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FOREWORD

The growing threat of climate change to the 
global food supply, and the challenges it poses 

for food security and nutrition, requires urgent 
concerted policy responses and the deployment 
of all the scientific knowledge and accumulated 
evidence at our disposal. It also requires a 
sharper focus on the important drivers of climate 
adaptation, including the potential role of trade to 
mitigate some of the negative impacts of climate 
change on global food production. 

Knowledge of climate change impacts on 
agriculture has significantly expanded over the 
past 20 years. Convergent results are showing 
that climate change will fundamentally alter global 
food production patterns. Crop productivity 
impacts are expected to be negative in low-
latitude and tropical regions but somewhat 
positive in high-latitude regions. Adverse climate 
impacts on health, including through malnutrition, 
are gaining increased attention. Higher carbon 
dioxide concentration [CO2] is shown to lower 
concentrations of zinc, iron and protein and raise 
starch and sugar content in crop plants that use 
three-carbon (C3) fixation pathway such as wheat, 
rice and soybeans. These findings exacerbate 
the malnutrition challenges, including obesity and 
nutrition deficits in poor communities.  

Since water mediates much of the climate 
change impacts on agriculture, increased water 
scarcity in many regions of the world presents 
a major challenge for climate adaptation. 
Addressing the implications of future water 
availability for food security is paramount and 
requires coherent cross-sectoral, national 
and regional strategies that address water 
management supply and demand. Market-
based instruments (water pricing, water trading) 
could enhance efficient water use and improve 
water demand management. However, strong 
institutional structures are also required to ensure 

people’s rightful access to this indispensable and 
geographically bound resource. 

Climate change mitigation measures that affect 
food security involve emission reductions from 
many sources. Several technologies targeting 
adaptation can also have mitigation co-benefits. 
At the same time, many technologies critical for 
food security present dilemmas and trade-offs in 
climate mitigation. Current crop-based biofuels 
contribute to mitigation as a renewable energy, but 
can exacerbate emissions through indirect land 
use change (e.g. deforestation). Nitrogen fertilizer – 
a critical input for agricultural productivity – also 
presents trade-offs between food production and 
climate mitigation. A win-win solution requires 
ensuring that fertilizer is accessible to farmers 
through efficient delivery technologies, but that its 
use is reduced without negatively affecting yields or 
exacerbating greenhouse gas emissions. 

Climate impact assessments strongly indicate 
that trade will probably expand from the mid- to 
high-latitude regions to the low-latitude regions, 
where production and export potential could be 
reduced. At the same time, more frequent extreme 
weather patterns can also adversely impact trade 
by disrupting transportation, supply chains and 
logistics. While global markets can play a stabilizing 
role for prices and supplies, and provide alternative 
food options for regions negatively impacted by 
changing conditions, trade alone is not a sufficient 
adaptation strategy. Trade requires a balance with 
a domestic adaptation strategy that avoids too 
much dependence on imports, which may increase 
a country’s risk of and exposure to higher market 
and price volatility expected under climate change. 

Trade policy plays an important role in affecting 
future trade flow patterns. Progress on climate-
compatible trade policies requires ensuring 
that climate measures do not distort trade and, 
alternatively, that trade rules do not prevent 
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progress on climate change. In the longer term, 
trade rules should evolve to allow internalization 
of the cost of carbon to avoid negatively affecting 
climate change mitigation. Likewise, future climate 
change mitigation policies should include measures 
designed to internalize the environmental costs of 
resources. 

Combatting climate change must go hand in 
hand with alleviating poverty. Adverse effects of 
climate change are greater among poor people in 
developing countries who are highly dependent 
on climate-sensitive natural resources yet have 
the least adaptive capacity to cope with climate 
impacts. Consequently, there is increasing support 
for mainstreaming climate change responses within 
pro-poor development strategies. Mainstreaming 
offers the opportunity to implement ‘no regrets’ 
actions that can improve resiliency to current and 
future climate impacts for the most vulnerable 
groups while avoiding potential trade-offs between 
adaptation and development strategies. 

Although our understanding of climate change 
impacts on food systems has expanded, more 
policy-relevant evidence is required. Stronger 
emphasis needs to be placed on other important 
drivers like bioenergy, water and trade. Climate 
impact science also needs to become more 
systems-based and improve cross-sectoral 
frameworks to examine a number of critical 
linkages: climate-food-trade, climate-nutrition-
health, climate-food-water, and climate-food-
energy. Since the effects of food insecurity and 

environmental impacts are felt locally, more focus 
should be given to local validation of climate 
impacts, taking into account spatial variability, 
possible adaptation responses, local resource 
availabilities and constraints, and socio-economic 
determinants. Robust and reliable evidence is 
critical to the development of policies to address 
climate change impacts on agriculture, water 
and trade. This is critical since climate policy 
must cope with a certain level of unavoidable 
uncertainty in the evidence base. Consequently, a 
structured multi-partner dialogue and information 
exchange between the scientific community and 
policy makers is necessary to provide evidence-
based support to climate-compatible food security 
policies. 

This book examines these issues in detail and 
is the outcome of an expert consultation organized 
by FAO in November 2013 which gathered 
acknowledged experts in climate impact research. 
The 11 chapters cover the latest scientific 
and economic evidence on climate impact 
assessments of crop and livestock systems. The 
chapters cover methodological overviews of global 
climate impact assessments (biophysical and 
economic) of food systems, as well as specific 
model-based analyses  focusing on a particular 
region (Africa, Europe, Asia, Eastern Europe and 
Central Asia, South East Asia) and food systems 
(small grains, rice, livestock, bananas). Each 
chapter starts with take-home messages for non-
specialist readers.

                                                              Maria Helena Semedo
                                                            Deputy Director-General
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PREFACE

This book arose in response to the growing 
debate about the threat of climate change on the 
global food supply and the challenges it poses 
for food security, nutrition, and poverty alleviation. 
This debate also brought sharper focus on the 
potential increased role of trade as a driver to 
mitigate some the negative impacts of climate on 
global food production. 

To assess the best available evidence on 
the issue and to make it more accessible for 
policy, the Food and Agriculture Organization of 
the United Nations (FAO) organized an expert 
consultation in November 2013 in Rome. During 
the two day event, a number of acknowledged 
experts reviewed the current evidence on 
climate impacts on food systems, examined the 
research methodologies and gaps, and discussed 
the policy implications. The consultation also 
discussed ways to strengthen dialogue between 
science and policy and to improve information 
sharing in support of adaptation strategies to 
cope with climate impacts on global food supply, 
food security and trade. The present volume is the 
outcome of this consultation and the contributed 
papers that followed. 

Funding for this work was provided by the 
Swedish International Development Agency (SIDA) 
as part of the FAO Multi-Partner Programme 
Support Mechanism (FMM) (2011-2014).

This book owes its release to many. The first 
acknowledgement goes to the participants of the 
expert consultation and the book’s contributing 
authors. David Hallam, Director of the Trade and 
Markets Division, has actively supported this work 
and provided the required leadership throughout. 
Dominique van der Mensbrugghe, then senior 
economist at FAO, provided valuable expert 
advice on the consultation program and the active 
experts in this field.  Special thanks are addressed 
to external peer reviewers of selected book 

chapters, namely: Joseph Eitzinger, Professor, 
University of Natural Resources and Applied Life 
Sciences Austria; Thomas Hertel, Distinguished 
Professor and Director, the Global Trade Analysis 
Project, Purdue University; William Liefert, 
Senior Economist, United States Department of 
Agriculture, Economic Research Service; and 
Francesco Tubiello, Senior Officer, Food and 
Agriculture Organization of the United Nations 
(FAO).

Special acknowledgement goes to 
Nadia Laouini who ably managed the 
administrative support for the November 2013 
consultation and for the commissioned 
papers that followed. Marwan Benali provided 
valuable technical assistance during and after 
the consultation. Brett Shapiro carefully copy 
edited the entire manuscript, while Rita Ashton, 
Ettore Vecchione and Cinzia Tarisciotti 
collaborated superbly to format and to create the 
book art design. 
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■	 Convergent results are showing that climate 
change will fundamentally alter global food 
production patterns, with negative crop 
productivity impacts likely expected in low 
latitude and tropical regions but somewhat 
positive in high latitude regions.  

■ 	 Water mediates much of climate change impact 
on agriculture and increased water scarcity in 
many regions of the world present a major 
challenge for climate adaptation, food security 
and nutrition. Tackling the climate-food-water-
trade nexus requires deploying coherent cross-
sectoral, national, and regional strategies.

■ 	 Climate impacts on future food supply strongly 
suggest an enhanced role for trade with 
expanded flows from the mid-to-high latitude 
regions to the low latitudes regions, where 
production and export potential could be 
reduced. Progress on climate-compatible 

trade policies requires resolving the trade versus 
environment trade-offs and ensuring that future 
trade rules are more aligned with climate 
objectives.

■ 	 Combatting climate change goes hand in hand 
with alleviating poverty which requires 
mainstreaming climate responses within pro-
poor development strategies. Mainstreaming 
should promote ‘no regrets’ actions that target 
improved resiliency to current and future climate 
impacts, especially for the poor and most 
vulnerable groups.

