉŽƐĞ Ă ƉƌŽĐĞĚƵƌĞ ĨŽƌ ĚĞǀĞůŽƉŝŶŐ ƚŚŝƐ
ŝŶĨƌĂƐƚƌƵĐƚƵƌĞ͕ ƐŽ ƚŚĂƚ ĞŵƉŝƌŝĐĂů ƌĞƐĞĂƌĐŚĞƌƐ ǁŝůů ďĞ ĂďůĞ ƚŽ ĞĂƐŝůǇ ͞ƵƉůŽĂĚ͟ ƚŚĞŝƌ ƌĞƐƵůƚƐ ƐŽ ƚŚĂƚ ƚŚĞǇ ĐĂŶ ďĞ ŝŵͲ
ŵĞĚŝĂƚĞůǇ ĂŶĚ ĂƵƚŽŵĂƟĐĂůůǇ ŝŶƚĞŐƌĂƚĞĚ ;ŝŶ Ă ĂǇĞƐŝĂŶ ĨĂƐŚŝŽŶͿ ŝŶƚŽ ƐƵďƐĞƋƵĞŶƚ /DƐ͘
tĞ ĂůƐŽ ŶŽƚĞ ƚŚĂƚ ŶŽ ĞǆŝƐƟŶŐ /D ƚĂŬĞƐ ŝŶƚŽ ĂĐĐŽƵŶƚ ŶĂƚƵƌĂů ĐůŝŵĂƟĐ ƐƚŽĐŚĂƐƟĐŝƚǇ ;ǁĞĂƚŚĞƌͿ͕ ďƵƚ ǁŚĞƚŚĞƌ ŝŵƉĂĐƚƐ
ĂƌĞ ĚŝƐƚƌŝďƵƚĞĚ ƐŵŽŽƚŚůǇ ƚŚƌŽƵŐŚ ƟŵĞ Žƌ ĐŽŶĐĞŶƚƌĂƚĞĚ ŝŶ ĞǆƚƌĞŵĞ ĞǀĞŶƚƐ ǁŝůů ƐŝŐŶŝĮĐĂŶƚůǇ ĂīĞĐƚ ďŽƚŚ ƚŚĞ ŶĂƚƵƌĞ
ŽĨ ƐƵŝƚĂďůĞ ĂĚĂƉƚĂƟŽŶ ŵĞĐŚĂŶŝƐŵƐ ĂŶĚ͕ ŝŶ ƚŚĞ ĂďƐĞŶĐĞ ŽĨ ƉĞƌĨĞĐƚ ƐĂĨĞƚǇ ŶĞƚƐ͕ ƚŚĞ ŶĂƚƵƌĞ ŽĨ ƚŚĞ ĂƐƐŽĐŝĂƚĞĚ ǁĞůĨĂƌĞ
ŝŵƉĂĐƚƐ͘ Ŷ /D ĚƌĂǁŝŶŐ ƵƉŽŶ ŐƌŝĚĚĞĚ ĞƐƟŵĂƚĞƐ ŽĨ ĐůŝŵĂƚĞ ǀĂƌŝĂďŝůŝƚǇ ǁŽƵůĚ ƉƌŽǀŝĚĞ Ă ŵŽƌĞ ƌĞĂůŝƐƟĐ ƉŝĐƚƵƌĞ ĨŽƌ
ŵĂŶǇ ĐĂƚĞŐŽƌŝĞƐ ŽĨ ŝŵƉĂĐƚƐ͘

ĐŬŶŽǁůĞĚŐĞŵĞŶƚƐ

Z< ǁĂƐ ƐƵƉƉŽƌƚĞĚ ďǇ Ă ŐƌĂŶƚ ĨƌŽŵ ƚŚĞ h͘^͘ ĞƉĂƌƚŵĞŶƚ ŽĨ ŶĞƌŐǇ ĂŶĚ ƚŚĞ h͘^͘ ůŝŵĂƚĞ ŚĂŶŐĞ dĞĐŚŶŽůŽŐǇ WƌŽŐƌĂŵ͘

ZĞĨĞƌĞŶĐĞƐ

ZĞĨĞƌĞŶĐĞƐ
ŶƚŚŽī͕ ͕͘ dŽů͕ Z͘ ^͘ :͕͘ ϮϬϭϮ͘ dŚĞ ĐůŝŵĂƚĞ ĨƌĂŵĞǁŽƌŬ ĨŽƌ ƵŶĐĞƌƚĂŝŶƚǇ͕ ŶĞŐŽƟĂƟŽŶ ĂŶĚ ĚŝƐƚƌŝďƵƟŽŶ ;&hEͿ͕ ƚĞĐŚŶŝĐĂů ĚĞͲ
ƐĐƌŝƉƟŽŶ͕ ǀĞƌƐŝŽŶ ϯ͘ϲ͘ ?iiT,ffrrrX7mM/@KQ/2HXQ`;f
ƵĭĂŵŵĞƌ͕ D͕͘ ƌŽŽŶƌƵĞŶŐƐĂǁĂƚ͕ ͕͘ ϮϬϭϭ͘ ^ŝŵƵůĂƟŶŐ ƚŚĞ ŝŵƉĂĐƚƐ ŽĨ ĐůŝŵĂƚĞ ĐŚĂŶŐĞ͕ ƉƌŝĐĞƐ ĂŶĚ ƉŽƉƵůĂƟŽŶ ŽŶ ĂůŝĨŽƌͲ
ŶŝĂ͛Ɛ ƌĞƐŝĚĞŶƟĂů ĞůĞĐƚƌŝĐŝƚǇ ĐŽŶƐƵŵƉƟŽŶ͘ ůŝŵĂƟĐ ŚĂŶŐĞ ϭϬϵ͕ ϭϵϭʹϮϭϬ͘
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Topeka, KS − Corn yield − 1973−1998 + warming

Yield rel. to expected under no warming

1

0.8

0.6

0.4

0.2

0
−6

Empirical − Expected
Empirical − 1 in 20 years
FUND T−dependent
AR4 (corn, mid−lat, no adapt.)
−4

−2

0
Warming (C)

2

4

6

&ŝŐƵƌĞ ϴ͗ ǆƉĞĐƚĞĚ ĐƌŽƉ ǇŝĞůĚ ;ŚĞĂǀǇ ďůĂĐŬ ĐƵƌǀĞͿ ĂŶĚ ϱƚŚ ĂŶĚ ϵϱƚŚ ƉĞƌĐĞŶƟůĞƐ ŽĨ ĐƌŽƉ ǇŝĞůĚ ;ĚĂƐŚĞĚ ůŝŶĞƐͿ ĨŽƌ
dŽƉĞŬĂ͕ <ĂŶƐĂƐ͕ ƵƐŝŶŐ ĚĂŝůǇ ƚĞŵƉĞƌĂƚƵƌĞƐ ĨƌŽŵ ϭϵϴϬͲϮϬϭϮ ŝŶĐƌĞŵĞŶƚĞĚ ďǇ ĚŝīĞƌĞŶƚ ůĞǀĞůƐ ŽĨ ǁĂƌŵŝŶŐ͘ &Žƌ ĐŽŵͲ
ƉĂƌŝƐŽŶ͕ ĐƌŽƉ ǇŝĞůĚƐ ĨƌŽŵ ƚŚĞ ŵŽĚĞůƐ ƐƵŵŵĂƌŝǌĞĚ ŝŶ /W Zϰ ĨŽƌ ŵŝĚͲůĂƟƚƵĚĞƐ ĂŶĚ ŶŽ ĂĚĂƉƚĂƟŽŶ ;ĂƐƚĞƌůŝŶŐ
Ğƚ Ăů͕͘ ϮϬϬϳͿ ĂƌĞ ŝŶĚŝĐĂƚĞĚ ďǇ ƚŚĞ ƌĞĚ ĚŝĂŵŽŶĚƐ ĂŶĚ ƚŚĞ ƚĞŵƉĞƌĂƚƵƌĞͲĚĞƉĞŶĚĞŶƚ ƚĞƌŵ ŽĨ h͘^͘ ĂŐƌŝĐƵůƚƵƌĂů ƉƌŽĚͲ
ƵĐƚ ĐŚĂŶŐĞ ĨƌŽŵ &hE ϯ͘ϲ ŝƐ ƐŚŽǁŶ ŝŶ ŐƌĞĞŶ ŶƚŚŽī ĂŶĚ dŽů ;ϮϬϭϮͿ͘
ůŝŵĂƚĞ ĞŶƚƌĂů͕ ϮϬϭϯ͘ ^ƵƌŐŝŶŐ ƐĞĂƐ͘ ?iiT,ffb2H2p2HX+HBKi2+2Mi`HXQ`;f
ĂƐƚĞƌůŝŶŐ͕ t͕͘ ŐŐĂƌǁĂů͕ W͕͘ ĂƟŵĂ͕ W͕͘ ƌĂŶĚĞƌ͕ <͕͘ ƌƵŝŶƐŵĂ͕ :͕͘ ƌĚĂ͕ >͕͘ ,ŽǁĚĞŶ͕ D͕͘ <ŝƌŝůĞŶŬŽ͕ ͕͘ DŽƌƚŽŶ͕ :͕͘ ^ŽƵƐƐĂŶĂ͕
:͘ &͕͘ ^ĐŚŵŝĚŚƵďĞƌ͕ :͕͘ dƵďŝĞůůŽ͕ &͘ E͕͘ ϮϬϬϳ͘ &ŽŽĚ͕ ĮďƌĞ͕ ĂŶĚ ĨŽƌĞƐƚ ƉƌŽĚƵĐƚƐ͘ /Ŷ͗ WĂƌƌǇ͕ D͘ >͕͘ ĂŶǌŝĂŶŝ͕ K͘ &͕͘ WĂůƵƟŬŽĨ͕ :͘ W͕͘
ǀĂŶ ĚĞƌ >ŝŶĚĞŶ͕ W͘ :͕͘ ,ĂŶƐŽŶ ;ĚƐ͘Ϳ͕ ůŝŵĂƚĞ ŚĂŶŐĞ ϮϬϬϳ͗ /ŵƉĂĐƚƐ͕ ĚĂƉƚĂƟŽŶ ĂŶĚ sƵůŶĞƌĂďŝůŝƚǇ͘ ŽŶƚƌŝďƵƟŽŶ ŽĨ tŽƌŬŝŶŐ
'ƌŽƵƉ // ƚŽ ƚŚĞ &ŽƵƌƚŚ ƐƐĞƐƐŵĞŶƚ ZĞƉŽƌƚ ŽĨ ƚŚĞ /ŶƚĞƌŐŽǀĞƌŶŵĞŶƚĂů WĂŶĞů ŽŶ ůŝŵĂƚĞ ŚĂŶŐĞ͘ ĂŵďƌŝĚŐĞ hŶŝǀĞƌƐŝƚǇ WƌĞƐƐ͕
ĂŵďƌŝĚŐĞ͕ ƉƉ͘ Ϯϳϯʹϯϭϯ͘ ?iiT,ffBT++@r;kX;Qpf_9faP.f*?y8XT/7
'ĞƌƐƚ͕ D͕͘ ,ŽǁĂƌƚŚ͕ Z͕͘ ŽƌƐƵŬ͕ D͕͘ ϮϬϭϯ͘ dŚĞ ŝŶƚĞƌƉůĂǇ ďĞƚǁĞĞŶ ƌŝƐŬ ĂƫƚƵĚĞƐ ĂŶĚ ůŽǁ ƉƌŽďĂďŝůŝƚǇ͕ ŚŝŐŚ ĐŽƐƚ ŽƵƚĐŽŵĞƐ ŝŶ
ĐůŝŵĂƚĞ ƉŽůŝĐǇ ĂŶĂůǇƐŝƐ͘ ŶǀŝƌŽŶŵĞŶƚĂů DŽĚĞůŝŶŐ ĂŶĚ ^ŽŌǁĂƌĞ ϰϭ͕ ϭϳϲʹϭϴϰ͘
,ŽƉĞ͕ ͕͘ ϮϬϬϲ͘ dŚĞ ŵĂƌŐŝŶĂů ŝŵƉĂĐƚ ŽĨ Kଶ ĨƌŽŵ W'ϮϬϬϮ͗ ĂŶ ŝŶƚĞŐƌĂƚĞĚ ĂƐƐĞƐƐŵĞŶƚ ŵŽĚĞů ŝŶĐŽƌƉŽƌĂƟŶŐ ƚŚĞ /W͛Ɛ ĮǀĞ
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Abstract
Individual decision making should matter for the design of climate policy. Especially responses to
uncertainty will determine whether one can gain support for climate policy. Communication of its
magnificence is vital to garner just this. This paper addresses the individual mind, focusing on similar
cognitive barriers of both the citizen and the policy maker. Using the existing literature on
behavioural decision making, two cognitive barriers that seem to get in the way of desired climate
policy are highlighted: positive illusion and interpreting behaviour in a self-serving manner. For
human beings, positive illusions serve as a necessary buffer in dealing with negative information
about potentially disastrous future developments. In the context of climate change unrealistic
optimism and the illusion of control stand in the way of climate policy. With regard to the second
behavioural feature, it is in human nature to behave in a self-interested manner, more so when
facing limited resources. Climate policies should be communicated in a way that does not instill such
perceptions. For example, climate policies are designed to go into effect well into the future but
inflict unwanted immediate self-anxieties that end up blocking such imperative policies
unnecessarily. Thus communication which pays attention to words used influences expectations and
information processed cognitively by a person.
The paper ends with solutions and tentative proposals on steering such biases so as to foster
effective policy. Key questions from the behavioural decision making perspective are elaborated
along with its contribution and important implications to the ever evolving trans-disciplinary
framework in tackling barriers towards climate policies.
Keywords: Behaviour, Consensus, Climate Change, Decisions

1 Introduction
Climate change presents a novel psychological dilemma to humanity, for various reasons having to
do with high levels of uncertainty that is spread out in time and space. The timing for negotiating an
international climate agreement is limited while the required steps necessary for adopting
appropriate climate policies are in a crucial stage.
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If the assumption is that humans are rational beings, effective climate policies would already be in
place on the regional, national and international level. But international climate talks have failed to
reach a clear consensus. The question is why? It is essential to understand behavior and cognitive
perception in relation to interpretations of and negotiations for climate change. It is a new, unique
phenomenon, making it difficult for our minds to comprehend, partly because we have the tendency
to not respond to it in a rational manner.

2 The role of the individual mind
Climate policy represents a complex issue that affects all regions of the world with a multi-level
agreement needed across all geographical areas. It is thus important to communicate the magnitude
and levels of uncertainty whilst taking into account psychological or more precisely cognitive barriers
that are present in the human mind, be it of a policy maker or the wider public. Cognitive barriers in
this paper are defined as heuristics used by people to simplify strategies when making choices or
judgments often leading to systematic and predictable mistakes (Shu and Bazerman, 2010, Tversky
and Kahneman, 1974).
The basis of behavioural decision making lies in its recognition that it is on the individual level of
human-caused climate change that it can have potential influence (Clayton and Brook, 2005). Part of
the problem is inadequate dissemination of information between science, policy makers and citizens
(Carvalho, 2007; Johnson and Levin, 2009) Behavioural literature has robust empirical evidence to
understand cognitive limitations and to a lesser extent how to surpass these limitations when
designing and communicating climate policy.