■ 	 Robust and reliable science-based evidence is 
critical to the development of policies to address 
climate impacts on food security and trade. A 
strategic and structured dialogue is required 
between science and policy and between global 
and regional impact research with local 
validation to support policy action.

main chapter messages
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A.	 PART ONE

Climate change impact 
modelling – current  
status and future direction

Future land use and food security will 
be determined largely by the dynamics and 
interactions of agricultural markets, climatic 
suitability, adaptive capacity and direct 
interventions along the supply chain. Perhaps 
more than any other major economic sector, 
agriculture is highly dependent on local climatic 
conditions and is therefore expected to be highly 
sensitive to changes in climate that are expected 
in coming decades. This sensitivity is compounded 
by increasing pressure on the global agricultural 
system to meet food security objectives and, for 
some countries, to contribute also to national 
energy budgets through bioenergy production. 

Rapid increases in global demand for 
agricultural commodities for food, animal feed and 
fuel are driving dramatic changes in the way we 
think about crops and land use. Along with recent 
supply side shocks driven by extreme weather 
events and other disasters, these conditions 
have led to increasingly wild swings in agricultural 
commodity markets that have some stakeholders 
concerned. In recent years, additional stresses 
on the land-food system are coming from some 
of the very mitigation strategies meant to slow 
climate changes before irreversible impacts occur. 
Many of the proposed strategies rely heavily 
on net emissions reductions through terrestrial 
biosequestration from modified farming practices, 
reducing application of inorganic fertilizer, avoiding 
deforestation or increasing afforestation and 
displacing fossil fuel energy with biomass and 
biofuel crops. 

Conversion of natural lands to crop and/
or livestock production as well as intensifying 
production on existing agricultural lands will have 
significant consequences for the environment, 

such as degradation of soil and water resources, 
increased greenhouse gas emissions and regional 
climate effects. Typical farming practices have 
been shown to reduce soil carbon by as much 
as 50-66 percent from natural levels [1] and there 
is little evidence that management practices 
which could stop or reverse these trends are 
gaining much traction. It has long been known [2] 
that direct effects of land-cover change on, for 
example, surface albedo4 and evapotranspiration 
can be significant drivers of regional patterns of 
warming and can even have significant implications 
for changes in global mean variables. These 
environmental issues pose questions with regard 
to trade-offs of food and biomass production and 
increase the threat of environmental limitations on 
future increases in food production. 

A1.	 Robust results from 
existing climate change 
impact studies

A1.1	 Global impacts of climate trends

Overall expected patterns of climate impacts 
have been largely stable since the first global 
scale analyses [3]. Climate impacts in low-latitude 
regions, given present-day levels of management 
and technology, are clearly expected to be 
negative, even at low levels of warming. Impacts 
in the mid to high latitudes are expected to be 
more mixed, especially at lower levels of warming. 
Some high-latitude regions are expected to benefit 
[4] – sometimes substantially – from warmer 
temperatures and longer growing seasons; 
however, other environmental conditions, such 
as soil quality issues in the far north, will likely 
constrain expansion. 

Recent summary results from the Inter-
governmental Panel on Climate Change Fifth 
Assessment (IPCC AR5) [5] and global model 

4	 The ratio of reflected radiation from the earth’s 
surface to incident radiation upon it.
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results from the Inter-Sectoral Impacts Model 
Intercomparison Project (ISI-MIP1) [4, 6, 7] have 
largely verified these overall patterns and extended 
them to cover more regions, more crops and 
higher temperatures. These studies have also 
added more information regarding the potential 
for adaptation to ameliorate some portion of 
likely climate impacts to food production [5, 6]. 
Adaptive changes in management – especially 
planting dates, cultivar choice and sometimes 
increased irrigation – have been studied to varying 
extents and are generally estimated to have the 
potential to increase yields by about 7-15 percent 
on average [5], though these results depend 
strongly on the region and crop being considered 
and many questions remain. Increasing the 
concentration of atmospheric carbon dioxide (CO2) 
is widely accepted to have a positive stimulating 
effect on crop yields under a broad range of 
other conditions, primarily through increasing 
the efficiency of photosynthesis, especially in C3 
crops (which include wheat, rice and soybeans). 
The magnitude of this effect, especially in 
environments with high stress from nutrient, or 
other, deficiencies, is still a field of active study and 
debate. 

A1.2 	Strengths and weaknesses of 
common model types

A wide array of models has been applied to 
the study of climate impacts, at decadal to 
multidecadal time scales. Models can generally be 
distinguished as primarily mechanistic or primarily 
empirical, though most of them fall somewhere 
between these extremes. Mechanistic models 
are usually based on field-scale crop models 
developed over many decades and tend to have 
the most complex process representations, 
especially with respect to parameterizing farm 
management, soil dynamics and genetic properties 
of different crop cultivars [8-11]. Dynamic global 
vegetation models have generally evolved from 
the opposite direction, starting with global-scale 
land models, often coupled with global earth 

systems models. Researchers have added crops 
and related processes to these models using 
representations of varying complexity, typically with 
a focus on better representing crucial exchange 
processes (e.g. carbon, water and energy balance) 
between land and atmosphere [12-17]. Purely 
empirical models are used to study global climate 
impacts, typically at national or continental scales 
[18, 19]. These models are useful for capturing 
in-sample processes and representing hidden 
variables, but pose challenges for estimation of 
climate impacts at long time scales, where regimes 
of atmospheric carbon, technology, management 
and climate may be fundamentally different from 
the recent historical past. A newer class of models, 
called large-area crop models, uses relatively 
simple representations of key crop processes to 
produce flexible models that can be statistically 
calibrated at large scales to capture hidden 
variables and better reproduce historical trends 
[20‑23].

The scale of application of models and 
model-based assessments also leads to various 
trade-offs. Field-scale assessments of climate 
impacts often benefit from very high quality 
input and reference data, available at only a 
handful of experimental sites around the world 
[e.g. 24]. In addition, the relative simplicity of 
model execution and data management for 
these highly localized studies makes it possible 
to consider many different models and explore 
detailed subseasonal process differences and 
uncertainties. Global models require consistent 
global datasets of climate, soils and management. 
Many such datasets have been developed for 
continental or global-scale applications [25-28], 
but there are often trade-offs in terms of quality 
and representational complexity in the process of 
compiling these data. 

Bio-economic models of agriculture and food 
systems (also called agro-economic models) apply 
results from biophysical model applications within 
an economic modelling framework (typically a 
partial or general equilibrium model) [29-35]. These 
models generally use simple representations of 
food production and climate impacts combined 
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figure 1 
The evolution of average yields for three staple cereal crops in three regions  

important to global trade and the food, feed and fuel supply [41]. In each plot, the major 
producer with the highest average per hectare yield is shown (solid blue line), along with  

the producer for whom yields have grown by the highest fraction in the 50-year period  
(dashed yellow line), which is China in all three cases, and an additional region  

(dotted black line) that, while still important to the global supply, has shown substantially 
lower average yields and a generally slower pace of increase (and thus presumably has  

much room to grow given the right conditions)
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with representations of economies, populations, 
markets and other demand forces. These models 
make it possible to parameterize technological 
change and adaptation in response to prices in 
a way that is not possible in a purely biophysical 
assessment. 

A1.3 	Other drivers of productivity 

For over 30 years it has been generally accepted 
that trends towards increasing temperatures and 
changing precipitation patterns in agricultural areas 
will have major, generally negative, implications 
for cropland productivity and will increase stress 
on global food production in the coming decades. 
In addition to these changes, a number of other 
related changes in the biosphere could ameliorate 
or compound these impacts. In fact, it has been 
suggested that the food security implications of 
changes in the severity, frequency and extent (both 
spatially and temporally) of drought events [36] 
may affect more people in the future than any other 
climate-related impact [37], though much work is 
still needed to understand how climate trends will 
produce precipitation extremes. On the other side 

of the ledger, increasing concentrations of CO2 in 
the atmosphere – the very same phenomenon that 
drives global warming – can have a positive effect 
on the capacity for photosynthesis and water-use 
efficiency. These effects vary quite substantially 
among different crops, especially between those 
that use C3 and C4 pathways for photosynthesis, 
and among different regions, depending on 
the local aridity and the prevalence of other 
constraining stressors such as nitrogen availability. 

For every aspect of future crop production and 
climate impact, technology and local management 
practices do and will play a crucial role, and the 
interactions of environmental, technological and 
management changes must be better understood 
and better modelled. Technological change in 
the agricultural sector proceeded unevenly in the 
twentieth century (Figure 1) [38]. Maize yields 
have increased steadily in the United States and 
China over the last 50 years and show little sign 
of slowing. Indeed, average yields of maize in 
the United States surpassed 10.3 tonnes per 
hectare in 2009, and these increases are expected 
to continue, at least over the short to medium 
term [39]. At the same time, average yields in 
sub-Saharan Africa have been mostly flat, growing 
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from around 1 tonne per hectare in the 1960s to 
barely more than 1.5 tonnes per hectare over the 
last decade. In the case of wheat, average yields 
in Western Europe have tripled since 1960, but 
have been largely flat with high volatility since the 
mid-1990s, potentially indicating a slowing of 
yield growth [40]. Chinese wheat yields are still 
significantly lower than those obtained in Western 
Europe, and are increasing steadily with little sign 
of slowing. Yields in Russia, meanwhile, have been 
largely flat for over 30 years but have significant 
potential for growth.

Rice, the most important staple food crop for 
a huge portion of the global population, shows a 
very different profile from the other major cereals. 
Japan, long the world leader in rice yields, has 
seen yield growth slow to a crawl over the last 
50 years. China, which is both the world’s largest 
producer and largest consumer of rice, saw 
average yields double from 1960 to 1980 but has 
struggled to keep up yield growth rates since then 
and has also seen flat yield trends since the mid-
1990s. There is still some potential for increased 
rice yields in South and Southeast Asia, however, 
with each region accounting for about a quarter of 
global rice production and averaging 3.5‑4 tonnes 
per hectare in recent years. While in gross terms 
this is substantially less “slack” than is implied 
by low yields in maize and wheat crops in large 
potential bread baskets such as sub-Saharan 
Africa and Russia, recent trends towards increased 
rice yields in these areas show that at least here 
the lower-yielding regions are moving in the right 
direction.

Substantial yield gaps, defined as the difference 
between potential and actual yields, caused by 
imperfect cropland management [42], exist in 
most parts of the world as a result of market 
conditions, the availability of resources such as 
irrigation and fertilizers, and degradation due to 
poor soil management. The International Food and 
Policy Research Institute’s International Model for 
Policy Analysis of Agricultural Commodities and 
Trade (IMPACT) takes the spatial study of climate 
change impacts beyond analysis of the impacts 
of climate on key crops at a national level by 

adding additional analysis that examines global 
trends and other factors that are changing with 
the climate, including gross domestic products 
(GDPs), populations, and agricultural technology 
development and use (Thomas and Rosegrant, 
Chapter 5). The model identifies hotspots under 
climate change where large losses in production 
are projected to occur, but also areas of climate 
opportunity, which may have large gains, and/
or areas that were previously unsuitable but can 
become suitable for crop production at some 
point. Identification of these climate change 
hotspots could then provide important information 
for national policy, as they could be used to aid 
targeting of resources for adaptation (through 
policy intervention) or provide incentives, over the 
longer term, for climate adaptation research – for 
example, to develop agricultural technologies for 
the hotspot regions. In extreme cases, hotspots 
may provide forewarning of areas where agriculture 
could be untenable in the future, leading to shifts 
out of agriculture or migration away from the 
hotspot. Areas identified as climate opportunities, 
in contrast, could become the focus for inward 
investment in agriculture and food sectors.

Historically, there have been fewer 
assessments of climate change impacts on 
livestock than on the arable sector. Calculation of 
the uncertainty in livestock projections needs to 
account for impacts on both feed and fodder, as 
well as uncertainties in meat and dairy production. 
For livestock systems based on grazing, Havlik 
and colleagues (Chapter 6) identified two major 
sources of uncertainty: which particular crop/
grass growth model was used in the impact 
assessment; and what assumptions were made 
about the magnitude of the CO

2 fertilization effect 
on grass growth. They concluded that climate 
change impacts on grass yields, allowing for these 
uncertainties, may substantially alter the relative 
competitiveness of the different systems and hence 
the overall outcome for the livestock sector in the 
future. However, projected changes in global milk 
and meat production by 2050 attributable to direct 
climate change impacts were comparatively small 
compared with other influences on demand for 
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these products. Global price changes differed by 
up to 10 percent from the baseline scenario. More 
substantial differences in uncertainty were found 
at a regional scale. Climate change effects were 
most uncertain in the Near East & North Africa 
and in sub-Saharan Africa. For example, in the 
Near East & North Africa, the change in ruminant 
meat production due to climate change varied 
by +/‑20 percent, depending on the scenario. In 
sub-Saharan Africa, the effects were the most 
uncertain, but also potentially the most severe; 
ruminant production could increase by 20 percent 
but it could also decrease by 17 percent, with 
most yield scenarios projecting monogastric 
meat production to fall by more than 30 percent 
(Chapter 6).

A2. 	Current modelling 
challenges

A2.1 	Mechanisms requiring improved 
understanding

Many aspects of modern global agricultural 
impact models and assessments deserve further 
study and improvement, especially with regard 
to the effect of increasing atmospheric CO2 on 
plant growth, grain formation and crop water use 
efficiency. Increasing the level of CO2 improves the 
efficiency of photosynthesis, directly stimulating 
plant growth. It also reduces sensitivity to drought 
conditions by improving the efficiency with which 
crops use the water available in the soil, and can 
even improve nitrogen use efficiency [43]. These 
factors can have a compensatory effect on climate 
impacts, especially in regions where other potential 
stressors, such as soil quality and availability of 
key nutrients, are not constraining. These benefits 
may come with trade-offs in terms of food quality, 
however. Recent work has found that, in addition 
to increased caloric productivity, elevated CO2 
conditions have substantial negative implications 
for food nutrition content, with a 40-50 percent 
increase in CO2 leading to a 5-10 percent 

reduction in the concentrations of zinc, iron and 
protein in some crops [44]. 

Together, these factors will have significant, and 
potentially transformational, implications for global 
food and nutrition security and large-scale drought 
sensitivity. However, global models used to assess 
climate impacts on crops disagree significantly on 
the strength of CO2 fertilization effects, with their 
inclusion doubling or even tripling the range of 
outcomes within the model ensemble [4]. These 
differences are closely linked to whether a given 
model represents the nitrogen cycle and what 
assumptions are made about fertilizer application 
rates and nitrogen availability, now and in the 
future. 

A2.2 	Data requirements for model 
improvement

Perhaps the most important factor limiting the 
improvement of field-scale crop models is the 
existence and availability of experimental data, 
especially for conditions well outside normal 
experience, such as from large increases in CO2 
or extreme temperatures. Availability of data from 
Free-Air CO2 Enrichment (FACE) experiments 
[43, 45] is beginning to address this issue but 
many more experiments are needed for many 
more crops under many different conditions to 
understand the complex interactions among 
Carbon, Temperature, Water and Nitrogen 
(CTWN) [46]. Global-scale impact modelling 
poses additional challenges. Assessments 
require high-resolution data on daily weather, 
soil and environmental conditions, crop-specific 
cultivation areas, irrigation and fertilizer use and 
local cropping calendars. High-quality reference 
data are also necessary to facilitate evaluation 
of models at the scales of interest. Finally, many 
applications require long time series of these types 
of data in order to evaluate distributions, trends 
and extremes. Recently, significant progress has 
been made on many of these data requirements, 
notably including global high-resolution time series 
reference data from subnational statistics [47] and 
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hybrid algorithms combining national statistics and 
remotely sensed measures of plant growth [48]. 

A2.3 	Accounting for management 
changes and other human 
responses

Technological changes, mainly in the form of 
new cultivars, field management practices and 
industrial production techniques for inorganic 
fertilizers, have led to huge increases in yield in the 
developed world since the end of World War II. 
Most assessments of the future socio-economic 
conditions of the global population assume that 
crop yields in developed countries will continue 
to increase linearly or even exponentially, and that 
crop yields in developing countries will soon begin 
to accelerate, meeting or even exceeding their 
pace of growth in the developed world. The recent 
historical record on growth rates in yield, however, 
is more mixed (as summarized in Section A1.3, in 
[38, 40] and Figure 1). Yield gaps in the developing 
world are generally estimated to be 50 percent 
or more of potential yields [49]. Recent work 
suggests that average maize yields in sub-Saharan 
Africa could be doubled by an increase of fertilizer 
application to about 50 kg/ha nitrogen [50]. While 
modest by global and developed world standards, 
this level would nevertheless require an increase 
in fertilizer availability of more than seven times 
the current level in sub-Saharan Africa and, given 
present day capacities, this increase is unlikely to 
be attained in the near future. 

Much work is also still needed to identify how 
the options for agricultural development and 
adaptation and other likely sociotechnical changes 
might interact with climate changes in the coming 
decades. Towards this goal, the Agricultural Model 
Intercomparison and Improvement Project (AgMIP) 
has developed protocols [51] for the creation of 
Representative Agricultural Pathways (RAPs), story 
lines and scenario information products for the 
future of agricultural systems that are consistent 
with the Shared Socio-economic Pathways 
[52, 53] and the Representative Concentration 

Pathways [54, 55] created for the IPCC AR5 
process. RAPs are being developed for many 
different systems and modelling purposes, at 
scales ranging from individual farms to national and 
global food systems. 

A3. Future research areas

A3.1 	Multimodel assessment and 
intermodel comparison: benefits 
and limitations

Increasingly, the above considerations have driven 
interest in scientific assessments of agricultural 
production, demand, markets and land-use trends. 
Many collaborative initiatives and institutions 
around the world have undertaken large-scale 
projects to address underlying scientific questions 
about productivity and environmental sustainability, 
as well as to gather, produce and distribute 
the technology, data and information products 
required by stakeholders and policy-makers. To 
be credible, these assessments must account 
simultaneously for the socio-economic drivers 
of demand, the environmental limitations and 
changes from a warming climate, and the potential 
and limitations for sociotechnical adaptations to 
vulnerabilities and impacts. To be maximally useful, 
they must additionally be able to address the major 
underlying uncertainties in the system and deliver 
information products and impact measures across 
a wide range of spatial and temporal scales. 