2.1 Tragedy of the commons or cognition?
It is known that when a group of people share a common limited pool of resources they often act
independently based on own self-interest, as a result of which they deplete the shared resources
even though it is no one’s intention to do so (Hardin, 1968). It is useful to understand how this
behavior arises in the first place, through the concept of cognitive limitations that drives us to
behave in ways that are sometimes unintentional and is often boundedly irrational on the collective
level. In terms of climate change, why are we still behaving the way we do despite knowing our
actions have detrimental repercussions for the biosphere, ourselves and coming generations?
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Our ancestors developed systematic biases and heuristics in daily judgments and decision making to
aid basic survival choices. These biases and heuristics are simplified versions of cognitive processes
such as guesses or assumptions that have been used before to ease decision making. However, in
today’s world of technology, industrial power and media, these psychological biases can lead to
disasters on a large scale (Johnson and Levin, 2009). These psychological biases are inherent in the
human brain and have been confirmed through experimental and economic research (Simon, 1955.
Tversky and Kahneman, 1974, 1979, Camerer, Loewenstein, Rabin, 2004).
These heuristics and biases at one time served as evolutionary survival tools and reproduction
needs. However, today they serve as the unnecessary immediate gratification desired at the
expense of a long term projected goal, which is typical in human behaviour. This sheds light to a
person’s response climate policies which incurs short term costs and long term benefits.
This paper highlights two well researched cognitive limitations that seem to get in the way of
misinterpreting and repelling climate policy, namely positive illusion and behaving in a self-serving
manner. This is followed by recommendations on how to steer these biases towards effective policy.

2.2.1. Positive illusion
People view themselves, the world and the future in a considerably more positive way than is
objective (Taylor and Lobel, 1989). Positive illusions are used to enhance and protect self-esteem,
re-assert personal control in a given circumstance as well as heighten optimism about the future.
Furthermore, heightened perception in threat causes increased use of positive illusions in efforts to
restore or enhance such perceptions of oneself (Taylor and Lobel, 1989). For example, people
generally expect one´s own future to be better than others and also are more optimistic about their
future job prospects or even being featured in a newspaper. Furthermore, , studies on heart
patients, cancer patients and people living with AIDS (Taylor et al 1991) show that they believed they
were coping physically better than patients like themselves (self-enhancement). As climate change
is seen as a negative event both to mental and physical health (APA, 2009) positive illusion can
explain how people distort the truth to obtain something that does not seem threatening anymore.
Another factor essential to the inattention for climate change is perceived control over
uncontrollable events. For example, AIDS patients typically exert they have control over their daily
lives such as how to dress or decide about daily events. Or experienced dice players believe ‘soft’
throws influences the dice to roll lower numbers (Langer 1975). Additionally, positive illusions are
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more likely in situations of ambiguity, lack of feedback and threat. This is a perfect recipe for disaster
in the setting of climate change as it represents a phenomenon that is negative, uncertain and to a
certain extent, uncontrollable. As a result, unrealistic illusion will be generated by the mind and can
explain certain inaction of climate issues.
The inaction of the US government under George W. Bush, one of the most influential climate
skeptics, can perhaps be understood along these lines. The United States is likely to be altered by
the effects of climate change with the oceanfront land of Florida becoming uninhabitable but has
still failed to respond with controlling or reducing the country’s heavy reliance on fossil fuels. The
most threatened groups are the auto manufacturers, oil and gas companies and officials closely tied
to these industries; they are the quickest to develop positive illusions (Johnson and Levin, 2009).
Taylor and Lobel (1989) characterize these as efforts to reduce perceived threat with unrealistic
optimism and control. Among the positive illusion used is the unrealistic optimistic belief that
variances in climate change will be far less significant than the scientific community predicted.
Further, the costs of prevention and abatement are amplified by politicians and industries that will
be mostly affected by them.
2.2.2. Interpreting behavior in a self-serving manner
Creating climate policy in any nation or at an intergovernmental level typically depends on the
benefits of reducing greenhouse emissions compared to the costs of doing so. Scrutinising how
people behave in economic decision making is insightful, especially in circumstances with high
uncertainty. Looking at previous climate talks, such as the Copenhagen conference, shows how
different parties have varied assessments of an agreement. Emerging countries such as India and
China blame the West for their past excessive consumption. Germany and much of the European
Union is leading the way in effective climate policies. However, the U.S. government failed to
contribute to such an agreement in turn blaming India and China for accepting little responsibility.
These disagreements can partly be understood through the self-serving bias; to decide what is fair
based on what benefits oneself.
Psychologists have provided robust evidence on the self-serving bias. The self-serving bias is
illustrated by the fact that more than half of survey respondents typically rate themselves in an
above average category regarding desirable skills, such as ethics, productivity and health (Weinstein,
1980). This bias is also generalized to a group they are affiliated with. For instance, an early study by
Hastorf and Cantril (1954) carried out an experiment with students from Princeton and Dartmouth
4
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watching a football game between their two teams. The results showed how Princeton students saw
Darthmouth commit twice as many fouls than their own team. It was as if the two groups of
students “saw a different game”. How then will individuals react to a dilemma such as climate issues
and policy where interests are often different?
International climate negotiations have usually ended with deadlocks towards a consensus for a
common climate framework. Moreover, the problem is worsened due to an inability to view
information objectively which is not a deliberate aspiration to be unfair (Shu and Bazerman, 2010).
Discerning the self-serving bias is vital in overcoming such impasse.

3

Surpassing Cognitive Barriers

It is illustrated how we have cognitive biases that strongly prevent decisions and reactions towards
climate policy. Unfortunately, scant research is available on steering such biases towards positive
reception of climate policies. There are few novel studies that lay steps towards the way forward.

3.1 Diminishing positive illusion
As illustrated earlier, positive illusion though vital in protecting one´s self esteem and sense of
control can be detrimental when it comes to climate decision. Fortunately, positive illusion is seen to
diminish when one has personally lived through a natural disaster. An example of this is seen clearly
in the city of New York where climate skepticism is high. A poll published last year by Siena College
in New York indicated that sixty-nine percent of New Yorkers attributed Hurricane Sandy to climate
change, the highest jump in statistics than any of the preceding years (Kaplan, 2012). This suggests
that positive illusions can be abandoned when personal real life disasters happen. For instance,
scrutinizing the success of the Montreal Protocol which dealt with the issue of ozone depletion
versus the Kyoto Protocol can shed light on communicating, designing and implementing climate
policies (Kaul et al, 1999).

3.2 Reducing Self-Interests
Although the self-serving bias is a complex phenomenon, several experiments have been carried out
on reducing self-serving behavior. When subjects were offered chocolates that cost 10 cents, 5
cents, 1 cent or free, findings indicated surprisingly that the number of chocolates that were taken
reduced by 50 % even though it was free (Ariely, 2009). This finding suggests that when monetary
value is taken out of the equation, social norms take over, hence the concern for others not being
5
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able to have a free chocolate. An assumption can be made in regards to the Cap and Trade system in
the Carbon Market. Ariely (2009) states that allowing carbon tokens to be bought could indicate
that they can go ahead and pollute more if they are able to afford it thus decreasing any existing
social norms.

3.3 Designing choices and other biases
There are a number of other cognitive biases that have significant influence in our decisions but due
to the scope of the paper shall be mentioned briefly. Among them are loss aversion, people
generally dislike loosing than an equal sized gain (Kahneman and Tversky, 1979). Another is high
future discounts, meaning people prefer immediate benefits compared to future ones (Ariely, 2009)
which was mentioned in the opening paragraph of this paper. These biases will be discussed in the
following chapter when designing climate policy.
The option of using ´choice architecture´ to avoid/employ systematic pitfalls in our decisions is
promising (Thaler and Sustein, 2008). An example is utilizing human tendency to stick to the status
quo. Johnson and Goldstein (2003) demonstrated the power of defaults in their investigation of
organ donation behavior in the European Union. Countries with opt out policies showed an effective
rate of 85.9% - 99.98% consent rate compare to opt in policies with 4.25 to 27.5%. Perhaps greener
options could be set as the norm taking advantage of human behavior to avoid decisions and stick to
default options. As for human tendency to avoid losses and highly discount the future, policy can be
designed to portray gains more than losses while slightly delaying its implementation. This gives
time for the public to accept such policies and adjust to the new status quo as it doesn’t inflict
immediate sacrifice (Shu and Bazerman, 2010).

4 Conclusion
In a nutshell, an agreement to prevent no more than a 2 degree global temperature rise requires
immediate climate action. The complexity of communicating a phenomenon that is non-visible but
scientific and global in nature incurs certain cognitive barriers that produce environmentally
destructive behaviours. These cognitive processes were evolutionary developed to aid decision
making in circumstances different than global public goods. As it is present in all of us, be it a policy
maker or a citizen, identifying and addressing these biases when designing climate policy will provide
effective recommendations for researches, decision makers and the wider community.
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Co-designing Usable Knowledge with
Stakeholders and Fostering Ownership – A
Pathway through the communication
problem?
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1

Abstract—Climate change and air pollution both have impacts across a wide range of
sectors. While it is fundamental to communicate scientific findings as basis for decision
making to a variety of stakeholders, it is difficult to establish long-lasting, multi-way
communication and mutual learning between all parties.
Here, we report first lessons learnt from collaborative work with NGOs within the sciencebased “Short-Lived Climate-forcing Pollutants: Research Needs and Pathways to Policy
Implementation” project (ClimPol). With ClimPol, we try to effectively utilize science
through transdisciplinary work for the development of sustainable solutions that integrate
climate change and air pollution mitigation. The inclusive approach of co-designing
knowledge encourages all parties to take ownership in the process and solutions and thus
to be more likely to act on the problem, both at their systemic, policy-driven level, and at
the individual level by collectively supporting the associated structural and lifestyle
developments.
Index Terms—co-production of knowledge, mutual learning, Short-Lived Climate-forcing
Pollutants, transdisciplinary research
————————————————————

1

Introduction

Ideally, sound climate impact science and its results form the basis for the local, regional and global
contexts of policy, governance, technological and socio-economic development. Also, they ideally
facilitate the implementation of climate change mitigation and adaptation measures. However, even
when sufficient knowledge for decisions has been created, widely communicated and even accepted,
concerted global palliative action has proven to be difficult (e.g., Esty and Moffa 2012). While many
challenges have been recognized and debated, only recently have information and knowledge
transfer methodologies between climate science, decision-makers, and society become an integral
part in this field (e.g., Hessels and van Lente 2008, Tàbara and Chabay 2012, Cash et al. 2003, Lemos
and Morehouse 2005, Dilling and Lemos 2011).
Much of science, including climate impact studies, still is conducted in the “mode 1” production of
knowledge as described by Gibbons et al. (1994). In this mode, research happens in a highly academic
context among disciplinary experts. Knowledge is delivered to a wider audience unidirectionally after
the production of results, rather than incorporating stakeholders in the knowledge generation
process from the beginning (e.g., Roux et al. 2006). This linear model of knowledge transfer has only
limited success in bridging the gap between science, policy and society (Reid et al. 2009, McNie
2007).
1
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Humanity faces unprecedented challenges in the Anthropocene, for example hitting the “planetary
boundaries” in light of accelerated global change (Rockström et al. 2009, Crutzen 2002, IGBP 2010).
Highly integrated responses are needed to address these challenges, while traditional science often
delivers meticulously separated information instead (Roux et al. 2006, Tàbara and Chabay 2012). In
many instances there are sufficient incentives and knowledge to act, yet there is an obvious divide
between the available knowledge and actual actions (Tàbara and Chabay 2012, Cash et al. 2003,
McNie 2007).
Approaches to bridging the gap include “mode 2” science, transdisciplinary research, the continuous
engagement model, and the co-generation of usable knowledge (Gibbons et al. 1994, Hessels and van
Lente 2008, Hirsch Hadorn et al. 2006, Dilling and Lemos 2011, Roux et al. 2006, Tàbara and Chabay
2012, KLSC 2011, Reid et al. 2009). All these aim at jointly engaging stakeholders and scientists
throughout the process of knowledge generation. The collaborative effort ensures that all parties gain
ownership in the solution and are thus more likely to make use of it (Hirsch Hadorn et al. 2008,
Wiesmann et al. 2008).
Here we present initial results of transdisciplinary research in the “Short-Lived Climate-forcing
Pollutants: Research Needs and Pathways to Policy Implementation” (ClimPol) project.
“Transdisciplinary” is used here to denote a collaborative research process between scientists and
partners from non-scientific stakeholder communities. The main objective of this project is the cogeneration of solution-oriented knowledge in collaboration with stakeholders. The focus is placed on
short-lived climate-forcing pollutants (SLCPs, such as ozone, methane and particulate matter including black carbon) with the overall objective of finding integrated solutions to the air pollution
and climate change mitigation challenges. This is put into practice, for example, through joint project
groups including civil servants and scientists, and close collaborations with NGOs through joint
workshop and conference organization.
We stress that for the purpose of slowing global warming, there are substantial differences between
mitigating SLCPs or CO2. While CO2 has climatic effects lasting centuries, SLCPs have short
atmospheric lifetimes, and thus could result in a rapid reduction of global warming, by an estimated
0.6 (0.2-0.8) °C within decades (UNEP 2011, WMO 2011, WHO 2012, Shindell et al. 2012). They also
exert immediate, direct local effects across a variety of sectors, such as public health and food
security. Hence, mitigating SLCPs and CO2 is complementary, leading to short-term improvements and
long-term mitigation. The ClimPol approach works on integrated solutions for both air quality and
climate change, focusing especially on SLCPs which have been so far largely neglected compared to
CO2.
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1.1

The ClimPol project

The ClimPol project is intended to span the boundaries between science, policy, and society to
facilitate mutual knowledge transfer triggering policy implementation (science → stakeholders) and
the identification of user-oriented research needs (stakeholders → science). The science-policy
interface is needed to incorporate larger policy and structural change, because long-lasting air
pollution and climate change mitigation measures depend on systemic changes and adapted
infrastructure, rather than exclusively implementing new technologies. The science-society bridge
aims at creating knowledge for society in a way that it ultimately leads to agency and changes in
individual behavior supporting societal change and sustainable development at large (see Fig.1 a).
The project’s multi-level network and the influences of the network on the project are illustrated in
Fig. 1b. Contacts from global to local levels were established because climate change and, to certain
extent, air pollution mitigation strategies require coherent approaches across scales and levels.
Between all levels, information is continuously exchanged and lessons learned are integrated through
methodological adaptation. The globally oriented network ensures the involvement in up-to-date
global action and science, feedback and peer-review from scientists and non-scientist partners for the
improvement of the project’s methodology, and attracts global capacity to be applied at local scales.
At the regional (EU) and national (Germany) scale, contacts share networks and create spaces for
information exchange and dialogues for facilitating the joint development of policy-supporting
science. Locally, on-the-ground transdisciplinary development of mitigation measures is the focus.

a)

serving as platform for
interaction and exchange

decision and
policy makers

civil society

scientists

necessary foundation: bidirectional communication & mutual learning
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information exchange &
methodology extraction

b)
Level

Network

Purpose

global

global political coalition,
interdisciplinary global
working group,
international science
programs, universities

be involved in global action and science,
receiving feedback and peer-review to
improve the science and methodology of
the project, integrate cross-discplinary
perspectives

regional /
national

NGOs, agencies, policy
makers

share networks, create open fora for
conferences and workshops, establish
continuous dialogues, jointly develop policysupporting science

local

cities, NGOs, colleagues,
agencies, ministries

as for regional/national, integrate crossdisciplinary perspectives for regional,
national, and case-specific development of
implementation measures

Fig. 1: a) Main stakeholder communities involved in the ClimPol project, modes and directions of
communication, including the main purposes. b) Sketch of the project’s multi-level network and its
influences on the project.