Examples of ongoing collaborative initiatives 
include: AgMIP [51]); ISI-MIP [56]; and the 
Modelling European Agriculture with Climate 
Change for Food Security project (MACSUR, [57]). 
AgMIP includes many and various protocol-
driven climate scenario simulation exercises for 
historical model intercomparison and future climate 
change conditions. It involves ecophysiological 
and agricultural economics modelling groups, 
by extending the multimodel applications from 
global circulation models to ecophysiological 
and economic trade and impact models [51]. 
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ISI-MIP takes a similar protocol-driven approach 
to AgMIP, expanding the sectoral coverage to 
include hydrology, biomes and health impacts 
of climate change. MACSUR is a modelling 
network focusing on impacts of climate change 
on European agriculture [57]. MACSUR integrates 
models covering livestock, crops and economics 
to describe how climate variability and change 
will affect regional farming systems and food 
production in Europe in the short and long terms. 

A3.2 	Country-scale assessments: data 
requirements and successful 
case studies

Because of the current international nature of 
agricultural markets and the relevance of global 
change drivers (climate, population, consumption 
and regulation), food security and land-use change 
dynamics must be evaluated at the global scale. 
The effects of food insecurity and environmental 
impacts, however, are largely experienced locally 
and confronted by decision-makers at national or 
regional scales. For this reason, assessments of 
impacts and adaptation potential are also needed 
at national and even sub-national scales. For these 
assessments to be useful at the level expected 
by policy-makers and stakeholders at the regional 
scale, they require higher resolution (in space and 
time) data with improved representations of local 
management practices and potential adaptation 
options (e.g. [58-61] in sub-Saharan Africa, [62, 
63] in South America, [64-66] in South Asia and 
[67] in East Asia). 

A3.3 	Model projections and 
uncertainty

Crop models, especially when run at global scale, 
are highly complex models that differ widely in 
terms of process representations, functional 
implementations, data input choices and basic 
assumptions. Even with the same version of the 
same basic underlying model, for example (as in 

the case of the Economics and Policy Innovations 
for Climate-Smart Agriculture (EPIC) and Global 
EPIC (GEPIC) modelling groups from the AgMIP/
ISI-MIP Phase 1 Fast-Track), results often differ 
substantially [4], due to different assumptions 
about planting dates and fertilizer application rates, 
different choices for the functional representation 
of key processes such as evapotranspiration, and 
different implementations of the same functional 
representation (e.g. different choices of parameter 
values). To begin to understand these differences, 
the Global Gridded Crop Model Intercomparison 
(GGCMI), launched by AgMIP in 2013, is carrying 
out a set of simulation experiments run with 
harmonized data for a number of the key inputs 
that drive model differences, including planting 
dates, growing season length, fertilizer application 
rates and atmospheric CO2 concentration 
pathways [68]. 

A3.4 	Incorporating current and future 
resource constraints

Concern has been growing recently over 
constraints to agricultural production and 
productivity growth caused by the availability 
of key resources such as land, fresh water and 
fertilizers. These resource constraints are likely to 
compound the negative effects of climate change 
in many regions and hamper efforts at adaptation 
[6]. Climate change will directly affect the availability 
of resources such as fresh water for irrigation [69], 
and sociotechnical changes such as population 
growth and new energy technologies will directly 
affect the supply and availability of other key 
resources, such as land. Evaluation of resource 
availability and constraints must therefore be done 
within a broad multisector context that includes 
assessments by, for example, hydrological models, 
agro-economic and integrated assessment 
models, and ecosystem models. ISI-MIP has made 
some progress in this direction already, including 
agro-economic, hydrology and biome models 
in the fast-track phase, and the next round of 
coordinated assessments should provide greatly 
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improved capacity as a result of the addition of 
new impact sectors such as forestry, biodiversity 
and energy systems models.

A3.5 	Emerging and unknown future 
technologies

Technological change is typically incorporated in 
climate impact assessments through relatively 
simple parameterizations of productivity growth 
in agro-economic models, using a method 
that assumes that the effects of technological 
and environmental changes on productivity 
are completely separable [16]. However, the 
interactions between technology and environment 
are usually more complex. For example, new 
tillage practices can reduce the exposure of top 
soil to the air, reducing evaporation, improving soil 
moisture characteristics and reducing sensitivity 
to drought and heat. Breeding can lead to new 
cultivars that send roots down faster and deeper, 
increasing access to water in the soil profile, or 
that are more robust to underwater submergence 
conditions [70] that could become more common 
in a future climate. For these reasons, technological 
change should be included directly in biophysical 
impacts models and assessments through trends 
in model parameters and inputs. Getting this 
right will require renewed engagement between 
modellers, agronomists, and crop breeders. 

A3.6 	Improving economic modelling of 
climate impacts in agriculture 

Improving economic analysis as part of modelling 
climate impacts in agriculture requires several 
model improvements. First, it is necessary 
to improve representation and integration of 
biophysical processes into economic models. 
This requires that economists increasingly 
work with researchers from other disciplines, 
recognizing that climate change impacts and their 
analysis pose a multidimensional problem. Also 
required is the ability to model extreme events 

and variable climate conditions, as opposed to 
the usual treatment of gradual climate change, 
which is much harder to detect but for which 
most Integrated Assessment Models (IAMs) 
are designed. Economic models also need to 
systematically quantify uncertainties related 
to structure and parameters and to frame 
economic conclusions in the context of known 
model limitations. Expressing the model results 
in probabilistic terms helps decision-makers to 
understand the risks of under- or overinvesting 
in adaptation to high- or low-probability climate 
change outcomes. 

A3.7 	Economic modelling of climate 
and trade

Trade is increasingly a subject of analysis within the 
economic modelling of climate change. Economic 
models show that trade can cushion against the 
large production shocks resulting from climate 
change and, if unrestricted, trade is expected to 
increase to compensate for production shortages 
or shifts in production patterns across regions 
due to climate [71-77]. However, the empirical 
evidence is incomplete and fraught with the usual 
caveats related to uncertainty vis-à-vis future 
climate outcomes and developments in climate 
and trade policy. More robust trade analyses in 
the context of climate change should integrate 
direct climate impacts on agricultural productivity, 
demand-side drivers (e.g. consumer diets, 
labelling, subsidies), resource constraints (such as 
climate-induced irrigation water shortages), as well 
as climate policies (e.g. carbon taxes, standards, 
ecolabelling). Moreover, the two-way linkage 
between climate and trade is not a settled issue as 
there remain a number of unanswered questions 
related to the environmental impact of increased 
trade (such as indirect land-use change from 
biofuel trade expansion). 
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B. PART TWO

Critical issues at the 
interface of climate and food 
security 

Robust trends on global agricultural productivity 
are emerging from the growing literature on 
climate impact assessments, with clear indications 
of differential responses across regions. While 
climate change effects on agriculture will be felt 
everywhere, some regions will be more negatively 
affected than others, while some regions may 
benefit from climate warming – up to a point. 
Convergent results are showing negative effects 
on food supply in tropical zones but some 
positive effects in high-latitude regions. Moderate 
warming may benefit crops in the mid and high 
latitudes in the short term. However, any warming 
in seasonally dry and low-latitude regions would 
decrease yields. Densely populated developing 
countries in these regions are vulnerable to 
increased food insecurity [78].

These global trends present the world 
with multiple global challenges (globalization, 
sustainability, climate change, increased 
inequality) locked in increasing interdependence. 
The first global challenge is how to minimize, 
if not reverse, the negative impacts of climate 
on global food supply. Second, climate change 
is likely to exacerbate the growing inequality 
as the brunt of the negative climate effects is 
expected to fall on those countries that are 
least developed and most vulnerable. For these 
countries, low levels of economic development, 
weak institutions, and limited human and 
financial capital all contribute to limited resilience 
capacity. The third challenge is how to develop 
climate-compatible growth strategies that do not 
conflict with mitigation goals required to minimize 
further warming. Fourth is how to sustain policy 
commitments in a world increasingly defined by 
uncertainty, climate variability and greater policy 
interdependence. 

B1.	 Climate and nutrition: 
Improving analysis of climate-
nutrition-health links 

Adverse global impacts of climate change on 
health, including through malnutrition, are gaining 
increased attention. For example, in Kenya, a 
positive relationship has been observed between 
regional trends in climate (rising temperatures and 
declining rainfall) and childhood stunting since 
1975 [80]. Climate-induced health risks develop 
from a variety of sources, including climate 
influence on food yields, water supply and quality, 
and infectious diseases, as well as the adverse 
health effects of social disruptions, migration and 
conflicts. In addition to adverse effects on food 
supply and adequate nutrition, climate change is 
likely to exacerbate global health concerns such 
as: increased incidence of new influenza virus 
strains; decline of available seafood proteins due 
to ocean warming, acidification and overfishing; 
and worsening freshwater shortages and 
resulting displacements and conflicts [80]. Some 
populations, especially in the least-developed 
countries, will be more negatively affected than 
others. Low-income and remotely located 
populations are more vulnerable to physical 
hazards, undernutrition, diarrhoea and other 
infectious diseases. Populations in low-lying islands 
and coastal areas, like Bangladesh, are also 
vulnerable to increased storm surges and flooding 
as the sea levels rise [80].

There is relatively little research on the 
implications for food quality and possible 
implications on human nutrition. A recent study 
reported that C3 grains (e.g. wheat, rice) and 
legumes have lower concentrations of zinc and iron 
when grown under field conditions with elevated 
CO2 levels [44]. C3 crops other than legumes also 
have lower concentrations of protein. Analysis of 
food balance sheets from the Food and Agriculture 
Organization of the United Nations (FAO) found 
that in 2010 roughly 667 million people were living 
in countries whose populations received at least 
60 percent of their dietary zinc and iron from C3 
grains or legumes. Similarly, 1.9 billion people who 



chapter 1: global assessments of climate impacts on food systems: 
a summary of findings and policy recommendations

11

lived in these countries received at least 70 percent 
of one or both of these nutrients from these crops 
[44]. In the case of reduced proteins, the health 
implications from consuming non-leguminous C3 
plants are not uniform across regions and depend 
on local food patterns. In India, where up to a third 
of the rural population is at risk of not meeting 
protein requirements, and who depend on C3 
plants, decreased protein content due to higher 
CO2 levels may have serious health consequences 
[44]. An extensive meta-analysis, covering 
7761 observations and 130 species/cultivars, 
corroborated these findings [81]. This study found 
that elevated CO2 reduces the overall mineral 
concentrations (by 8%) and increases the total 
non-structural carbohydrates (mainly starch and 
sugars) in C3 plants. These results offer the first 
robust documentation of the adverse nutritional 
impact of climate change, which can exacerbate 
the prevalence of “hidden hunger” and obesity. 

In the economic realm, the IMPACT modelling 
framework provides projections of climate impacts 
beyond production changes, all the way to nutrition 
outcomes. For example, the number and share 
of children who are malnourished in Africa is 
projected to be higher with climate change than 
without climate change, but both the number and 
share of malnourished children would fall between 
2010 and 2050 as incomes rise for other reasons 
(Chapter 5, Table 13). However, more systematic 
probing of the nutritional implications of climate 
impacts on food security is required to generate 
the evidence required for appropriate policy 
response. 

B2. 	Climate and water:  
Growing need for systematic 
climate-food-water analysis

Much of the climate change impact on agriculture 
is mediated through water. In many regions of 
the world, increased water scarcity under climate 
change will present a major challenge for climate 
adaptation. It is of paramount importance to 

address the implications of future water availability 
for food security and, by extension, nutrition 
and health. This requires improved modelling of 
hydrological processes and climate impacts on 
water dynamics at appropriate scales. It is also 
important to address the economics of water use, 
taking into account the special nature of water as 
a resource requiring a balanced approach between 
market instruments and institutional structures.

Hydrological modelling is a growing field 
of research. Improvements in downscaling 
techniques are making it possible to reconcile 
the scale gaps between large-scale climate 
impacts and local-scale hydrological processes. 
Interlinked models have also been designed 
to reconcile the scale difference between the 
basin-level hydrological models and the more 
aggregate (or national) level economic models. As 
water availability has become a global concern 
in light of climate change, more quantitative 
global hydrological and economic models are 
required to help facilitate global policy dialogue 
on water issues. Recent work has assessed 
the global impact of diet change on the blue 
(irrigated) and green (rainfed) water footprints 
of food consumption [82]. The study showed 
that when the dietary guidelines are followed, 
gradually limiting the amount of total protein 
intake from animal products to 50 percent, 
25 percent, 12.5 percent and finally 0 percent 
reduced water consumption by 6 percent, 
11 percent, 15 percent and 21 percent for green 
water, and by 4 percent, 6 percent, 9 percent and 
14 percent for blue water, respectively [82]. These 
results suggest that reducing animal products in 
the human diet offers the potential to save water 
resources, up to the amount currently required to 
feed 1.8 billion additional people globally. 

Economists argue for higher reliance on water 
markets and water pricing regimes as an effective 
adaptation tool to help facilitate water use by 
considering higher-value uses. At the same time, 
water is not a typical commodity, but a resource 
whose use is geographically bound, and whose 
access is determined by rights (not just by market 
value) and managed through public institutions. 
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Water economics present a number of modelling 
challenges because water is a resource whose 
use can be optimized in part through market 
instruments but which requires strong institutional 
structures to ensure people’s rightful and equitable 
access to water. Modelling economics of water 
requires improved specification of the level and 
structure of water prices, the scope of water 
trading between users and across basins and 
the costs of water infrastructure investments. A 
key challenge is the availability of data, which 
are localized and managed by subnational 
agencies and lack consistency across regions. 
More importantly, economic water modelling 
improvements require including the political 
economy dimension of water markets (e.g. non-
price water conservation mandates, legal property 
rights regimes).

B3. Climate mitigation and 
food security:  
Co-benefits versus trade-offs 

Climate change mitigation measures that affect 
food security involve reducing emissions from 
many sources. Several technologies targeting 
adaptation can also have mitigation co-benefits. 
Examples include new varieties with higher yields 
and enhanced pest and drought resistance, 
carbon sequestration and ability to survive on 
marginal lands. 

Climate change mitigation and adaptation have 
revived discussion about the role of agricultural 
biotechnology and its potential to intensify 
production of food while reducing pressure 
on cropland. However, the potential value of 
biotechnology has been contested, and its 
dissemination is limited by demands for product 
labelling and other environmental approvals and 
controls under the Biosafety Protocol of the United 
Nations Convention on Biodiversity. Whether 
biotechnology can find a place among mitigation 
measures to combat climate change remains an 
open question. 

Biofuel production falls at the interface between 
renewable energy and climate mitigation. Support 
to biofuel production in the last two decades, 
especially in the United States and Western 
Europe, was prompted in part as a contribution to 
climate mitigation. However, biofuels have become 
controversial, especially in relation to indirect land-
use change and its association with increased 
carbon emissions (linked to deforestation). While 
awaiting economic breakthroughs for second-
generation biofuels, current biofuel production from 
crops (rapeseed, maize, canola, sugar cane, soy, 
palm oil) is expected to continue over the medium 
term. Given that the net effect on mitigation of 
current biofuels is still uncertain, many countries 
have taken a more cautionary approach. Earlier 
drives for biofuel investments in developing 
countries have been scaled back due to concerns 
over food security conflicts. In the area of research, 
modelling biofuels within integrated assessment 
models requires more detailed account of land-use 
change effects. Also required are further advances 
in analysing climate-energy-food linkages and 
taking into account policy instruments and 
technology advances. 

Nitrogen fertilizer – a critical input for 
agricultural productivity for non-legume crops – 
also presents a trade-off in terms of climate 
mitigation. Reducing emissions related to the 
production and use of nitrogen fertilizer will 
increase its cost, reduce its use and hence 
prevent yield gains required for intensification. 
There are, in fact, multiple trade-offs. The first is 
between food production and climate mitigation. 
Another trade-off is between intensifying 
agricultural production with the use of fertilizers, 
which lessens land pressure (hence lowering 
emissions), or reducing emissions from fertilizer 
production, resulting in stagnant yields and higher 
pressure on forests and grasslands. Clearly a 
balanced approach is required, one that ensures 
fertilizers remain affordable to farmers but with 
improvements in use efficiency (through better 
fertilizer delivery technologies) that would allow 
for lower fertilizer use without negatively affecting 
yield. 



chapter 1: global assessments of climate impacts on food systems: 
a summary of findings and policy recommendations

13

B4. 	Climate and trade: 
Understanding the trends and 
tackling trade-offs

Climate change fundamentally alters global food 
production patterns and, given the fact that 
impacts are expected to be worse in low-latitude 
regions, climate change is likely to exacerbate 
existing imbalances between the developed and 
developing world. For crop impacts at least, there 
is now a coherent pattern of yield changes across 
the world, with yields expected to increase in some 
higher latitude regions until about the mid-century 
before declining, but with almost immediate 
declines in yields across the tropics [83]. Spatial 
differences are also observed at regional and 
subregional scales, particularly where there are 
substantial differences in elevation. The impacts of 
climate change (and of climate mitigation policies 
[84-87]) thus have a major impact on patterns of 
global trade [88].

It is clear from climate change impact 
assessments to date that trade will probably 
expand under climate change. Trade flows would 
increase from mid to high latitudes towards low-
latitude regions, where production and export 
potential will be reduced [78]. Climate change 
is also projected to cause wide variations in the 
net global food supply as the result of a higher 
frequency of droughts and extreme weather 
events [78]. Climate change can transform 
trade by altering the comparative advantages, 
while more frequent extreme weather patterns 
have an adverse impact on trade by disrupting 
transportation, supply chains and logistics [89].

Trade can also affect climate change. 
Increased economic activity, including trade, also 
increases greenhouse gas emissions. In many 
developing countries that have weak enforcement 
of environmental protection, growing demand for 
food crops drives the expansion of production for 
exports (maize, rice, biofuel feedstocks). In other 
cases, unregulated exports of forest products can 
exacerbate deforestation, land degradation and 
loss of biodiversity. 