1.2

Knowledge transfer: Delivering or co-designing knowledge?

As discussed earlier, unidirectional knowledge transfer has proven to be generally unsuccessful
(McNie 2007, Cash et al. 2003). The disciplinary channels of traditional science have been very
successful in their own right (Aumen and Havens 1997), but lose effectiveness for implementation
when they separate inherently coupled components of highly complex issues. Further, scientific
information is often detached from the non-scientific knowledge systems of stakeholders (Tàbara and
Chabay 2012, Roux et al. 2006). This is compounded by the poor discrimination between explicit
information and tacit knowledge. In this context, it is helpful to distinguish between information and
knowledge: Information is purpose-oriented, explicit, organized data which is easily transferred to
others (Roux et al. 2006), while knowledge provides a framework to evaluate and incorporate new
experiences based on prior experiences, values, contextual information and intuition (Davenport et
al. 1997). Knowledge thus gives people their capacity for action. A significant part of knowledge exists
in tacit form (Roux et al. 2006).
To address these challenges, within ClimPol we are creating new forms of knowledge, rather than
deepening disciplinary knowledge. To do so, we are applying a selection of ideas stemming from
practices of transdisciplinary research (Hirsch Hadorn et al. 2008), “mutual learning” in which all
partners are engaged in a process of learning with and from each other (Feldman and Ingram 2009,
KLSC 2011) and the “co-generation of solution-oriented knowledge” (Lemos and Morehouse 2005,
Dilling and Lemos 2011) in order to help establish communities of practice (Wenger et al. 2002).
4
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Through the process of combining the complementary knowledge systems among the partners, a
common “boundary object” is created in which all parties have ownership, enhancing the salience,
credibility and legitimacy of the co-designed knowledge.

2

First experiences from the ClimPol project

In the following, we will concentrate on lessons learned from the collaborations with NGOs within the
first ten months of ClimPol.
Fig. 2 schematically illustrates the stages of the collaborative process between NGOs and ClimPol. In
our experience, joint efforts cannot be forced, but emerge from an instance where common interests
and goals are shared (“hook” in Fig. 2). Furthermore, it is important to keep in mind that the joint
efforts themselves (e.g., conferences, workshops, flyers, position papers, etc.) are not the key goal,
but instead a means or tool to achieving the common goals – or better yet, of co-developing common
goals and approaches. Consequently, communicating and learning about the partner’s operational
context is crucial to develop mutual understanding (“mutual learning” in Fig. 2). After initial trust has
been built and common objectives specified, joint action can be undertaken. In our case, this was a
national conference for policy-makers and civil society. In the planning and preparation process,
willingness to engage continuously in mutual learning is necessary, including developing a shared
working vocabulary. For example, certain statements might appear either very “unscientific” or very
“ineffective” to some partners and lead to barriers to communication. Such cases were addressed by
iterative framing of the issues until everyone agreed, while always respecting the partners’ key
competences. In this specific case, the co-designed knowledge included scientific information on
characteristics of SLCPs and the knowledge on how to feature them in a policy relevant context with
appropriate language. In addition, knowledge on how to create interest among policy makers, civil
society and industry representatives and scientists were combined, leading to a highly diverse
conference audience with high potential for outreach. The knowledge on how to create interest
among the diverse groups was shared in conversations in which each partner pointed out the driving
questions and key perspectives. These points were reflected in the conference program through the
choice of topics and speakers as well as in the background information document. This in turn made
the conference more attractive for the various stakeholders. All partners openly shared their skills
and channels of communication and networks for the organization of the conference and thereafter.
The conference was successful in various ways; good attendance and high interest, and the
conference created multiple hooks leading to follow-up actions (a-c in Fig. 2). It was decided that the
conference will be repeated on European level, meaning that the collaboration will be carried on with
additional partners while first experiences will be re-evaluated and joint actions improved (a). A
variety of smaller projects emerged, strengthening the collaboration (b) while stakeholder
5
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communities had the chance to get to know each other at the event and started networking (c). A
crucial factor, significantly supporting the interactions between NGOs and policy makers, was the
neutral, science-based platform that the ClimPol project and the institution behind it represented.
Results of this enhanced networking are invitations to support the work of other stakeholder
communities as advisory board members, lecturers, event-partners etc.
At this stage, it is too early to evaluate whether this will lead to the establishment of a community of
practice around joint measures for air pollution and climate change mitigation as such and climate
change impacts. However, it is already evident that networks are merging, and more informal and
more regular exchange between scientists, NGOs and policy makers is happening. Key lessons learned
from a natural scientist’s perspective of this process are:
x

Humility is important to build trust and credibility.

x

Willingness to share information at all stages is indispensable.

x

Tacit knowledge becomes more accessible throughout the process of co-designing
knowledge.

x

Personal meetings, networking and sharing common experiences are important. Such
processes take time and are highly dependent on the dedication of individuals.

x

A primary reward is the development of long-lasting, transdisciplinary, professional
relationships that grow and become more informal with time leading to short and effective
communication channels.

network elements
start linking,
community is built
NGO

mutual

learning

new projects with
the same partners

ClimPol

c)

b)

new partner
NGO & ClimPol

hook that
initiates
contact

create a
joint
project

a)

…

event

stay in touch
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Fig. 2: Stages of collaborative actions between ClimPol and NGOs

3

Conclusions

In ClimPol, we are utilizing science through transdisciplinary work for the effective development of
sustainable solutions that integrate climate change and air pollution mitigation. In our experience,
SLCPs have proven as effective entry point for collaborations with stakeholders due to their
immediate, direct and local effects across a multitude of sectors, making the climate change issue and
its connection to other sectors much more tangible. Here, we reported on the first lessons learned
from joint efforts with NGOs, one of the various project partners.
The willingness to engage in mutual learning proved to be essential in the initial phase to establish a
sound basis for a long-lasting collaboration. Combining the different knowledge systems throughout
the process led to co-designed knowledge in explicit and tacit form, as all collaborators were able to
produce more purpose-tailored information, as well as operate comfortably and successfully in the
various environments. Trust, credibility and dedication resulted in a first successful event which in
turn triggered a variety of processes leading to enhanced networks, a higher degree of
interconnectedness and shorter and more informal communication channels. This experience shows
that the concept of co-designing knowledge can bridge the knowledge-action gap.
Such efforts, however, in the scientific context at least, rely on institutional support that values highly
the solution oriented transfer of knowledge. The main priority in this case is not traditional scientific
output, such as peer-reviewed papers, but the creation of long-lasting multi-way communication
channels leading to policy development and supporting societal behavior changes.
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Abstract— Within the frame of the German Adaptation Strategy the undertaking ‘Network
Vulnerability’ aims at assessing the vulnerability of Germany to climate change from a
national perspective. The project was deliberately framed in a way that the challenges of such
an undertaking are tackled by the involvement of stakeholders (from science and public
authorities) elaborating mutual and pragmatic agreements instead of using sophisticated
“black box” approaches. Within the scope of this project a network of scientists and federal
agencies ensures cooperation between research and decision-making realms from the start by
creating a dialogue: The development of assessment and aggregation methodologies is first
proposed by scientists and then discussed and agreed by the agencies. In return, the network
of policy–oriented partners supports the scientists in focusing on most relevant aspects and
thus reducing the work load.
Index Terms— integrated vulnerability assessment, science-policy interface, stakeholder
network for decision support.
————————————————————

1

Introduction – the German approach to adapt to climate change

The German Strategy for Adaptation to Climate Change (Deutsche Anpassungsstrategie – DAS, December
2008) sets the frame for Germany’s national adaptation process. The DAS is designed as a stepwise process with the formulation of the strategy as such as first step. The second step, the Adaptation Action
Plan (APA)(BMU 2012), was completed in 2011 and will be followed by the progress report in 2014. The
German Environment Agency supports the German Ministry of Environment in further developing the
strategy. A number of projects addressing the generation or updating of knowledge about climate
change impacts, related vulnerabilities and suitable adaptation options have been initiated. These initiatives are designed in a way to support the flow of information between science, practitioners and policy
by enhancing dialogues and participation, and to create networks among actors.
One of these initiatives is the ‘Netzwerk Vulnerabilität’, a network of 16 federal governmental agencies
from 9 different federal ministries and 4 research institutions that started in 2011 and aims at assessing
1
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the vulnerability of Germany to climate change form a national perspective. It’s goal is a comprehensive,
Germany-wide, cross-sectorial vulnerability assessment. The sectors – such as water, human health, biodiversity, transport and others – are pre-defined by the DAS. The work of the ‘Netzwerk Vulnerabilität’
includes a semi-quantitative synthesis of existing regional and sectorial studies of climate change impacts
and vulnerability assessments as well as the development of an consistent methodology to produce a
comprehensive overview of vulnerability in Germany as the basis for the prioritization of climate threats.
These assessed and prioritised climate threats will provide the basis for the second Adaptation Action
Plan as part of the progress report of the DAS in 2014.

2

Rationale – the science – policy gap in climate change research

When the vulnerability to climate change is at stake science by nature aims at estimating future impacts
with the highest precision possible. As a consequence a great amount of resources, effort and time is
spent on the development of sophisticated methodologies and tools. The application of these tools generate outcomes such as projections of atmospheric processes, regional climate models, the analysis of
potential impacts on eco-systems and societies as well as their potential to withstand such impacts.
These results provide a realm of data and information that represent important contributions to the various components of the overall vulnerability such as exposure or sensitivity. However, they are not directly useful in supporting decision making in practice. The work of decision-makers aiming at planning
and implementing adaptation strategies implies a selection and assessment of the scientific output. Often the expectations of decision makers do not match the results of the scientific process: the scientific
estimations of future climate change impacts are connected – especially at the local scale – with uncertainty and they are context specific, whereas the practitioners need evidence and messages that are easy
to understand. Especially a cross-sectorial decision making process is a complex procedure that needs
tailor-suited tangible and concise results communicated for example as the identification of sectorial or
spatial vulnerability hot spots or the assessment and analysis of particular adaptation options.
This gap between scientific output and policy demand has often been described (see for example Weichselgartner & Kasperson 2010). In order to solve it the following major challenges need to be addressed:
-

Reduction of data and information as well as aggregation of intermediate results in a scientific
sound and transparent way.

-

Communication of the complexity of underlying data sets and the uncertainty associated with

2

862

Impacts World 2013, International Conference on Climate Change Effects,
Potsdam, May 27-30

the applied methodologies and with the results.
-

Fulfilment of the user requests to provide results from a rather systemic point of view. That is to
take into consideration cross-sectorial interlinkages, the multiplicity of threats or adverse impacts as well as inner-systemic feedback loops.

-

Agreement on the numerous normative decisions that need to be made for the selection of
methodologies, the prioritisation of threats, potential impacts or sectors, the analyses of intermediate and final results etc. Hereby, justification of actions and consensus about thresholds and
priorities can be understood as an appropriate way for dealing with uncertainty.

-

The difference in future periods of relevance – that is the usually long-term perspective of climate change science (of ca. 100 years) needs to be brought in line with the common time horizon of political decisions, but also actions to be taken by spatial planning (about maximum 15
years).

Even though these potentially problematic aspects are not new (see e.g. Greiving et al 2012, Greiving
and Fleischhauer 2012) most research activities are modest and / or late in communicating with the potential users. In order to overcome this constraint the here presented ‘Netzwerk Vulnerabilität’ follows a
new approach to merge user needs and scientific approach from the first moment on.

3

Realisation – project design and state-of-the-art

The project ‘Netzwerk Vulnerabilität’ was particularly designed to address crucial shortcomings of previous projects and to close the science-policy gap as described above by not only informing stakeholders
but also communicating and negotiating with them, leading to a process of science-stakeholder collaboration within the network (Cohen, 1997; Jones, 2001; de la Vega-Leinert & Schröter, 2008).
It aims at two major outcomes of different characteristic. The first main objective is the cross-sectorial
and Germany-wide assessment of vulnerability to climate change as important input for the further development of the adaptation strategy. The second major goal is the generation of a platform for the exchange of information and knowledge about climate change vulnerability in Germany. The platform will
foster the cooperation between government agencies and serve at the same time as basis for the development of the cross-sectorial and Germany-wide assessment of vulnerability.
The ‘engine’ of the project consists of a consortium of scientists and specialists in communication contracted by the German Environmental Agency for the period from 10/2011 to 09/2014. This consortium is
3
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responsible for initiating and sustaining the network of federal agencies relevant for the process of defining adaptation strategies. It ensures the continuous communication flow within the project including the
organization of workshops for the exchange of the network’s agencies with external experts. The scientists of the consortium develop and propose methodologies for the assessment and aggregation of the
various components influencing the vulnerability to climate change. This proposal is discussed, if necessary modified and finally agreed by the agencies. In return, the network of agencies supports the scientists in focusing on most relevant aspects of the sectorial and cross-sectorial assessment. Normative decisions are formulated by the scientists and answered by the authorities to ensure transparency.
The organisation of the network activities and the communication with all partners as well as with external stakeholders are work package 1 and 6 of the project. The second work package is a synthesis of already existing studies on climate change impacts and vulnerability in Germany. The objective of this work
package is a) to provide an overview on research results on vulnerability to climate change in Germany
(at a local, regional or national level and with a view to various sectors), and b) to gain insight into various approaches worldwide for assessing vulnerability to climate change.
The third work package concerns on the one hand the development of a methodological approach to
estimate vulnerability in Germany. On the other hand work package 3 serves to develop the new integrated vulnerability assessment itself. It is supported by work package 4 (which contributes to the identification of indicators) and work package 5 (which contains of the organisation of expert workshops to
include external knowledge into the vulnerability assessment).
The following challenges encountered in advance and during the development of the research approach
and were thus subject of discussions and negotiations during the dialogue process:
-

Terms and definitions: Different disciplines and authorities became acquainted to a certain way
of interpreting key terms and definitions. As a result the same term often has a different meaning in another discipline (need to agree on common terms for the research)

-

Scientific frameworks: It became obvious that there was a main distinction line between stakeholders that were more used to the disaster-risk and others to the IPCC vulnerability framework.
(need to agree on a common framework for the research)

-

Complexity and range of the subject: Where do we start? Where do we stop? The identification
of the range of exposure, sensitivity and impact and the complexity of interrelations often
turned out in abstract discussions and diffuse results. (need to work with visualisations as a basis
4
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for discussion)
-

Sector perspective: When looking at the entirety of sectors and designing the main connections
between climate change and climate impacts it was difficult to produce an in-depth view of the
sectors. On the other hand, stakeholders that represented a specific sector often promoted a
very detailed view of their sector. (need to balance between applicability and detail)

-

Completeness: Were all relevant aspects represented from the scientific but also from the stakeholder/political perspective? (need to receive feedback from public authorities and their superior political entity.