Global markets can play a stabilizing role for 
prices and supplies and provide alternative food 
options for negatively affected regions by changing 
conditions or by finding regions where food can 
be produced more efficiently (both in terms of 
environmental and economic costs). However, 
trade alone is not a sufficient adaptation strategy, 
owing to several trade-offs. First, there is serious 
tension between trade versus the environment. 
Second, dependence on imports to meet food 
needs may increase the risk of exposure to higher 
market and price volatility that is expected under 
climate change. A recent example can serve as 
an illustration of future trends. The extreme heat 
and wildfires in western Russia in the summer 
of 2010 destroyed one-third of that country’s 
wheat yield, and the subsequent ban on exported 
grain contributed to a rise in the price of wheat 
worldwide, exacerbating hunger in Russia and in 
low-income urban populations in countries such as 
Pakistan and Egypt [80].

The spatial dimension of climate change impacts 
will be critical to the development of trade policies. 
Müller and Elliott (Chapter 2) show how the impacts 
of climate change on the production of food calories 
could vary spatially by the end of the century. 
They attribute uncertainties in these projections 
to patchy coverage of data for model calibration 
and testing, lack of knowledge of management 
practices across the modelling domain and limited 
physiological understanding of crop response to 
elevated CO

2. They conclude that “consideration of 
various scenarios on future agricultural management 
is crucial” to the assessment of future agricultural 
productivity under climate change.

In addition to the direct impact of climate 
change on primary production, changing socio-
economics can alter comparative advantages 
and trade flows, and potentially alter future 
international competitiveness and agrifood trade 
patterns (see Ahammad, Chapter 10). Model 
projections of imports and exports under climate 
change showed differences across scenarios 
due to non-climate economic, demographic and 
technology assumptions. However, Ahammad 
identified common trends across climate change 
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model runs, such as the continued importance 
of the United States as a net exporter of coarse 
grains and oilseeds in 2050 and that net trade 
for the fast-growing developing economies and 
exports were both projected to decrease by much 
less than the projected decline in production 
attributable to climate change. Various projections 
for trade in China showed contrasting responses 
on trade, highlighting an important area in which 
the evidence is uncertain. 

B5. 	Climate and poverty: 
Mainstreaming adaptation into 
development

Combating climate change must go hand in 
hand with alleviating poverty. Adverse effects of 
climate are greater among the poor in developing 
countries, who are highly dependent on climate-
sensitive natural resources yet have the least 
adaptive capacity to cope with climate impacts. 
There is general agreement that development 
investments in climate change impact are 
competing with efforts to eradicate poverty over 
the medium term [91]. 

Consequently, there is increasing support for 
mainstreaming climate change responses within 
human development and poverty alleviation rather 
than pursuing separate climate and poverty tracks 
and risking potentially negative outcomes for one 
or the other of these goals. Such mainstreaming 
would require policies that can achieve co-benefits 
for poverty alleviation, climate adaptation and 
greenhouse gas emission reduction [92, 93, 
94]. Mainstreaming involves the integration of 
information, policies and measures to address 
climate change in ongoing development planning 
and decision-making. Mainstreaming should 
create “no regrets” opportunities for achieving 
development that are resilient to current and future 
climate impacts for the most vulnerable groups, 
and avoid potential trade-offs between adaptation 
and development strategies, which can result in 
maladaptation [91]. 

Given that the task of alleviating poverty 
is itself formidable, adding climate adaptation 
and mitigation hugely complicates the process, 
requiring an innovative framework commensurate 
with the complexity at hand yet tractable to achieve 
results. While there is no single methodology 
to achieve this, some basic concepts exist that 
can guide mainstreaming adaptation [92]. First 
among these is the view that climate adaptation is 
inseparable from the cultural, economic, political, 
environmental and developmental contexts in 
which it occurs. Second, responses to climate 
change often cross spatial and jurisdictional 
boundaries, requiring coordination to avoid 
maladaptation. Third, because of positive feedback 
loops, system trajectories are path-dependent and 
difficult to change. Fourth, contested rules, values 
and knowledge cultures determine social decision-
making processes which respond to change [95]. 
These basic guidelines clearly suggest a paradigm 
shift between research, policy and practice [92] so 
that adaptation pathways must be able to trigger 
a change along each of three components. Such 
a shift also means that processes and tools must 
be developed among all the key stakeholders who 
can facilitate and manage the contested decision-
making arena [92]. 

In practice, how mainstreaming is achieved 
depends on the adaptation approach taken – 
that is, technology-based (impacts-based) or 
development-based (vulnerability-based) [91]. 
Under the former, mainstreaming ensures that 
projections of climate change impacts are 
considered in the decision-making about climate 
investments (known as “climate-proofing”). With 
the development-based view, adaptation goes 
beyond “climate-proofing” and recognizes the 
implication of many actors and the importance 
of an enabling environment. This approach 
emphasizes the need to remove existing financial, 
legal, institutional and knowledge barriers to 
adaptation, and to strengthen the capacity of 
people and organizations to adapt. A review 
by the World Resources Institute of over 100 
“adaptation” interventions found that adaptation 
and development are not totally separable. These 



chapter 1: global assessments of climate impacts on food systems: 
a summary of findings and policy recommendations

15

interventions lie along a continuum, from those 
that overlap almost completely with development 
practices that build general resilience to those that 
are focused more specifically on climate change 
impacts. [96] 

As an illustration of adaptation mainstreaming, 
a recent study from Bangladesh describes a 
framework that follows a linear sequence of 
stages, starting with raising awareness, scientific 
capacity building, generating evidence and 
conducting pilot studies to inform and engage the 
decision-makers in policy planning [91]. Building 
awareness is a critical first step towards generating 
enough interest on the part of decision-makers 
to demand climate vulnerability information. It is 
necessary to generate evidence that can show 
how and why climate vulnerability is a problem 
requiring integration into development decisions. 
Locally developed information is more likely to be 
relevant to the decision-making contexts of country 
decision-makers. Investing in building national 
capacity is required to generate locally appropriate 
evidence that is connected to the body of 
international climate science. For least-developed 
countries, technology transfer is a critical requisite 
for successful adaptation strategy and requires 
creative options to relax the patents and other 
intellectual property protection constraints to 
technology transfer from advanced countries to 
developing countries [97]. The next stage in the 
framework calls for pilot studies to inform policy-
makers and to generate incentives to incorporate 
the lessons learned into policy planning. The final 
stage involves the full integration of climate change 
adaptation into policy and planning across different 
sectors and scales, requiring investment planning 
that combines “climate proofing” with building 
resilience among the climate-vulnerable poor. 
It is at this stage that government stakeholders 
and decision-makers become fully engaged in 
adaptation planning. 

As our understanding of climate and food 
security increases, we need to steer it beyond 
crop yield impacts and expand the debate into 
new drivers of food productivity (biotechnology, 
bioenergy and trade). Climate impact on food 

security should be broadened systematically 
to include nutrition and health. Of particular 
relevance is the need to broaden the crop 
coverage to include crops important for regional 
(not necessarily global) food security, as well as 
other land- use enterprises (livestock, agroforestry). 
Climate impact should also be linked with poverty 
alleviation and sustainability of resources (water, 
soils, nitrogen fertilizer). Climate impact science 
also needs to become more systems-based and 
multidimensional. For example, addressing the 
health risks of climate change requires a cross-
sectional approach because health risks are tied 
to such sectors as water, agriculture and energy. 
Improved frameworks are necessary to examine 
cross-sectoral linkages such as climate-food-trade 
[79], climate-nutrition-health, climate-food-water 
and climate-food-energy. In addition, global climate 
impact analysis should “come down to earth” 
and be validated at the local level, accounting for 
spatial variability, possible adaptation responses, 
local resource availabilities and constraints, and 
socio-economic determinants. 

C. 	 PART THREE

Policy messages, 
communication and the need 
for two-way science-policy 
dialogue

C1. 	Matching evidence on 
climate impacts to the 
needs of policy-makers

Robust and reliable evidence is critical to the 
development of policies to address climate 
impacts on agriculture, food and trade. When 
used effectively, evidence can be used to guide 
decisions on policy, highlight options for policy 
action and also identify areas where insufficient 
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evidence currently exists. However, the interaction 
between those generating evidence (climate 
science) and the needs of those developing policy 
is not straightforward. This section considers which 
factors contribute to an effective science-policy 
dialogue and highlights examples from this volume 
of evidence about climate impacts on agriculture, 
food and trade that are relevant to policy. It 
concludes with a recommendation for a forum to 
enable more effective dialogue between science 
and policy.

There is often a mis-match between the type 
of evidence produced from the climate impact 
research community and what is needed for policy 
development. This can be illustrated with two 
contrasting examples. The first is that primary 
evidence, as it is produced, is often too detailed. 
At the time of publication of the first report of the 
IPCC in 1990 (with a supplement in 1992) [98], 
little was known about the impacts of human-
induced climate change on agricultural crops 
and livestock. The synthesis of climate science 
knowledge by the IPCC prompted crop scientists 
to begin investigating the direct effects of warmer 
temperatures, changed rainfall patterns and 
elevated concentrations of CO2 on the growth of 
crops. Over the next two decades many thousands 
of research papers reported findings on the direct 
impacts of climate change on all of the world’s 
major food crops in many different countries and 
regions. This work provided a wealth of detail, but 
on its own the evidence is not easily interpreted 
by those looking for high-level conclusions on 
climate impacts across the sector to guide policy 
formulation. Instead, it is the syntheses of primary 
research that more closely meet the policy need 
for robust and coherent statements of evidence 
from the underpinning science. Good examples 
of evidence syntheses include: the “impacts” 
chapters of the subsequent IPCC reports, most 
recently in 2014 [99]; a systematic review of crop 
impacts in Africa and Asia [100]; and a recent 
meta-analysis of climate change impacts on crops 

[101]. These syntheses of knowledge provide 
robust statements of current evidence that can be 
used with a degree of confidence by those looking 

for summaries of the state of evidence on climate 
impacts. A number of such statements regarding 
climate impacts on food security were recently 
proposed [83].