-

Acceptance and transparency: As the vulnerability assessment aims at a national and crosssectorial approach it was important to achieve a broad acceptance among the involved scientists
and stakeholders, including the transparent discussion of the methodological approach, the prioritisation of impacts and the selection of indicators. (need to inform and give opportunities to
discuss approach and interim results)

These challenges were approached by the following steps within the research process: The continuous
communication between project consortium and network partners is ensured by biannual network
meetings, a regularly updated website, quarterly newsletters and intensive exchange via email.
In close cooperation with the network partners so-called impact chains have been developed identifying
most relevant potential effects of a changing climate in the various sectors. Further, discussions have
been organised in specific expert workshops covering thematic clusters of these sectors and involving
relevant network partners as well as external experts nominated by the network. Within the scope of
these expert workshops the scientific consortium received input concerning the impact chains as well as
potential rules, models and indicators for assessing the relation between climate signals (exposure), sensitivity aspects and the resulting impact. In parallel the consortium developed in coordination with the
federal agencies an overall methodological approach for the generation of spatially explicit analyses of
vulnerability and its components. The next steps include a selection of the most relevant potential climate change impacts by the network partners, the result of which will guide the consortium in focusing
its work. Subsequently the consortium will carry out the various assessment steps as defined in the
agreed methodology relying on the cooperation and support by the network partners, namely through
data provision.

5
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4

Conclusions – lessons learnt so far

Overall the experience with the project design that closely links a scientific consortium with a network of
federal agencies for assessing vulnerabilities to climate change is positive. The consortium was able to
create a rapidly growing network of partners most of which participate actively in the on-going project
working tasks. This success is doubtlessly supported by the fact that the planned project objectives directly support the current work of the federal agencies within their climate change related activities.
Though the project is currently at mid-term of its duration the following conclusions can already been
drawn:
-

Climate change and climate adaptation have already become part of the work of numerous government agencies rapidly increasing the need of exchange and cooperation.

-

Being a new policy area, the various stakeholders use terms and definitions in the area of climate
adaptation in different ways. Thus, for any integrated approach you first need to develop a
common understanding of concepts and terms.

-

The willingness of the network partners to cooperate with the scientific consortium is high.

-

The new approach of a closer cooperation of science and federal agencies is perceived positively
by project partners from both science and administration.

-

The basic rule of the project to take decision in agreement with the network partners is crowned
with great acceptance of final results and an appropriate way to deal with uncertainty but is paid
for with prolonged decision procedures. However, the time spent for consensus building is well
invested as it lowers barriers for actions to be implemented by a manifold of actors.

-

The effort to keep the large number of network partners up-to-date, to maintain their interest
and motivation, to participate and to communicate and explain tasks and requirements to all
partners involved should not be underestimated.

-

The acceptance of the work of the consortium and the acceptance of the network itself hinges
decisively on the fact that all network partners have the same rights. Though one government
agency (the Federal Environment Agency) is responsible for the project, the network partners
take all relevant decisions together.

5
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Abstract
Gender, a fundamental organizing principle in all societies, is a central factor in determining vulnerability
and ability to adapt to a changing climate. Local institutions have shaped how rural residents responded
to environmental challenges in the past as they play a role in determining the flow of external support
to different social groups, and link local populations to national interventions. The research determined
the capacity of local institutions in Nigeria to respond to the gender dimension of climate change by
ascertaining their level of gender awareness and responsiveness and their awareness and knowledge
level of climate change by gender, and draw the implications for climate change adaptation. Primary
data used was collected using a set of close and open ended questionnaires. A variety of analytical tools
were also used in analyzing the data collected in the study. This ranged from institutional analysis and
characterization to descriptive presentation. Local institutions’ level of awareness and knowledge of
climate change issues and their understanding of key drivers of climate change/variability is
commendable as majority of respondents are aware of climate change and variability in their locality.
On the gender dimension of climate change, respondents generally feel that adverse climatic events will
have more negative impacts on women than men. Majority however, do not have a gender
mandate/policy, gender focal points, trained staff on gender issues, are gender blind, and as such, may
not be able to handle gender issues in climate change hazards. There is therefore a need for policies that
will support greater role for institutional partnerships in facilitating adaptation to enhance local
institutional capacities and understand their articulation and access patterns before providing resource
support in any climate change adaptation programme.

Key words: Capacity, Climate change , Gender, Local Institutions.
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1.

Introduction

Climate change as a result of global warming is a global phenomenon with widespread impacts. In
climate change disasters, gender plays out in striking – and shocking – ways in terms of male and female
fatalities, (IUCN 2007). Adaptation to climate change being local makes it critical to assess the capacity
of local institutions in that they connect households to local resources and collective action; determine
flows of external support to different social groups, and link local populations to national interventions.
Agrawal (2008) posited that ‘Institutional arrangements structure risks and sensitivity to climate
hazards, facilitate or impede individual and collective responses, and shape the outcomes of such
responses. Understanding how they function in relation to climate and its impacts is therefore a core
component in designing interventions that can positively influence the adaptive capacity and adaptation
practices of poor populations.

2.

Purpose and Objectives

Generally, the research determined the capacity of local institutions to respond to gender issues in
climate variability/change. Specific objectives included to:

3.

(i)

Characterize local institutions in the study area;

(ii)

Determine local Institutions Level of Gender Awareness;

(iii)

Determine respondents’ perception of gender issues in climate variability/change;

(iv)

Examine the climate change awareness and knowledge level of local institutions by gender.

Methods and Data Sources

The research was carried out in Nigeria’s Niger Delta which is the largest mangrove swamp in Africa
(Constitutional Right Project, 1999). Seven hundred and fifty (750) local institutions, represented by
their heads, were randomly selected out of 864 registered institutions, comprising of NGOs, civil society,
faith-based organisations, cooperative societies, age grades, etc, and questionnaires administered.
Analytical tools used included descriptive characterization and presentation.

4.

Results and Conclusions

4.1

Characterization of local institutions in the study area

Selected characteristics of local institutions in the study area are presented in table 1.
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Table 1: Characterization of Local Institutions
Characteristics

Indicator

% Contribution

Age of Institution

3-5

28.00

Female headed

390

52.00

Age of head

31-50 years

79.30

Operational Hqts

City

74.00

Source of funding

Voluntary organizations

57.20

Freq. of funding

Occasionally

45.20

Ownership

Private individual

73.07

Source: Field data, 2012

Sample size: 750

Table 2: Local Institutions Level of Gender Awareness
% of

% of

No in

Yes in

Total

Total

551 199 26.53

73.47

their operations

163 587 78.27

21.73

c

Institutions that have gender focal person(s)

107 643 85.73

14.27

d

Institutions that trained members of their organization on gender
142 606 80.80

19.20

85

11.33

Yes

Level of Awareness

a

Institutions that are aware of the gender policy of the federal
government of Nigeria

b

Institutions that mainstreamed gender policy into the thematic area of

issues or gender related issues
e

No

Institutions that attest to gender inequality in their operations

Source: Field data, 2012

665 88.67

Sample size: 750

Table 2 shows that most institutions (73.5%) are aware of the gender policy of the federal government
of Nigeria, although, only 21.7% have mainstreamed gender into the thematic area of their operation
while 78.3% attested otherwise. Furthermore, only 14.3% of the local institutions have gender focal
persons as against 85.7% that do not. Responses on whether the institutions trained their workers on
gender issues or related issues indicated that about 80.80% of the total response agreed to “No” option.
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This implies that, about 81% of the local institutions are yet to train their worker(s) on gender issues.
This gives opportunity for partnership and capacity building in this area. On the other hand, only a
fraction of institutions representing 19.20% trained their workers on gender related issues. The result of
this response is the reflection of the fact that many local institutions in the study area are aware of the
gender policy document of the federal government; but are yet to mainstream it in their operation
areas. Further investigation of the gender awareness of the institutions revealed that 11% of them
substantiate the existence of gender inequality in their domain; while majority (about 89%) rejected the
prevalence of gender inequality in their locality. The results suggest a degree of gender blindness and
insensitivity to gender issues and the differential impact of institutional policies on both men and
women. This will naturally influence the ways in which the institutions address community issues.

4.2

Respondents’ perception of gender issues in climate variability/change

Table 3: Perception of gender issues in climate variability/change
Responses
Activity

Men

Ranking

Women

Ranking

Flooding

281 (37.5)

4

469 (62.5)

8

Desertification

309 (41.2)

2

441 (58.8)

10

Lack of fuel wood

89 (11.9)

11

661 (88.1)

1

Water scarcity

108 (14.4)

10

642 (85.6)

2

Sea level rise

325 (43.3)

1

425 (56.7)

11

Destruction of farm lands

166 (22.1)

8

584 (77.9)

4

Destruction of Houses

277 (36.9)

6

473 (63.1)

6

Land Slide

308 (41.1)

3

442 (58.9)

9

Mud Slide

278 (37.1)

5

472 (62.9)

7

Food scarcity

128 (17.1)

9

622 (82.9)

3

Storms

278 (37.1)

5

472 (62.9)

7

Extreme temperature

169 (22.5)

7

581 (77.5)

5

Source: Calculated from field data, 2012.

Sample size = 750. Figures in bracket are percentages.
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The result presented in table 3 shows respondents all agree that climate change has impact on women
and men, with fuel wood scarcity ranking first for women and sea level rise for men. Responses by the
local institutions on several climatic issues concerning men and women were counted, recorded and
ranked. The result reveals that in case of adverse climatic conditions, women will be mostly affected
compared to their male counterpart in areas such as insufficient fuel wood (88.10%), water scarcity
(85.60%) and food scarcity (82.90%). Some of the local institutions also felt that, destruction of farm
lands (77.90%), extreme temperatures (77.50%) and destruction of houses (63.10%) are additional areas
women would be affected more than men in case of climatic hazards in their environment. These
responses are closely related to the gender roles of women both in the household and in the
community. However, the analysis reveals that respondents perceived that adverse climatic condition
will affect men more than women mostly through the effects generated by the sea level rise (43.30%)
and increase desertification (41.20%) as well as frustration brought about by the occurrence of land slide
(41.10%). In addition, the local institutions also reported that flooding (37.50%), storms (37.10%) and
mud slide (37.10%) would affect men more than women in case of their occurrences. However, based
on their responses, it was observed that the sampled local institutions feel that adverse climatic
conditions will generally affect women more than men.

4.3

Climate Change awareness and knowledge level of local institutions by gender
The climate change awareness and knowledge index was constructed for both male and female headed
institutions. The essence was to compare the climate change awareness indices for the two groups and
identify which of them had more knowledge and was also more aware. The result for the male and
female headed institution’s climate change awareness and knowledge index are shown in Tables 4, 5, 6
and 7 respectively.

Table 4: Male Headed Institution awareness index
Index category

Frequency

0.000 – 0.300

38

10.55NS

0.301 – 0.600

73

20.28S

0.601 – 0.900

140

38.89S

0.901 – 1.000

109

30.28S

Source: Computed from field data, 2012

Percentage

Note: Total number of male sample is 360
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Table 4 reveals that out of 360 male headed institutions, 10.55% had climate change awareness index of
0.00 – 0.30. This means that over 80% of the male headed institutions have moderate to high climate
change awareness score. About 30.28% exhibited very high climate change awareness index. Given this
result, the implication is that good proportion of the male headed institutions is aware of climate
variability in their environments.

Table 5: Female Headed Institution awareness index
Index category

Frequency

0.000 – 0.300

42

10.77NS

0.301 – 0.600

47

12.05S

0.601 – 0.900

62

15.90S

0.901 – 1.000

239

61.28S

Source: Computed from field data, 2012

Percentage

Note: total number of female sample is 390

Table 5 indicates that the distribution is skewed to the left (increasing positive region), meaning that
more respondents are concentrated on one side of the distribution. Only 42 respondents representing
10.77% of the total female headed institutions (390) fell in the index category of 0.00 - 0.300. This result
is similar to that displayed by the male headed institutions. It implies that few female headed
institutions are not really aware or have limited awareness on the climate change in their domain.
Compared to data in table 4, female headed institutions are more aware of climate change than their
male counterpart.

Table 6: Male Headed Institution knowledge index
Index category

Frequency

0.000 – 0.300

37

10.28

0.301 – 0.600

87

24.17

0.601 – 0.900

169

46.94

0.901 – 1.000

67

18.61

Source: Computed from field data, 2012

Percentage

Note: Total number of sample is 360

Comparing the knowledge gap on climate change between the two groups, table 6 gives details of the
knowledge index for male headed institutions, while table 7 gives that of the female. The result shows
varying levels of climate change knowledge, with only18.61 having very strong knowledge, while over
60.0% of the female headed institutions have very strong knowledge on climate change phenomenon.
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Table 7: Female Headed Institution knowledge index
Index category

Frequency

0.000 – 0.300

25

6.41

0.301 – 0.600

48

12.31

0.601 – 0.900

80

20.51

0.901 – 1.000

237

60.77

Source: Computed from field, 2012

Percentage

Note: Total number of sample is 390

Comparing the climate change knowledge index for the two groups, it is evident that the female headed
institutions have a better understanding of the climate change issues than their male counterpart.

5.

Recommendations and Implications

Most surveyed local institutions have gender-blind mandates/policies, have not trained their staff on
gender issues and may not be able to handle gender issues in climate change hazards. This calls for
capacity development in the area of gender dimensions of climate change, sensitisation for the
domestication of the national gender policy of the government and mainstreaming of gender issues into
all capacity building programmes of agricultural extension and development.

6.
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IsAnybodyListening?Yes,but...
SeeingClimateChangeattheLocalLevelthroughRegionalRadio
(OrͲHearingClimateChangeHappenontheRadioͲ?)

MichaelSvoboda

Abstract—InresponsetothefifthkeychallengeoftheImpactsWorld2013conference—Is
AnybodyListening?—thispaperreportsonhowoneU.S.radiostationwithlocal,regional,national,
and(viatheweb)internationalreachaddressedtheinterrelatedissuesofclimatechangefrom1999
to2012.ThroughthisanalysisofWAMU,theNationalPublicRadio(NPR)affiliateservingthe
metropolitanregionthatincludestheU.S.capital,thisstudycomplementsandqualifiesprevious
workonmediacoverageofclimatechange,whichtodatehasfocusedalmostexclusivelyon
nationalͲlevelcoveragebynewspapers.TheresultssuggestthatthiscenterͲleftsourceofnewsand
opinionisslowlyintegratingclimatechangeintoitsreportingandcommentaryonlocal,regional,
andnationaleventsandissues.However,thepartisanpoliticaloppositionthatcontinuestoblock
U.S.effortstoaddressclimatechange,attheboththeregionalandnationallevels,highlightsthe
needforfurtherresearchonthemediatowhichthesegroupslisten.

IndexTerms—climatechange,mediaarchivesanddatabases,radio,WashingtonDC



Introduction


Saveforasinglelineabout“ourresponsibilitytosociety,”whichincludesone“wider”

reference(3.5),thepublicismissingfromthebackgrounddocumentdraftedforImpactsWorld
2013.The“anybody”inthefifthchallenge—Isanybodylistening?—isnotjustanybody;itisthe
policymaker.Willpolicymakersheed,thedraftersofthisdocumentwanttoknow,thenewand
improveddata,projections,scenarios,andnarrativesthatscientistswillprepareforthem?Butcan
oneanswerthisquestionaboutthepolicymakerwithoutalsoaskingwhatthepublicwillhearover
thesenextcriticalyears?Andifnot,whatadditionalworkmustbedonetodeterminewhatthe
publicnowhears,whenitdoeslisten,abouttheregionalimpactsofclimatechange?


Thispaperassumesthatthepublicwilldetermine,atleastinpart,whatpolicymakersheed.

Andonthatbasis,itseekstoanswerthequestionregardingwhatthepublicnowhears,literally,
abouttheregionalimpactsofclimatechange.Thisitdoesinthreestages.

1
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First,theresultsofametaͲstudyofover100studiesonmediacoverageofclimatechange

arequicklyreviewed.Thesewillshowthat,aswithclimatemodelsandprojections,regionaland/or
localdataaremissingorobscured.Andforanalogousreasons:themostwidelyusedinstruments,
themediaarchivesanddatabasesonwhichmostresearchersrely,donotasreadilycollector
processdataattheselevels.


Second,contentanalysesofthenationalandlocal/regionalprogrammingofamajorurban

radiostationintheUnitedStates—WAMU,themainNationalPublicRadioAffiliateinWashington,
DC—areconductedandcomparedtodeterminetheextenttowhichtheprograms’creatorshave
incorporatedclimatechangeintotheirreportingonandanalysisoftransportation,publichealth,
planning,environmental,andeconomicissuesintheDCregion.


Third,thepaperusestheliteratureonpossiblecorrelationswithpublicopiniononclimate

changetoevaluatethetrendsinthedataonWAMU’scoverageofclimatechangefrom1999–2012
andtoestimatethegapthatwilllikelystillexistbetweenapublicthatlistensandapublicthatacts.

Study#1–MetaͲanalysisofMediaCoverageofClimateChange
ResearchershavereviewedmediacoverageofclimatesincethemidͲ1990s,butthe
publicationofsuchstudiesincreasedmarkedlyafter2000.InametaͲanalysisconductedforthis
paper,over100articlesfromEnglishͲlanguagejournals1werereviewedforthreefoci:media,nation
orregionoftheworld,andnewsvsnonͲnews.Figure1showstheresultsforthemediafocus.Over
68%ofthestudiesfocusedsolelyonnewspapers,typicallymajornationalnewspapers.Studiesthat
includednewspapersplussomeothermedia—television,magazines,ortelevisionandmagazines—
accountedforanother15%ofthetotal.Studiesthatfocusedonmediaotherthannewspapers
accountedonlyfor12%.(Theremaining5%examinedthepublic’sconsumptionofmedia.)


1

Thearticleswerefound(1)bysearchinginlibrarydatabases(Articles+,MassCommunicationandMediaComplete),(2)by
reviewingjournalsdevotedtoclimatechange,environment,orsciencecommunication(ClimaticChange,Environmental
Communication,EnvironmentalPolitics,GlobalEnvironmentalChange,PublicUnderstandingofScience,Science
Communication,etc.),andbysolicitingsuggestionsfromthesubscriberstotheEnvironmentalCommunicationNetwork
mailinglist(nowtheInternationalEnvironmentalCommunicationAssociationmailinglist).Over35differentjournalsare
representedinthefinalcollection.Editedvolumes(e.g.BoyceandLewis2009)werealsoincluded.

2
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TVOnly
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MagOnly
NewMedia
SurveysofUsers





TheseresultssquarewiththosereportedinamoregeneralmetaͲanalysisofthemedia’s

coverageofscience.Andtheseresults,theauthorsofthestudy(Schafer2010)andasubsequent
commentary(Riesch2011)bothobserve,areatoddswithrecenttrendsinthepublic’sactual
consumptionofnews(PewResearch2013;MediaandPublicOpinionPost2013).Thecontinued
focusonnewspapers,Schaferacknowledges,is“duecertainlytotheaccessibilityofdatabasesand
therelativeeaseofanalysis,”but“peopleuseaudioͲvisualmedia,suchasradiobroadcasting,
television,andtheinternetonadailybasisforlongerperiodsoftimethantheyreadnewspapers”
(2010,659).


Onemightarguethatmostofwhatisreportedaboutclimatechangeonradio,television,or

internetnewssitesoriginateswithmajornationalnewspapers.Andcertainly,storiesinmajor
nationalnewspapersliketheNewYorkTimes,theWallStreetJournal,andtheWashingtonPostcan
drivecoveragebyothermedia.However,cutbacksonscienceandenvironmentalcoverageatCNN,
NewYorkTimes,WashingtonPostandelsewherenecessitatethatthosestoriesnowbewritten
elsewhere—iftheyaretobewrittenatall(Brainard2013).



2

Note:Theseresultsarestillprovisionalandshouldnotbecited.Notshownherearetheresultsforthetwootherfoci:
Roughly70%ofthestudiesfocusedonAngloͲAmericancountries(US–40%,UK–22%,Canada/Australia/NZ–8%);news
coverageofclimatechangewastheexclusivefocusofover90%ofthestudies.
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Study#2–WhatPeopleListentoonWAMU/NPR
Whiletheaudienceandrevenuesformostmajornewspapersdeclinedoverthepasttwo
decades,theaudiencesandoperatingbudgetsforNationalPublicRadio(NPR)anditsmajorurban
affiliateshaveincreased3.TheestimatedweeklyaudienceforNPRisnow26million;theestimated
averageweeklyaudienceforAllThingsConsidered,NPR’safternoon/eveningnewsprogram,is13
million,roughlyonparwiththeaverageforthethreenightlynetworknewsprogramsandseveral
timesmorethanthatoftheaveragedailycirculation(printanddigital)fortheNewYorkTimes.
Figure2.AudiencesforMajorU.S.Newspapers,BroadcastNetworks,&NPR,1990vs.2012



MajorNationalNewspapersincludeNewYorkTimesandWallStreetJournal(talliedtogetherasPap#1)andLosAngeles
Times,USAToday,andWashingtonPost(Pap#2).IntheTVbarsareincludedthenumbersforallthreemajornews
networks:ABC,CBS,andNBC.Theinsertcompares,onasmallerscale,thechangesinaudiencesforWashingtonPostand
WAMU.Duringthesametwodecadeperiodwhenthetelevisionnetworkslostalmosthalfoftheiraudience,NPR,All
ThingsConsidered(ATC),andWAMUexperiencedsignificantgrowth.*TheNewYorkTimesandWallStreetJournal
increasedtheircirculationsthroughtheirwebsites;printnumbers,andadrevenues,aredownatbothpapers.(Sources:
Csellar2012;Giovannoni1992;PewResearch2010;PewResearch2013;USATodayTimeline2011;WAMU2010.)


Thestoryatthelocal/regionallevelisevenmoredramatic.Inthespringof2012,WAMU,
theNPRaffiliatelicensedtoAmericanUniversityin1961,becamethetopͲratedradiostationin
Washington,DC.Itsaudiencenowexceeds700,000(Csellar2012).
EnvironmentalissuesfigureinWAMU’sprogrammingatthreelevels.TheDianeRehmShow
(TDRS)isanationallysyndicateddailytwoͲhourtalkshowthatalternatesbetweentopical
discussionsandauthorinterviews.Startingin2011,TDRSbeganamonthly“EnvironmentalOutlook”
series.In2000,WAMUhiredKojoNnamditohostitslocal/regionalmidͲdaytalkshowprogram,


3

NPRexperiencedsteadygrowththrough2010,whenitsaudiencepeakedat27.3million(MacNichol2011).
Overthisperiodofgrowth,newresources,includingjobs,wereprovidedtothenewsdivisions.Since2010,the
NPRaudiencehascontractedslightly,toanestimated26millionattheendof2012(PewResearch2013)
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whichin2004wasredubbedTheKojoNnamdiShow(TKNS).Thenin2007,aspartoftheexpansion
ofitsnewsroom,WAMUhiredareportertocoverthelocal/regionalenvironmentalbeat;these
reportsareincludedinWAMU’slocal“inserts”intothesixhoursofnationalnewsprogramming
providedbyNPR.TheninetabsthatrunacrossthetopofWAMU’shomepageincludeonefor
“Environment.”
TodeterminewhatWAMU’slistenershearaboutclimatechange,andhowoften,through
thetwotalkshows,themonthlyprogramlistsforTDRSandTKNSwereexaminedfromJanuary1999
toDecember2012.Totallythenewsreports,thelistsandlinksonthe300Ͳpluswebpagesunder
WAMU’s“Environment”tabweresystematicallyreviewed.Countswerekeptfor
shows/segments/reportsonsevendifferenttopics:(1)globalwarmingorclimatechange,(2)
traditionalenvironmentalissues(e.g.biodiversity,conservation,pollution,etc.),(3)energy,(4)
urbanplanning,(5)foodand/oragriculture,(6)waterissues,and(7)weather.Forthenewsreports,
thetraditionalenvironmentalissueswerefurthersubdividedintotheChesapeakeBayandits
watershed,theappreciationandconservationofotherecosystems,environmentalhealth/pollution,
andenvironmentalactionorpolicy.4


ThetopicaltalliesforthesethreedifferentlevelsofprogrammingatWAMUareprovidedin

threeseparategraphs.Toplacetheseresultsinthecontextofpreviousworkonmediacoverageof
climatechange,twoothergraphsarepresentedfirst.Bothgraphsfigureprominentlyinannual
reviewsofmediacoverage.BoykoffandcolleagueshavetalliedcoveragebyfivemajorAmerican
newspaperssince2005.Brullehastalliedcoveragebythethreemajornewsnetworkssince1986.




4

WAMUmaintainsanexhaustiveonlinearchiveofitsprograms.Onecanidentifyandlistentoeveryprogramrecordedfor
TDRSorTKNS,from2013to1999andbeyond,bypagingbackthroughthecalendarsforeachprogram.Hoveringovera
dayoftheweekbringsuptheprogramorsegmenttitlesforthatday,withlinks.Thetwoshowscoverfourhoursof
WAMU’sweekdayschedule.TheDianeRehmShow(10AM–12:00)issubdividedintotwohourͲlonginterviewsor
discussions;thetwohoursofTheKojoNnamdiShowarenowsubdividedintofourtosixsegments.Transcriptsare
availableforallshowsafterJanuary1,2011.Theenvironmentalnewsreportsarearchivedinanongoinglistthatrunsin
reversechronologicalorder(mostrecentfirst)onthe“Environment”page.Eachlinkisaccompaniedbyashortdescription;
theclipscanbeasshortas25secondsandaslongas7minutes.
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Figure3.MaxwellBoykoff’sTallyofMajorUSNewspaperCoverageofClimateChange

Thechart,whichisupdatedmonthly,canbefoundonBoykoff’swebpageatCenterforScienceandTechnologyPolicy
Research:http://sciencepolicy.colorado.edu/media_coverage/us/index.html.





Figure4.RobertBrulle’sTallyofNightlyBroadcastNewsCoverageofClimateChange

InhisJanuary2013reviewofmediacoveragein2012(Fischer2013),FischerquotesBrulle’snumbersfor2012,butno
versionofthisgraphcouldbefoundthatincludedthatdata.Thisabovegraphcanbefoundatthefollowingsite:
http://thinkprogress.org/climate/2012/01/09/400795/networkͲnewsͲcoverageͲofͲclimateͲchangeͲcollapsedͲinͲ2011/
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Figure5.TheDianeRehmShow,1999–2012(NumberofProgramsDevotedtoEachTopic)
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Figure6.TheKojoNnamdiShow,1999–2012(NumberofSegmentsDevotedtoEachTopic)
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Figure7.WAMUEnv.News,2008–2012(NumberofreportsinsertedintoME,ATC,orMetroConnection)
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PreliminaryFindingsforStudy#2

Acomparisonofthetwosetsofgraphsyieldsthefollowingbasicfindings:
x

ThepeaksandvalleysinWAMU’sprogramingarelessextremeanddonotmatchthe
patternsofnewspaperandnetworkcoverage:
o

Environmentalprograms,segmentsand/orreportsincreasedsteadilythrough2010.
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o

Thenumberofprograms/segments/reportsspecificallyfocusedonclimatechangeis
asmallfractionofthattotal.5Bycontrastwiththegeneraltrendinenvironmental
coverage,coverageofclimatechangevarieswidelybetweenTDRS,TKNS,andthe
newsreports.

o

CoverageofclimatechangeintheaftermathofCopenhagenvariedwidely.TDRS,
themostnationalofWAMU’sprograms,hadthemostextensivecoverage.

x

TheKojoNnamdiShow(TKNS)andtheenvironmentalnewsreportingshowsignificant
engagementwithlocalissues.Themanyprogramsonurbanplanning,inparticular,offeran
openingforintegratingregionalmodelingonclimatechangewithareaplanningprocesses.
LikewisewiththeextensivenewscoverageoftheChesapeakeBayanditswatershed.

x

BecausepartsofMaryland(aleftͲleaningstate)andVirginia(amiddleͲrightstate)are
includedinitsbroadcastarea,WAMUcanreportonthepartisanpoliticaldivideoverclimate
changeaslocalorregionalnews.6Initsownprograms,segments,andreports,WAMUhas
“balanced”itsreporting,buttoalesserdegreethanBoykoff&Boykoff(2004)reportedfor
newspapers.ClimateskepticshavenotbeenfeaturedguestsonTDRSorTKNS.

x

Onthewhole,WAMU’scommitmenttoenvironmentalreporting,andtocoverageofclimate
changeinparticular,seemstohaveheldsteadyorincreasedfrom2007to2012,incontrast
totheoveralldeclineincoveragebythefivemajornationalnewspapersandthethreenightly
newsbroadcasts.ButenvironmentalnewsreportingatWAMUdiddropoffsharplyin2012.
(WAMUhasnotyetrespondedthequeriesonthispoint.)