The second example of a mis-match between 
evidence needs for policy and research knowledge 
is that the evidence is often not specific enough 
to base policy and operational decisions on it. 
This may seem to contradict the first point – 
that research evidence is too detailed – but it 
is a different issue, best illustrated through an 
example. Knox and colleagues [100] reviewed all 
studies to date of climate impacts on the major 
food crops across Africa and South Asia using 
systematic review criteria as a quality filter. A range 
of modelling methods, time periods and ensemble 
sizes (from a single climate model to ensembles of 
20 or more climate models) were included. They 
found that average crop yields were projected to 
decline across both regions by 8 percent by the 
2050s. Across Africa, yields were projected to 
change by ‑17 percent (wheat), ‑5 percent (maize), 
‑15 percent (sorghum) and ‑10 percent (millet), 
and across South Asia by ‑16 percent (maize) 
and ‑11 percent (sorghum) under climate change. 
No mean change in yield was detected for rice. 
These are all clear and robust statements of impact 
for crops and regions for which there is good 
coverage in the evidence base. However, for many 
crop and country combinations there was not 
enough evidence to draw any general conclusions; 
thus, the authors concluded that the evidence 
was either inconclusive, absent or contradictory 
for rice, cassava and sugar cane. Those looking 
for evidence for important African staples such as 
yam, millet and bananas on which to base climate 
adaptation policies will find almost nothing on 
which to base policy advice.

Those that work on the science-policy dialogue 
are not necessarily drawn from only research 
institutions or policy organizations. Instead there 
are a raft of intermediary organizations, such 
as think tanks, civil society organizations and 
consultancies, that synthesize, filter, reinterpret 
and reorganize evidence to aid the uptake of 
information into policy. For example, the Climate 
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Development and Knowledge Network [102] 
combines research, advisory services and 
knowledge management in support of locally 
owned and managed policy processes. Where 
these organizations also act as portals, they can 
facilitate sharing of evidence, experiences and 
lessons from past and current policy initiatives.

A common barrier to the uptake of evidence 
into policy is that the evidence does not meet, or is 
not presented in a way that meets, the information 
needs of those developing policy. Often the 
research community does not start by defining 
the information needs of the policy community, 
but instead works from the evidence in search of 
applications in policy. Such an approach is often 
ineffective and will also contributes to a mis-match 
of information with needs for evidence. The way 
in which science is communicated for policy 
development is different from a simple technical 
summary of the research. For example, the IPCC 
Summaries for Policy-makers are quite different 
from the Technical Summaries, even though both 
are based on the same synthesis of evidence. 
Effort invested in matching the form of evidence 
communication to the needs of the intended 
reader is clearly worthwhile.

Finally, the timing of evidence for policy is 
absolutely critical. Evidence needs to adjust to 
policy and political cycles. Many policy-advising 
intermediary organizations have addressed these 
communication barriers to provide finer-level and 
more rapid analyses tailored to specific policy 
requirements for information and knowledge.

C2. 	Policy insights on climate 
change impacts under 
uncertainty 

Most policies have to cope with levels of 
uncertainty in the evidence base they use. This is 
definitely the case for climate adaptation policies, 
perhaps more so than in other policy areas. 
Uncertainties for climate policy arise regarding 
greenhouse gas emission scenarios and from the 

climate and crop models that are used to form 
projections of future impacts. Numerical methods 
can be used to better define the boundaries of 
uncertainty, by running ensembles of climate 
models [103] or by systematically varying 
parameters within climate [104] or crop models 

[105], but considerable uncertainty in projections 
will still remain. Rötter and Höhn (Chapter 4, 
Figure 1) show how uncertainties and errors in 
climate change impact modelling are propagated 
along the impact modelling chain.

Policy advice will often define options for 
action. A robust assessment of the uncertainties 
in impact projections can contribute to at least a 
qualitative statement of the risks about individual 
policy options. Indeed, the absence of any 
statement of uncertainty implies that each option 
is equally uncertain. However, it is likely that the 
precision of these statements will at most be 
approximate. The calibrated language used by 
the IPCC to communicate uncertainties in climate 
science and impacts evidence is a good example 
[106]. Confidence in IPCC conclusions from the 
evidence is a product of the degree of expert 
agreement and the completeness of the evidence 
base. The likelihood of particular conclusions is 
defined by a seven point scale – from exceptionally 
unlikely (0-1% probability) to virtually certain (99-
100% probability). The guidelines conclude with 
the recommendation for contributing authors 
to “communicate uncertainty carefully, using 
calibrated language for key findings, and provide 
traceable accounts describing your evaluations of 
evidence and agreement” [106].

Within the climate impacts research community, 
formal treatment of uncertainties is often done well, 
particularly with regard to direct climate impacts 
on crops or livestock and in cases where these 
uncertainties are of biophysical origin [107, 108]. 
However, policies for the agricultural sector or for 
food trade have to consider a much wider range 
of uncertainties from political, economic and 
social sources that are often far harder to foresee 
and account for than those from biophysical 
sources. Simulation modelling of possible impact 
and adaptation pathways can help to at least 
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explore uncertainties in these possible “futures”. 
Examples include the Special Report on Emissions 
Scenarios (SRES) socio-economic pathways 
developed for the IPCC reports [109], and similar 
approaches used for the Millennium Ecosystem 
Assessment [110]. However, simply defining a 
specific set of possible socio-economic pathways 
constrains the exploration of uncertainties to 
those within the boundaries of these projected 
futures. Lioubimtseva et al. (Chapter 6) conclude 
that economic and institutional changes in Russia, 
Ukraine and Kazakhstan have dominated historic 
changes in grain exports, although there is also 
an impact of weather variability. The projected 
effects of climate change by 2020 on grain exports 
in Russia, Ukraine and Kazakhstan differed in 
direction – i.e. decreased exports for Ukraine, 
increased exports for Russia and Kazakhstan – 
and in magnitude, between  SRES B2 and A2 
socio-economic scenarios (Table 12, Chapter 6).

Climate change as a result of human activities 
will produce changes in both the mean and 
variability of climate. Changes in variability add 
a further dimension to policy development, 
introducing an element of risk management 
for adaptation responses and the possibility of 
threshold events, such as shocks to primary 
productivity, price or demand for food products 
[83]. Risk-based approaches to climate 
adaptation have been developed in response to 
the challenges of sea-level rise, but climate risks 
in the agriculture and food sector are inherently 
more complex.

The concept of resilience came from ecology 
and describes the ability of an ecological system 
to recover from a shock, climatic or otherwise. 
In recent years, those working on adaptation to 
climate change have applied these concepts to 
other natural and social systems. The thinking 
is that better resilience to climate variability 
and change can be increased through building 
biological and institutional capacity to respond 
to shocks, by investing in infrastructure, social 
protection measures and so on. An appealing 
aspect of this approach is that it does not matter 
what the precise degree of projected climate 

change is, a more resilient society should be better 
prepared for climate change impacts.

Any effective development intervention to 
address adaptation should be able to evaluate 
its outcomes. For adaptation to climate change 
this is difficult. Waiting until the year 2030, for 
example, is not a useful strategy. This is a current 
topic of debate, but a resilience approach seems 
to address well the problems of making decisions 
in the face of uncertainty around climate change 
and its impacts and the challenges of local-
scale vulnerability. However, to date there are 
very few examples of evaluation of resilience of 
communities and societies in practice. Resilience 
is often evaluated with respect to climate variability 
in the current climate, but when we expect a 
change in the mean and variability of climate in 
the future, how effective can this evaluation be? 
Risk management options for agriculture under 
climate change still constitute an important gap in 
the evidence. Indeed Rötter and Höhn (Chapter 4) 
conclude that there is a “lack of a comprehensive, 
well-tested methodology for the assessment of 
multiple risks to crop production under climate 
change”.

C3. 	Harmonizing climate with 
trade policy 

Policy tension between climate mitigation and 
trade-related economic growth is a necessary 
outcome that requires careful analysis and 
appropriate response. While climate science is 
indisputable, trade policy analysis in the context 
of climate change is far from conclusive and more 
analytical work is required to arrive at climate-
compatible trade policies. In addition, the role 
of trade measures in the context of international 
negotiations on climate change stabilization is 
unclear. There is no consensus as to whether 
current World Trade Organization (WTO) trade 
rules can promote adherence to climate goals or 
are a threat to mutually agreed climate solutions 
[78]. Many of the hotly debated issues in the Doha 
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Round trade negotiations, including new special 
safeguard mechanisms, could take on renewed 
relevance when considering climate change. 
The proposal to expand the mandate of the 
Environmental Goods and Services negotiations to 
include all biofuels is another area of contention, 
despite its potential to advance more efficient and 
resource-friendly biofuel production, especially from 
second generation biofuels. Climate change also 
underscores the need to help developing countries 
deal with food and energy price increases, as well 
as volatile food supplies. 