5

Itshouldbenoted,however,thatdevotingafullsegment(20Ͳ30minutes)orprogram(1hour)onTKNSor
TDRSisequivalenttofrontͲpagecoverageinanewspaperortheleadstoryonanightlynewsbroadcast.Thus
thesesmallnumbersshouldbeweightedmoreheavily.
6

Marylandhaspassedlegislationaimedatreducinggreenhousegasemissions.InVirginia,bycontrast,the
stateattorneyjournal,KenCuccinelli,triedtopressuretheUniversityofVirginiatoreleaseclimateͲscience
relatedemailsinefforttofindevidenceof“fraud”(Kumar2012).Inthesummerof2012,groupsofcitizens
stormedplanningcommissionmeetingsinseveralcoastalcommunitiestoprotesttheinclusionofclimate
changeprojectionsinfloodzonemaps(Reed2012).WAMUhasreportedontheseandotheractions,including
protestsstagedbyactivistsinthecapital.
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Conclusion–TheGapbetweenListeningandActing
Whatcanbelearnedfromthiscomparisonofthemediacoverageofclimatechangeat
differentscalesandindifferentmedia? 
Tocommunicateclimatechangeeffectively,researchersnotednearlyadecadeago,one
mustsurmountsignificantbarriersandobstacles(MoserandDilling2004,2007;Nisbet2009).Global
climatechangecaneasilybeperceivedasanabstract,complex,seeminglyremoteproblemabout
whichonecandirectlydolittleornothing.Forthesereasons,thesameresearchersadvised
communicatorstomakeclimatechangerealbymakingitlocal,tangible,andrelevant—whilegiving
theirlistenerswaystoact.(SeealsoCronaetal2013.)Thisreviewofthethreeprogramstreams
generatedbyWAMUsuggestthatradio,themediumcompletelyoverlookedinpreviousstudies,
couldberaisingawarenessofclimatechangeandintegratingthis“environmental”issueintoa
broaderrangeoflocal/regionalconcerns.
ButatWAMUclimatechangeitselfremainsanoccasionalissue,somethingdiscussedas
occasions—seasonalevents,others’politicalactions,nationaldisastersandemergencies,oddor
extremeweather—arise.Forthepublic’sunderstandingofclimatechangetowithstandchangesin
fortuneand/ortheweather(ShanahanandGood2000;EganandMullin2012;Donnerand
McDaniels2013;Mayeretal2013),theseoccasionsmustbeincorporatedintoamorecoherentand
anchorednarrative.WAMU’sveryactivepromotionofinformeddiscussionaboutthecapital
region’sfuturecouldprovidethatanchor,especiallyiftheveryrealconcernsaboutseaͲlevelrisein
theChesapeakeBayareincludedinthediscussion.
Viewedinthecontextofpreviousstudiesofmediacoverageofclimatechange,thisstudyof
WAMUwarrantsatleastthefollowingconclusions:
x

Currentresearchonthemediacoverageofclimatechangeisoutofstepwiththepublic’s
useofmediaandpossiblywiththemediathatmaynowbecoveringclimatechangemost
extensively.
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x

TheexampleofWAMUofferssomereasonsforoptimism.Albeitwithsignificantupsand
downs,coverageofenvironmentalissueshas,onthewhole,increasedandconcernforthe
possibleimpactsofclimatechangeissuffusingintothediscussionofothertopics.

x

Butonecannotgeneralizefromoneregiontoanotherorfromoneregiontothenation.
Otherregionalstudiesmustbeperformedtodeterminethecorrelatesbetweenmedia
coverageandlocal/regionalattitudes.

x

HavingprovidedsomemeasureofwhatthecenterͲlefthearsaboutclimatechangein
Washington,DC,itisnecessarytodeterminewhatthecenterrighthears.Talkradioislikely
tofigureprominentlyinthatresearch,whichwillagainrequirethatresearchersmove
beyondthecustomary,printͲbaseddatabases.

x

Afullerunderstandingoftalkradiowillrequiremorethanquantitativeanalyses.Qualitative
researchmustbeconductedtodeterminehowthe“journalisticnorms”oftalkradio,both
leftandright,differfromthoseoftheprintmedia(Boykoff&Boykoff2007).
Insum,havingmovedbeyondnationalnewspapers,wemaynowknowbetterwhatwedo

notknowaboutwhatthepublichears—ordoesnothear—aboutclimatechangeatthelocaland/or
regionallevel.
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Abstract
In the last five years Australia has had significant growth in research and practical experience,
covering climate impact, vulnerability and adaptation activities. At the same time adaptation policy
has continued to evolve. The paper draws on this experience, including recent synthesis studies, to
address a number of key questions relevant to the future impacts research agenda. This in particular
includes how impact research might be more clearly positioned within the overall adaptation policy
and decision making process. The growing maturity of adaptation efforts in Australia is making this,
and the sharing of insights internationally, increasingly possible, though there also remain significant
challenges.

Index Terms: adaptation, climate impacts, decision making, policy and practice
---------------------------------------------------------------------------------------------------------------------------------

1. Introduction
Consistent with the Visioning Paper for the IMPACTS WORLD 2013 Conference (Piontek et al. 2013),
the future climate impact research agenda includes the need to improve the quality, consistency and
comparability of impact assessment for a wide range of uses at global, national, regional and local
levels.
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This paper addresses a number of issues within one of the core questions (‘Is anybody listening?’) for
the Conference. It focuses on the role of impact research in national, regional and local adaptation
risk assessment and adaptation responses, drawing primarily on the Australian experience, and
especially the practical perspective of policy and decision makers. It is therefore very much from the
‘adaptation’ perspective within the Vulnerability, Impacts and Adaptation (VIA) community. The
Visioning Paper makes several references to the significance of this domain including the need to
advance ‘the development of impact studies, inter-sectoral assessments, and refined decisionsupport tools for local, regional, national and global stakeholders’.

2. The Australian Context – adaptation activity and emerging consolidation
Australia has significant vulnerabilities to climate change (Palutikof 2010) and evidence of climate
impacts in the region from global warming is mounting (Steffen 2011, 2013).

Especially in the last five years, Australia has had considerable investment in research and practice in
climate impacts, vulnerability and adaptation. This especially followed the Australian Government’s
Adaptation Framework (Commonwealth of Australia 2007) and related nationally funded programs
especially through the Department of Climate Change and Energy Efficiency (DCCEE 2012a),
including establishment of the National Climate Change Adaptation Research Facility (NCCARF
2013a), the CSIRO Climate Adaptation Flagship (CSIRO 2013a), and a number of additional project
and program initiatives within and across sectors. This nationally led program has been
complemented by a range of state, territory and local government programs, and in recent times
growing private sector (e.g. IGCC 2013, ASBEC 2012, ICA 2012) and community sector (e.g. GCA
2013) activities. The national adaptation policy is currently under review (Productivity Commission
2012, Commonwealth of Australia 2013) and a Council of Australian Governments (COAG) Select
Council on Climate Change was established in 2012 in order to, amongst other things, develop the
next phase of national adaptation priorities and work plans (Commonwealth of Australia 2012).

The learning in this period has been significant. However, as assessed by practitioners, policy makers
and researchers in a recent submission to the Productivity Commission (Webb 2012), translation of
the above investment into strategy development and proactive response has been patchy, and the
knowledge and support base is currently very fragmented (Webb and Beh 2013).
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The initial steps towards a more coordinated national approach are evident in a new wave of more
systematic and consistent national scenarios, modelling and analysis (DCCEE 2012b, BOM 2013,
CSIRO 2013b), consolidation of the growing research knowledge base (NCCARF 2013b,c), and a
number of adaptation practice and decision-making initiatives led by the Australian National
University (ANU) in collaboration with DCCEE and NCCARF (see Appendix 1).

3. A decision making focus for impacts research
What does the above experience, and especially the recent investment in synthesis and
consolidation, tell us about one of the core questions in the IMPACTS WORLD 2013 Conference (‘Is
anybody listening?’) especially from the perspective of policy and decision makers? Three of the
sub-questions within this conference theme are considered below.

How to ensure a systematic quantification of adaptation options including local knowledge?

Adaptation options assessment and decision making does need to be embedded in regional and
local knowledge and processes, but can also better inform, and be informed by, broader (i.e. other
regions, national and international) research and insights.

Developments that will enable a more systematic approach include


a growing understanding of good adaptation principles and practices responding to common
challenges and themes emerging across sectors (Prutsch et al. 2010, Webb and Beh 2013,
Moser and Ekstrom 2010, Webb et al. 2013); including categorisation of decision types and
better guidance on adaptation decision making (e.g. Hallegatte 2009, Stafford Smith et al.
2011, MEDIATION 2013, Webb and Beh 2013). Some of the needs are common across
sectors and some highly differentiated, and in most cases the adaptation decision is
embedded in a broader set of policy considerations and objectives.



development of related knowledge portals, knowledge brokers and communities of practice,
and where appropriate common and shared data and modelling infrastructure; increasingly
supported (in the Australian context) by national/ regional coordinating and facilitating
institutional arrangements (e.g. Webb and Beh 2013; ANDS 2013, NeCTAR 2013, AIH 2012).
Decision support can include better guidance on good adaptation practices and processes;
access to the most relevant and credible data and models; and knowledge sharing through
case studies, communities of practice and knowledge brokers (Webb and Beh 2013).
3
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development of a new generation of the Intergovernmental Panel on Climate Change (IPCC)
Fifth Assessment Report (AR5)-based climate and socio-economic scenarios and
assumptions drawn from global Representative Concentration Pathways (RCPs) and Shared
Socioeconomic Pathways (SSP) sources (van Vuuren et al. 2012) but translated and
downscaled for more consistent and comparable use in Australian regions (DCCEE 2012b,
BOM 2013, Stafford Smith 2013).

With this increased emphasis on synthesising the learning from experience, and a more co-ordinated
national strategic agenda emerging, there is real potential to more systematically inform both local
options assessment and decision making within Australia and broader international initiatives,
including more useful positioning of impacts research and modelling. However this will require
sustained institutional support and continuing evidence of the value to policy and decision makers.

Specific strategies to develop a more systematic approach to adaptation assessment and decision
making, and related support approaches, have been proposed in the Australian context in the
nationally funded project on leading adaptation practices (Webb and Beh 2013). This project
included a review of international as well as Australian adaptation practices and support, and several
of the proposed strategic approaches may have relevance to other countries.

How impacts research and practical experience influences adaptation policy-making?

In the Australian context the role of the national government is critical in knowledge development
and dissemination, in order to facilitate other levels of decision making in the private and public
sector. This has recently been confirmed in the government’s response to an inquiry commissioned
as part of an adaptation policy review (Productivity Commission 2012, Commonwealth of Australia
2013), which also confirmed that the government expects all national departments and agencies to
develop effective climate risk responses.

There is no doubt that at the broadest level, impacts research and understanding has influenced
adaptation priorities and policy analysis (Commonwealth of Australia 2012; Productivity Commission
2012). This has been partly due to a long standing need to respond to a high level of climate
variability, but more recently the progressive accumulation of climate change impacts and
vulnerability knowledge, including several nationally commissioned and research institution reports
for individual sectors (e.g. for water (MDBA 2012, Connell and Grafton 2011), for biodiversity and
4

891

natural resources (Steffen et al. 2009, Dunlop et al. 2012), for coastal settlements and infrastructure
(DCC 2009), and for agriculture (Stokes and Howden (2010)). To date this has not included either
cross-sectoral integrated impact modelling incorporating biophysical and socio-economic
implications, or top down comprehensive risk assessment as carried out for example in the UK
(DEFRA 2012). However there is current activity building on earlier climate policy-related Integrated
Assessment Modelling, and a number of national adaptation cost and benefit assessments planned
across several key sectors (Commonwealth of Australia 2011, CSIRO 2013b, Stafford Smith 2013).

Whilst there is continuing national investment, impacts research is likely to be increasingly required
for regional and local adaptation decision making. In this context many of the direct policy and
program levers are with state and territory governments, who also have constitutional responsibility
for local governments. Therefore state and regional initiatives can be especially important in
brokering research into the policy and decision maker’s world (e.g. NSWOEH 2012a,b, Tasmanian
Government 2013, Government of South Australia 2012). However the translation of knowledge to
action at the regional and local level has been far more problematic due to the sensitivity to social
and political reaction, for example to local planning and development responses to sea level rise and
other climate hazards. Several state governments have backed away from providing clearer policy
and guidance (Norman et al. 2013) and there are also understandable local capacity issues.

Thus at the very time that policy has the potential to be increasingly informed by climate related
research, the influence on policy is especially challenging at the state, regional and local level, as a
result of social, political, institutional and capacity constraints.

How to achieve more active exchange and a better two-way communication with practitioners and
policy makers?

The evidence from Australian experience is that research needs to be better positioned within the
decision maker’s world and language, including an appreciation of their multi-objective and multistakeholder reality, and the complex interdependencies they need to resolve across sectors and with
non-climate drivers and policies. The learning from our multi-stakeholder engagement processes
(e.g. Webb 2012, Webb and Beh 2013) is that where the dialogue starts from the perspective of
practical policy and adaptation decision making, there can be a surprisingly high degree of consensus
across public, private, community and research sector stakeholders about overall desired adaptation
5
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outcomes and higher level strategies. However the challenge is that there are limited processes to
translate this shared strategic view into practical decision making and change, with institutional
arrangements often not well positioned to resolve practical priorities and trade-offs.

In general there is much practitioner and decision maker uncertainty as to how to use climate and
impact information and models to inform adaptation decision-making. This can be due to the need
for better methodological support and guidance (Webb and Beh 2013) including how to handle
different and often inconsistent underlying scenarios, assumptions and levels of uncertainty; and the
difficulty in addressing complex new interdependencies and integration issues, including across
sectors. Appendix 2 provides an example of the complexity and interdependencies being addressed
in a typical coastal adaptation context, as part of a recent project for the southeast coastal region of
Australia (Norman et al. 2013).

In practice therefore decision makers are struggling to move from impact assessment to action for a
range of complexity, capacity, social, political and institutional reasons. The contribution of climate
and impact modelling, including integrated cross-sector assessments, therefore needs to be
positioned in this broader context. Helping decision-makers come to grips with this new and more
complex world is in many ways a prerequisite, or at least a parallel issue, to incorporating more
sophisticated climate and impact modelling.

Some insights on practical measures to enhance engagement with practitioners and policy makers
include:


Position climate impacts research and modelling more clearly in the overall adaptation
decision making process, recognising the iterative nature of that process between impact
assessment, decision making, review and learning. This is necessary both in establishing
research agendas, and for individual research programs and projects.



Build on existing stakeholder experience. For example in Australia some sectors (e.g. water,
natural resource management, agriculture) have a long tradition of managing for climate
variability, which can provide a strong base for considering more substantial impacts of
climate change (Dovers 2009). However even in these sectors (and especially in others)
decision makers are often (at least initially) happy to use qualitative and directional climate
and impact data to inform preliminary risks assessment and strategy development, reducing
the need for detailed impact analysis at early stages.
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Focus on regional level dialogue (in the Australian context the level between state and local
governments) this being where both impact analysis and adaptation responses will often
make most sense, with the potential to provide significant leverage into local decision
making.



Synthesise and translate the research findings into simpler and clearer qualitative insights at
national and regional levels, and in a context relevant to policy and decision makers (e.g.
NCCARF 2013c); and encourage the formation of communities of practice, knowledge
brokers and networks (NCCARF 2013d, Verdon-Kidd 2012, Webb and Beh 2013). Decision
makers rarely have the time or capacity to do their own synthesis and translation.



Clarify how different methodologies and modelling approaches may be applicable at
different spatial scales and for different purposes (e.g. Casaril et al. 2012 for water and
ecosystems), and provide guidance on the matching of available approaches and models to
context or intended use. The UNFCCC Compendium (UNFCCC 2008) is an international
example of a step in this direction though currently more a catalogue than a guide.

Strategies to advance many of the above insights from the decision maker’s perspective have been
proposed in the Australian context (e.g. Webb and Beh 2013). A government, private and
community sector sponsored project to translate these strategies into practice, initially for the
coastal settlements and infrastructure segment, is currently under development.

Practitioner and policy engagement is far more than communication. An important underlying
principle is to encourage the co-design and co-production of knowledge with stakeholders, which
can then be significantly facilitated by the above processes. For example, at the overall research
agenda level, NCCARF and the CSIRO Climate Adaptation Flagship were established with an
integrated vulnerability, impact and adaptation (VIA) approach in mind, and individual research
projects have to demonstrate significant engagement with adaptation decision makers.

4. Summary and conclusions
The paper has summarised some of the recent and current vulnerability, impact and adaptation
(VIA) initiatives and findings in Australia from a research, practice and policy perspective. Summary
conclusions are
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There has been a significant growth in VIA activity in Australia in the last five years, which is
a rich source of new knowledge and learning, albeit currently fragmented, and used more
for initial assessment and planning than for adaptation action.



With an increased emphasis on synthesising and interpreting this learning, and a more coordinated national strategic adaptation agenda emerging, there is real potential to more
systematically inform local adaptation options and decision making within Australia, as well
as broader international initiatives.



The influence of impacts research on policy in Australia is evident to some extent at all
levels, but is especially challenging at the state, regional and local level, as a result of social,
political, institutional and capacity constraints.



There are however a range of practical strategies that can enhance engagement with policy
and decision makers, and better integrate impacts and adaptation research, starting with
climate impacts research and modelling being more strongly positioned in the overall
adaptation decision making process, and recognising the iterative and adaptive nature of
that process.

In this context the paper has highlighted several specific findings from the Australian experience,
and points to some of the recent projects that have identified strategies to better support
adaptation decision making, as well as some projects under development to translate those
strategies into practical effect. Given these projects are drawing on international as well as
Australian experience, the approaches may also have relevance for other countries.
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Appendix 1.
Recent adaptation synthesis projects led by the Australian National University (ANU)
In the last 2 years the ANU has collaborated with the national research body (NCCARF) and the
federal Department of Climate Change and Energy Efficiency (DCCEE) to synthesise insights from the
extensive range of practical adaptation experience generated in Australia, especially over the last 5
years. The collaborative projects included


a project that has distilled and interpreted key challenges and emerging good practices from
20 significant local and regional adaptation initiatives across sectors and jurisdictions, also
comparing the findings with comparable international research (Webb et al 2013),



a project that has synthesised leading adaptation principles, and researched and proposed
national adaptation strategies, products and tools to better support adaptation decision
makers and policy makers (Webb and Beh 2013), and



a workshop and follow up process leading to an Informing Adaptation Policy submission to
the Australian Productivity Commission Inquiry into adaptation, drawing on the input of a
wide range of policy makers, decision makers and practitioners across public, private and
community sectors, as well as researchers (Webb 2012).

Each of these projects had its own primary focus but was carried out using collaborative and
integrating mechanisms that engaged, and drew out the links between practice, policy and
research (Fig.1). Whilst grounded in recent Australian experience, these studies also compared
the findings with experience in other countries and the international literature.

2. Informing
adaptation policy
(IAP) initiative (2012)

Policy
1. Glenelg initiative:
Learning from practical
experience (2010/11)

Adaptation

Research

Practice

3. Leading adaptation
practices and support
(LAPS) project
(2012/13)

Figure 1. A broader agenda: linking practice, policy and research
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Appendix 2.
Coastal climate adaptation for Southeast Australia: an integrated systems view
A project carried out in 2012/13 jointly by the University of Canberra (lead), Australian National
University (ANU) and University of Wollongong, investigated the climate related issues and desirable
characteristics for a climate adapted coastal settlements in 2030, in the southern NSW and eastern
Victorian region of Australia (Norman et al. 2013).

The project included sector-based literature and field research, stakeholder workshops and focus
groups, and integrated analysis. One product was a mapping of some of the key issues and major
interdependencies identified by both the researchers and the stakeholders as needing to be taken
into account in local adaptation planning and decision making (Fig.2). This indicates the complexities
faced by local and regional organisations (including local governments, regional agencies, and
private and community sector organisations) and their decision makers. It is important that
practitioners and researchers involved in individual sector and cross-sector impact, vulnerability and
options assessments appreciate this broader context.
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Figure 2. Coastal climate adaptation for Southeast Australia: an integrated systems view (Norman et al. 2013)
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Abstract	
  
In	
   this	
   paper	
   the	
   Latin	
   American	
   food	
   export	
   industry	
   is	
   used	
   as	
   an	
   example	
   to	
  demonstrate	
   “what	
   is	
  
still	
   missing”	
   with	
   respect	
   to	
   the	
   management	
   and	
   disclosure	
   of	
   carbon	
   emissions	
   in	
   international	
  
supply	
  chains.	
  	
  
With	
   a	
   number	
   of	
   OECD	
   countries	
   entering	
   into	
   the	
   post-‐2012	
   period	
   of	
   tightened	
   climate	
   change	
  
policies,	
   low-‐carbon	
   strategies	
   of	
   committed	
   multinationals	
   are	
   expected	
   to	
   have	
   international	
   reach	
  
including	
  suppliers	
  and	
  sub-‐contractors	
  located	
  in	
  developing	
  countries.	
  	
  
The	
   following	
   analysis	
   shows	
   that	
   businesses	
   not	
   only	
   benefit	
   from	
   carbon	
   disclosure	
   and	
  
management	
   in	
   form	
   of	
   reduction	
   of	
   energy	
   costs,	
   improved	
   reputation	
   and	
   a	
   decrease	
   of	
   their	
  
dependence	
   on	
   fossil	
   fuels	
   but	
   also	
   especially	
   suppliers	
   in	
   developing	
   countries	
   can	
   benefit	
   from	
  
externalities	
  as	
  first-‐mover	
  advantage,	
  eligibility	
  of	
  financial	
  assistance,	
  technology	
  and	
  innovation.	
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1	
  Introduction	
  
Although	
   no	
   internationally	
   binding	
   climate	
   change	
   agreement	
   was	
   reached	
   during	
   the	
   recent	
  
Climate	
  Change	
  Conference	
  in	
  Doha,	
  a	
  number	
  of	
  OECD	
  countries	
  committed	
  themselves	
  to	
  the	
  post-‐
2012	
   increased	
   reduction	
   targets	
   for	
   carbon	
   emissions.	
   With	
   the	
   success	
   of	
   these	
   post-‐2012	
  
mitigation	
   policies,	
   the	
   production	
   of	
   carbon-‐embodied	
   products	
   will	
   be	
   further	
   reduced	
   within	
  
OECD	
  countries.	
  
	
  
The	
  United	
  Kingdom	
  and	
  Germany,	
  which	
  reached	
  their	
  carbon	
  reduction	
  targets	
  set	
  out	
  in	
  the	
  Kyoto	
  
protocol	
   before	
   their	
   deadline,	
   did	
   not	
   reduce	
   their	
   carbon	
   consumption	
   and	
   were	
   among	
   the	
   top	
  
net	
   importers	
   of	
   embodied	
   emissions	
   in	
   2004:	
   Japan,	
   the	
   United	
   Kingdom	
   and	
   France	
   imported	
   3	
  
times	
  more	
  kg	
  CO2/	
  $	
  traded	
  than	
  it	
  exported,	
  Germany	
  around	
  2,5	
  times	
  more,	
  Italy	
  2	
  times	
  more	
  
and	
   the	
   United	
   States	
   1,6	
   times	
   more.	
   Current	
   data	
   shows	
   that	
   around	
   25	
   percent	
   of	
   all	
   carbon	
  
dioxide	
   emissions	
   related	
   to	
   human	
   activity	
   is	
   traded	
   through	
   import	
   and	
   export	
   of	
   products.	
   In	
  
particular,	
   developed	
   countries	
   are	
   net	
   importers	
   of	
   carbon-‐embodied	
   products,	
   while	
   developing	
  
countries	
  are	
  net	
  exporters	
  (Davis	
  and	
  Caldeira	
  2010).	
  
	
  
As	
  the	
  consumption	
  of	
  carbon-‐embodied	
  products	
  is	
  expected	
  rather	
  to	
  increase	
  than	
  decrease	
  due	
  
to	
   population	
   growth	
   and	
   consumer	
   behaviour,	
   carbon-‐embodied	
   imports	
   in	
   OECD	
   countries	
   are	
  
supposed	
   to	
   further	
   increase	
   as	
   well.	
   Most	
   likely,	
   increased	
   carbon	
   consumption	
   will	
   be	
   met	
   by	
  
increased	
  production	
  of	
  carbon-‐embodied	
  products	
  in	
  developing	
  countries.	
  Thus,	
  policymakers	
  fear,	
  
that	
   climate	
   change	
   policies	
   in	
   committing	
   OECD	
   countries	
   could	
   be	
   undermined	
   by	
   the	
   so-‐called	
  
carbon	
   leakage	
   effect,	
   the	
   increase	
   in	
   carbon-‐embodied	
   imports	
   from	
   non-‐committing	
   into	
  
committing	
  countries.	
  	
  
	
  
Most	
   commonly,	
   governments	
   opt	
   for	
   policies	
   counteracting	
   the	
   leakage	
   effect	
   through	
   border	
  
measures	
   to	
   reduce	
   carbon-‐embodied	
   imports.	
   Meanwhile,	
   consumers	
   are	
   worried	
   about	
   the	
  
devastating	
  environmental	
  impact	
  of	
  climate	
  change	
  and	
  increasingly	
  demand	
  sustainable	
  products.	
  
Moreover,	
   competition	
   is	
   fierce,	
   as	
   industries	
   increasingly	
   advertise	
   their	
   efforts	
   to	
   make	
   their	
  
production	
   processes	
   and	
   supply	
   chains	
   more	
   energy-‐efficient.	
   Even	
   investors	
   put	
   increasing	
  
pressure	
  on	
  businesses	
  to	
  account	
  for	
  and	
  decrease	
  their	
  carbon	
  emissions.	
  	
  
	
  
As	
  a	
  result	
  of	
  tightened	
  mitigation	
  policies	
  in	
  OECD	
  countries	
  and	
  growing	
  awareness	
  of	
  the	
  risks	
  of	
  
climate	
   change,	
   especially	
   multinational	
   companies	
   as	
   the	
   main	
   importers	
   of	
   carbon-‐embodied	
  
products	
  are	
  beginning	
  to	
  implement	
  low-‐carbon	
  strategies	
  among	
  their	
  whole	
  international	
  supply	
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chain	
   including	
   suppliers	
   and	
   sub-‐contractors	
   located	
   in	
   developing	
   countries.	
   Thus,	
   exporters	
   in	
  
developing	
   countries,	
   which	
   were	
   initially	
   exempted	
   from	
   the	
   Kyoto	
   Protocol,	
   find	
   themselves	
  
confronted	
  with	
  climate	
  change	
  mitigation	
  policies	
  of	
  OECD	
  countries.	
  
	
  
Additionally	
  to	
  this	
  regulatory	
  impact,	
  developing	
  countries	
  and	
  especially	
  their	
  agricultural	
  sectors	
  
face	
   a	
   growing	
   physical	
   threat	
   of	
   climate	
   change.	
   For	
   instance,	
   Garlati	
   (2013)	
   identifies	
   floods,	
  
rainfalls,	
   storms	
   and	
   landslides,	
   which	
   are	
   all	
   natural	
   disasters	
   impacting	
   the	
   agricultural	
   sector,	
   as	
  
being	
   particularly	
   frequent	
   in	
   recent	
   decades	
   in	
   Latin	
   America	
   and	
   the	
   Caribbean.	
   Besides,	
   already	
  
more	
   than	
   60	
   percent	
   of	
   the	
   respondents	
   of	
   the	
   recent	
   Latin	
   America	
   report	
   of	
   the	
   Carbon	
  
Disclosure	
  Project	
  (2012)	
  perceived	
  alterations	
  of	
  extreme	
  weather	
  events	
  as	
  the	
  main	
  risk	
  of	
  climate	
  
change	
  to	
  their	
  businesses.	
  Hence,	
  a	
  Latin	
  American	
  climate	
  change	
  response	
  can	
  neither	
  be	
  avoided	
  
nor	
  delayed,	
  and	
  should	
  have	
  a	
  top	
  priority	
  on	
  governmental	
  and	
  corporate	
  agendas.	
  	
  	
  
	
  
In	
   the	
   following	
   the	
   paper	
   focuses	
   on	
   the	
   reasons	
   for	
   and	
   challenges	
   of	
   the	
   inclusion	
   of	
   Latin	
  
American	
   food	
   suppliers	
   in	
   the	
   management	
   and	
   disclosure	
   of	
   carbon	
   emissions	
   within	
   international	
  
supply	
  chain.	
  Finally	
  recommendations	
  addressing	
  the	
  question	
  “what	
  is	
  still	
  missing”	
  with	
  respect	
  to	
  
carbon	
  management	
  and	
  disclosure	
  in	
  international	
  supply	
  chains	
  are	
  given.	
  	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

907

3	
  

IMPACTS	
  WORLD	
  2013,	
  INTERNATIONAL	
  CONFERENCE	
  ON	
  CLIMATE	
  CHANGE	
  EFFECTS,	
  
POTSDAM,	
  MAY	
  27-‐30	
  	
  

2	
  Carbon	
  Emissions	
  Disclosure	
  and	
  Management	
  in	
  the	
  Latin	
  American	
  Food	
  
Export	
  Industry	
  
The	
   Latin	
   American	
   and	
   Caribbean	
   food	
   export	
   industry	
   was	
   chosen	
   as	
   an	
   example,	
   as	
   the	
   region	
  
accounts	
   for	
   11	
   percent	
   of	
   the	
   international	
   food	
   production	
   and	
   inhabits	
   24	
   percent	
   of	
   the	
  
worldwide	
   arable	
   land	
   (IADB	
   2013).	
   Due	
   to	
   its	
   counter-‐cyclical	
   seasons,	
   Latin	
   American	
   countries	
   are	
  
food	
   export	
   leaders	
   in	
   many	
   product	
   categories	
   (Comtrade	
   2013).	
   According	
   to	
   De	
   La	
   Torre	
   et	
   al.	
  
(2009)	
   the	
   agricultural	
   sector,	
   including	
   land-‐use	
   change,	
   in	
   Latin	
   America	
   contributes	
   around	
   70	
  
percent	
  to	
  the	
  region´s	
  total	
  greenhouse	
  gas	
  emissions	
  compared	
  to	
  a	
  global	
  average	
  of	
  55	
  percent.	
  	
  
	
  
As	
  the	
  global	
  demand	
  for	
  food	
  is	
  estimated	
  to	
  increase	
  by	
  50	
  percent	
  to	
  85	
  percent	
  until	
  2030,	
  the	
  
Latin	
   American	
   food	
   export	
   sector,	
   which	
   is	
   currently	
   favoured	
   by	
   increased	
   commodity	
   prices,	
   is	
  
expected	
  to	
  grow	
  substantially	
  in	
  the	
  upcoming	
  years	
  (Vosti	
  et	
  al.	
  2011).	
  	
  
	
  
As	
   a	
   result,	
   the	
   Latin	
   American	
   food	
   export	
   industry	
   faces	
   a	
   threefold	
   challenge:	
   it	
   has	
   to	
   increase	
  
agricultural	
  output	
  to	
  benefit	
  from	
  the	
  increased	
  food	
  demand	
  while	
  keeping	
  carbon	
  emissions	
  low	
  
and	
   adapting	
   to	
   the	
   physical	
   threat	
   of	
   climate	
   change.	
   Food	
   exporters,	
   in	
   particular,	
   are	
   pressured	
  
and	
  incentivized	
  to	
  be	
  more	
  energy-‐efficient	
  due	
  to	
  regulations	
  transmitted	
  by	
  international	
  supply	
  
chains	
  and	
  impacts	
  of	
  energy	
  markets	
  via	
  fertiliser	
  and	
  transportation	
  prices	
  as	
  well	
  as	
  the	
  increasing	
  
biofuel	
  demand.	
  	
  

	
  
2.2	
  Reasons	
  for	
  Carbon	
  Disclosure	
  and	
  Management	
  
The	
   OECD	
   (2010)	
   summarizes	
   the	
   general	
   benefits	
   of	
   carbon	
   disclosure	
   and	
   management	
   as:	
  
reduction	
   of	
   energy	
   costs,	
   gaining	
   independence	
   from	
   fossil	
   fuels,	
   opening	
   of	
   new	
   business	
  
opportunities	
  and	
  improvement	
  of	
  reputation.	
  Furthermore,	
  there	
  are	
  a	
  number	
  of	
  externalities	
  of	
  
carbon	
  disclosure	
  and	
  management	
  from	
  which	
  particularly	
  businesses	
  in	
  developing	
  countries	
  can	
  
benefit.	
  	
  	
  
	
  
First	
   of	
   all,	
   Bosetti	
   and	
   Victor	
   (2011)	
   argue	
   that	
   governments	
   of	
   developing	
   countries	
   can	
   gain	
  
substantial	
   international	
   and	
   national	
   credibility	
   by	
   pre-‐committing	
   to	
   international	
   climate	
   change	
  
regulations,	
   thus	
   anticipating	
   border	
   carbon	
   adjustments	
   and	
   speeding	
   up	
   investments	
   into	
   low-‐
carbon	
   technologies	
   among	
   businesses.	
   In	
   the	
   Latin	
   American	
   report	
   of	
   the	
   Carbon	
   Disclosure	
  
Project	
  (2012)	
  the	
  respondents	
  ranked,	
  besides	
  reputation,	
   international	
  agreements,	
  cap-‐and-‐trade	
  
systems,	
  taxes	
  and	
  regulations	
  on	
  fuels	
  and	
  energy	
  as	
  well	
  as	
  standards	
  and	
  regulations	
  for	
  efficient	
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products	
   among	
   the	
   top	
   five	
   business	
   opportunities	
   of	
   climate	
   change.	
   This	
   result	
   mirrors	
   the	
  
importance	
   of	
   setting	
   standards	
   and	
   regulations	
   to	
   which	
   businesses	
   can	
   adhere	
   to	
   benefit	
   from	
   a	
  
first-‐mover	
  advantage.	
  	
  	
  
	
  
Moreover,	
   committing	
   small	
   and	
   medium-‐sized	
   enterprises	
   (SMEs)	
   in	
   Latin	
   American	
   countries	
   are	
  
eligible	
   for	
   international	
   financial	
   support	
   for	
   climate	
   change	
   adaptation	
   and	
   emissions	
   mitigation.	
  
For	
   instance,	
   via	
   its	
   Clean	
   Technology	
   Fund	
   the	
   Inter-‐American	
   Development	
   Bank	
   invests	
   into	
  
innovative	
   SMEs	
   in	
   Latin	
   America	
   to	
   improve	
   energy	
   efficiency	
   and	
   replace	
   fossil	
   fuel	
   energy	
   sources	
  
with	
   clean	
   energy	
   sources	
   (IADB	
   2012).	
   The	
   Dutch	
   Sustainable	
   Trade	
   Initiative	
   financially	
   supports	
  
agricultural	
   businesses	
   in	
   developing	
   countries	
   to	
   produce	
   sustainably	
   and	
   obtain	
   certifications	
  
needed	
   to	
   export	
   to	
   “premium	
   international	
   markets”	
   of	
   OECD	
   countries	
   (Dutch	
   Sustainable	
   Trade	
  
Initiative	
  2012).	
  
	
  
Furthermore,	
   international	
   supply	
   chains	
   can	
   act	
   as	
   a	
   channel	
   for	
   the	
   diffusion	
   of	
   technology	
   and	
  
knowledge.	
   As	
   the	
   OECD	
   (2010)	
   points	
   out:	
   “multinational	
   enterprises	
   are	
   the	
   main	
   conduit	
   of	
  
technology	
   transfer	
   across	
   borders”.	
   For	
   instance,	
   the	
   retailer	
   Walmart	
   incentivizes	
   its	
   suppliers	
   to	
  
disclose	
   their	
   carbon	
   emissions	
   to	
   the	
   Carbon	
   Disclosure	
   Project,	
   while	
   offering	
   guidelines,	
  
workshops	
  and	
  trainings	
  on	
  carbon	
  disclosure	
  and	
  management	
  (Carbon	
  Disclosure	
  Project	
  2013).	
  	
  
	
  

2.3	
  Challenges	
  of	
  Carbon	
  Disclosure	
  and	
  Management	
  
Before	
   engaging	
   in	
   carbon	
   emissions	
   disclosure	
   and	
   management,	
   Latin	
   American	
   food	
   exporters	
  
primarily	
   have	
   to	
   choose	
   the	
   right	
   methodology,	
   be	
   trained	
   in	
   carbon	
   disclosure	
   and	
   management	
  
and	
   obtain	
   the	
   necessary	
   technologies	
   and	
   financial	
   assistance.	
   Businesses	
   reaching	
   out	
   to	
   their	
  
respective	
  suppliers	
  should	
  offer	
  substantial	
  support	
  in	
  all	
  of	
  these	
  aspects.	
  	
  
	
  
Though	
   a	
   number	
   of	
   initiatives	
   for	
   the	
   harmonization	
   of	
   methodologies	
   have	
   emerged	
   in	
   recent	
  
years,	
   most	
   of	
   them	
   are	
   based	
   in	
   OECD	
   countries	
   and	
   do	
   not	
   include	
   specification	
   about	
   supply	
  
chains.	
  Hence,	
  there	
  is	
  a	
  threat	
  of	
  misrepresentation	
  of	
  carbon	
  emissions	
  in	
  developed	
  countries	
  and	
  
along	
  international	
  supply	
  chains.	
  To	
  overcome	
  this	
  threat	
   the	
  industries	
  in	
  developing	
  countries	
  are	
  
particularly	
  asked	
  to	
  proactively	
  join	
  existing	
  carbon	
  disclosure	
  schemes	
  and	
  promote	
  the	
  integration	
  
of	
   their	
   industry	
   and	
   country	
   specific	
   characteristics	
   into	
   the	
   respective	
   schemes.	
   Especially	
  
businesses	
   with	
   an	
   international	
   competitive	
   advantage	
   of	
   energy	
   efficiency	
   should	
   integrate	
  
themselves.	
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Moreover,	
  most	
  Latin	
  American	
  countries	
  are	
  located	
  far	
  away	
  from	
  their	
  export	
  destinations.	
  Hence,	
  
emissions	
   from	
   transportation	
   account	
   for	
   a	
   large	
   share	
   of	
   total	
   carbon	
   emissions	
   in	
   the	
   supply	
  
chain.	
   Furthermore,	
   due	
   to	
   poor	
   infrastructure	
   in	
   the	
   region,	
   transportation	
   expenses	
   are	
   already	
  
high	
  and	
  range	
  between	
  16	
  percent	
  and	
  26	
  percent	
  of	
  GDP	
  compared	
  to	
  around	
  9	
  percent	
  of	
  GDP	
  
among	
   OECD	
   countries	
   (World	
   Bank	
   2012).	
   Hence,	
   it	
   is	
   particularly	
   important	
   for	
   Latin	
   American	
  
countries	
   to	
   apply	
   a	
   carbon	
   methodology,	
   which	
   accounts	
   for	
   transport	
   specifications	
   not	
   add	
  
unnecessary	
  costs.	
  	
  	
  	
  
	
  
In	
  a	
  World	
  Bank	
  Study	
  on	
  the	
  effectiveness	
  of	
  carbon	
  footprints	
  for	
  agricultural	
  products	
  Brenton	
  et	
  
al.	
   (2010)	
   outline	
   key	
   aspects	
   as	
   land	
   use	
   change,	
   carbon	
   sequestration,	
   and	
   blend	
   of	
   products,	
  
which	
  should	
  be	
  addressed	
  when	
  designing	
  a	
  carbon	
  accounting	
  and	
  labelling	
  system	
  in	
  developing	
  
countries.	
  	
  
	
  
Firstly,	
   land	
   use	
   conversion	
   for	
   farming	
   in	
   developing	
   countries	
   increasingly	
   takes	
   place	
   in	
   order	
   to	
  
raise	
   agricultural	
   output.	
   The	
   resulting	
   loss	
   of	
   carbon	
   captured	
   in	
   trees	
   and	
   soil	
   accounts	
   for	
   the	
  
highest	
   share	
   of	
   carbon	
   emissions	
   of	
   the	
   carbon	
   footprint	
   of	
   agricultural	
   products.	
   In	
   contrast	
   to	
  
developing	
   countries,	
   developed	
   countries	
   such	
   as	
   the	
   US	
   or	
   EU	
   do	
   not	
   have	
   to	
   include	
   carbon	
  
emissions	
   from	
   land	
   use	
   change,	
   as	
   land	
   use	
   conversions	
   there	
   took	
   place	
   decades	
   or	
   even	
   centuries	
  
ago.	
   Especially	
   South	
   American	
   countries	
   inhabiting	
   rainforest	
   like	
   Brazil,	
   Bolivia,	
   Peru,	
   Ecuador,	
  
Colombia,	
  Venezuela,	
  Guyana,	
  and	
  Suriname	
  as	
  well	
  the	
  Central	
  American	
  countries	
  Panama,	
  Costa	
  
Rica,	
  Honduras,	
  and	
  Belize	
  as	
  well	
  as	
  the	
  southern	
  part	
  of	
  Mexico,	
  have	
  to	
  address	
  the	
  issue	
  of	
  land	
  
use	
  conversion	
  to	
  accurately	
  account	
  for	
  the	
  carbon	
  footprint	
  of	
  their	
  agricultural	
  products.	
  Secondly,	
  
Latin	
   American	
   countries	
   exporting	
   agricultural	
   products	
   as	
   coffee,	
   cocoa,	
   tea,	
   fruits	
   and	
   nuts	
  
obtained	
  from	
  trees	
  which	
  capture	
  carbon	
  as	
  well	
  as	
  the	
  trees’	
  soils	
  do,	
  cannot	
  fully	
  benefit	
  from	
  this	
  
positive	
   effect	
   of	
   carbon	
   capture,	
   as	
   only	
   few	
   carbon	
   accounting	
   system	
   recognise	
   it.	
  Finally,	
   some	
  
agricultural	
  products	
  are	
  sold	
  as	
  a	
  mix	
  of	
  ingredients	
  from	
  different	
  countries	
  of	
  origin,	
  which	
  have	
  to	
  
be	
  accounted	
  for	
  as	
  well.	
  	
  

	
  
	
  
	
  
	
  
	
  

	
  

910

6	
  

IMPACTS	
  WORLD	
  2013,	
  INTERNATIONAL	
  CONFERENCE	
  ON	
  CLIMATE	
  CHANGE	
  EFFECTS,	
  
POTSDAM,	
  MAY	
  27-‐30	
  	
  

3	
  Conclusion:	
  What	
  is	
  still	
  missing?	
  
The	
   example	
   of	
   the	
   food	
   export	
   industry	
   showed	
   that	
   compliance	
   with	
   climate	
   change	
   policies,	
  
which	
   are	
   transmitted	
   through	
   international	
   supply	
   chains,	
   is	
   necessary	
   based	
   on	
   a	
   number	
   of	
  
arguments	
   and	
   the	
   particular	
   physical	
   threat,	
   which	
   climate	
   change	
   poses	
   on	
   Latin	
   America´s	
   food	
  
industry.	
  In	
  the	
  following	
  some	
  selected	
  recommendations	
  are	
  presented	
  as	
  answers	
  to	
  the	
  question	
  
“What	
   is	
   still	
   missing?”	
   with	
   respect	
   to	
   management	
   and	
   disclosure	
   of	
   carbon	
   emissions	
   in	
  
international	
  supply	
  chains.	
  
	
  
Firstly,	
   an	
   internationally	
   common	
   methodology	
   to	
   account	
   for	
   carbon	
   emissions	
   reaching	
   beyond	
  
the	
  borders	
  of	
  the	
  European	
  Union	
  is	
  needed	
  to	
  improve	
  1)	
  feasibility;	
  2)	
  practicability;	
  3)	
  available	
  
data;	
   and	
   4)	
   to	
   decrease	
   the	
   costs	
   associated	
   with	
   carbon	
   disclosure.	
   Governments	
   in	
   cooperation	
  
with	
   international	
   organizations	
   are	
   urged	
   to	
   find	
   an	
   internationally	
   binding	
   agreement	
   on	
   carbon	
  
disclosure	
   and	
   management	
   and	
   to	
   provide	
   clear	
   guidelines	
   to	
   the	
   private	
   sector.	
   Finally,	
   carbon	
  
footprint	
  data	
  should	
  be	
  made	
  publicly	
  available	
  and	
  easy	
  to	
  access	
  for	
  producers	
  and	
  consumers	
  to	
  
reach	
   greater	
   public	
   transparency.	
   Furthermore	
   an	
   independent	
   verification	
   system	
   has	
   to	
   be	
  
established	
  to	
  increase	
  the	
  credibility	
  of	
  carbon	
  disclosure	
  schemes.	
  
	
  
Secondly,	
   a	
   customized	
   methodology	
   for	
   carbon	
   accounting	
   in	
   agricultural	
   sector	
   in	
   developing	
  
countries	
  has	
  to	
  be	
  established.	
  Governments	
  and	
  the	
  private	
  sector	
  in	
  developing	
  countries	
  should	
  
promote	
  the	
  incorporations	
  of	
  country	
  characteristics	
  as	
  well	
  as	
  those	
  of	
  their	
  products	
  into	
  carbon	
  
disclosure	
  schemes.	
  	
  
	
  
Moreover,	
   it	
   is	
   highly	
   recommended,	
   that	
   businesses,	
   especially	
   those	
   being	
   affected	
   by	
   the	
   physical	
  
impact	
  of	
  climate	
   change,	
   internalize	
   the	
   costs	
   of	
   future	
   environmental	
   damage	
   in	
   their	
   cost	
   and	
   risk	
  
analysis	
  and	
  price	
  determination	
  models.	
  	
  
	
  
Finally,	
   communication	
   and	
   cooperation	
   on	
   B2B	
   and	
   B2C	
   levels	
   has	
   to	
   be	
   improved.	
   Governments	
  
and	
   those	
   businesses,	
   which	
   are	
   reaching	
   out	
   to	
   their	
   small	
   and	
   medium-‐sized	
   suppliers,	
   should	
  
support	
   the	
   affected	
   sectors	
   by	
   providing	
   training,	
   guidelines	
   and	
   financial	
   assistance	
   to	
   disclose	
   and	
  
manage	
  their	
  carbon	
  emissions.	
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