A number of climate change mitigation 
policies are potentially affected by trade rules 
[78]. Developed countries that impose national 
mitigation measures (such as carbon taxes, or 
cap-and-trade regimes) counter the potential shift 
of production (“leakage”) overseas with unilateral 
import taxes. Without international agreement on 
climate policy, such measures would be challenged 
under WTO rules. Standards and certification 
systems can be important tools in climate change 
mitigation and adaptation. However, the use of 
standards, particularly by governments, may 
clash with WTO rules. Environmental payments 
for services, such as payments for forest and 
soil carbon sequestration, can also address 
climate change mitigation. However, if granted by 
governments, these payments could clash with 
WTO subsidy rules. These cases make clear the 
need to harmonize rules with climate objectives. 

Progress on climate-compatible trade policy 
requires tackling the considerable apprehension 
that climate measures can distort trade, and 
alternatively, that trade rules could stand in the 
way of greater progress on climate change [90]. 
In the short term, opportunities for conflict exist 
as countries pursue unilateral policy choices to 
stabilize emissions through regulatory regimes, 
taxation and other instruments. In the longer 
term, trade rules that do not allow internalization 
of the cost of carbon would negatively affect 
climate change mitigation. Tariff structures could 
be tailored to internalize the cost of carbon and 
greenhouse gas emissions so that countries can 
assess higher tariffs on carbon-intensive goods 

than on goods with lesser carbon footprints [78]. 
Likewise, future climate change mitigation policies 
should include measures designed to internalize 
the environmental costs of resources. 

C4. 	Recommendations for 
structured science-policy 
dialogue

Despite the very real uncertainties in the underlying 
science, decisions still need to be made by a 
whole range of decision-makers, from policy-
makers to practitioners in the agricultural sector 
(Chapter 10). Decisions can only be made using 
the best evidence that is available at the time 
and they cannot wait until “perfect” knowledge is 
achieved. Wheeler and von Braun [83] provided 
examples of evidence statements that could be 
used by those making decisions as policy-makers 
and practitioners confronted with the prospect of 
climate change impacts on food security, despite 
very real uncertainties in current knowledge and 
future trends. These statements were:

1.	 Climate change impacts on food security will 
be worst in countries already suffering high 
levels of hunger and will worsen over time.

2.	 The consequences for global undernutrition 
and malnutrition of doing nothing in response 
to climate change are potentially large, and will 
increase over time.

3.	 Food inequalities will increase, from local to 
global levels, because the degree of climate 
change and the extent of its effects on people 
will differ from one part of the world to another, 
from one community to the next and between 
rural and urban areas.

4.	 People and communities who are vulnerable 
to the effects of extreme weather now will 
become more vulnerable in the future and less 
resilient to climate shocks.

5.	 There is a commitment to climate change 
of 20-30 years into the future as a result of 
past emissions of greenhouse gases that 
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necessitates immediate adaptation actions to 
address global food insecurity over the next 
two to three decades.

6.	 Extreme weather events are likely to become 
more frequent in the future and will increase 
risks and uncertainties within the global food 
system.

How can a structured two-way dialogue 
be achieved between science and policy for 
production and trade impacts of climate change? 
One possibility is to set up a structured forum 
dedicated to providing a portal to climate change 
impact evidence for agriculture and policy for trade 
and food security. Such a forum could focus on: 
the exchange and dissemination of knowledge 
of latest impact assessment models related to 
climate-food-trade, climate-food-water, Climate 
Adaptation and mitigation measures linked to food 
security, and climate adaptation mainstreaming 
into development. The forum should provide 
the scientific links between global and regional 
climate assessments and facilitate exchange of 
knowledge between international and regional 
research centres and between researchers and 
policy makers. The forum could also operate along 
specific regional themes focusing on hot spot 
areas, common regional problems (priority sectors 
of regional significance; regional water scarcity 
problems; soil fertility; regional capacity in research 
& development). The forum could also facilitate 
policy feedback back to science to improve data, 
information and knowledge related to future 
developments in agriculture in relation to climate 
change.

The forum should define a number of core 
principles to guide its ways of working including 
a firm commitment that evidence generation is 
demand-led by those in policy; robust and detailed 
assessments of uncertainties in evidence; and an 
emphasis on high standards of communication of 
evidence for policy. The forum should also build on 
and leverage expertise within existing knowledge 
networks, international organizations dedicated to 
climate change food security and specialized in 
adaptation, mitigation, water, trade and relevant 

policy analysis. We can be certain that climate 
change impacts on agricultural production and 
trade will be substantial, will change over time and 
will bring challenges to those making policy that 
have not been encountered to date. These features 
alone make the establishment of a structured 
forum dedicated to providing a portal to climate 
change impact evidence for agriculture and policy 
for trade and food security an urgent prerogative 
for policy development.
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■	 With international market integration and the 
global extent of climate change, future 
agricultural productivity and climate change 
impacts need to be assessed in consistent 
frameworks at the global level.

■ 	 The diversity of global gridded crop models is 
brought together in AgMIP and ISI-MIP model 
intercomparisons to record, evaluate and 
improve uncertainties and skills in global scale 
agricultural modeling.

■ 	 Central to the challenge are significant 
uncertainties not only in future climate change 
projections, but also in current and future 
management patterns and the effectiveness of 
carbon dioxide fertilization.

■ 	 The agricultural sector is strongly interlinked 
with other sectors and biophysical cycles (water, 
carbon). Interactions and co-limitations (e.g. 
bioenergy, irrigation water) need to be 
considered explicitly (and carefully).

■ 	 The diversity of agricultural practices around the 
world as well as the high level of management in 
agricultural systems are a central challenge for 
modeling efforts but also constitute a strong and 
varied basis for climate change adaptation 
measures.

main chapter messages
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1. 	Rationale

Agriculture is a diverse economic sector 
that produces food, fibre, material and energy 
commodities. In most regions, agricultural 
productivity is directly dependent on weather 
and climate conditions – more so than any 
other major economic sector. The agriculture 
sector also serves a variety of purposes beyond 
primary production, including nature and resource 
conservation, recreation, greenhouse gas (GHG) 
mitigation and various other so-called ecosystem 
services [Power, 2010]. Agriculture is of central 
importance to society, and climate change is 
a major concern for agricultural systems and 
food security. Due to the rapid expansion of 
international markets, agriculture has become 
an increasingly globalized sector over the course 
of the 20th century. Shocks to production in 
individual countries resulting from policy or climate 
change can affect prices across the globe, as 
demonstrated, for example, during the food price 
spikes in 2008 and 2010 [Blandford et al., 2010; 
Piesse and Thirtle, 2009]. 

Given the importance of the agricultural sector 
on a global scale, it is crucial to assess impacts 
of climate change on agricultural productivity 
with analysis tools that allow sufficient detail to 
account for interregional differences in climate 
and management systems, while retaining global 
coverage to ensure consistency. Biophysical 
crop models, applied globally, can provide 
such consistent multi-scale climate change 
impact assessments. Under the umbrella of 
the Agricultural Model Intercomparison and 
Improvement Project (AgMIP)3 [Rosenzweig et al., 
2014] and as part of the Inter-Sectoral Impact 
Model Intercomparison Project (ISI-MIP)4 
[Warszawski et al., 2014], a coordinated climate 
impact analysis at the global scale was recently 
conducted using a group of seven Global Gridded 
Crop Models (GGCMs).

3	  See http://www.agmip.org
4	  See http://www.isimip.org

Following completion of this fast-track project, 
designed to provide rapid global analysis for the 
Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change (IPCC AR5), the project 
has expanded rapidly. The resulting Global 
Gridded Crop Model Intercomparison (GGCMI), 
which is the flagship project of the new AgMIP 
GRIDded crop modelling initiative (Ag-GRID, see 
http://www.agmip.org/ag-grid/), includes more 
than 20 modelling groups conducting hundreds 
of coordinated historical and projected future 
simulations for model intercomparison and 
improvement and climate impact assessment.

2. 	Biophysical models to 
assess climate change 
impacts on agricultural 
productivity

2.1	 Crops and weather

Agricultural production is directly dependent on 
weather conditions, which – together with soil 
conditions – determine the conditions for plant 
growth. Weather conditions can be managed 
to some extent by, for example, using irrigation 
to compensate for deficient rainfall or timing 
the cropping season to avoid adverse weather 
conditions (dry, hot, cold). Greenhouses provide 
environments in which weather conditions 
can be managed with precision – including 
temperature and radiation inputs – but these are 
only economically feasible at small scales and for 
high-value crops. Weather extremes that cannot 
be managed can lead to severe damage, such as 
from strong winds, hail [e.g. Saa Requejo et al., 
2011] or frost events. 

All agricultural production, including livestock 
production, is dependent on suitable weather 
conditions for plant growth. The central process 
of plant growth is photosynthesis, in which carbon 
dioxide (CO2) is assimilated with sunlight energy 
to form primary sugars. These sugars are the 

http://www.agmip.org
http://www.isimip.org
http://www.agmip.org/ag-grid/
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energy source as well as the building blocks for 
all biomass generation. About half of the energy 
stored in the sugars generated by photosynthesis 
is used to satisfy the plant’s own energy demands 
for the formation of complex molecules, growth 
and maintenance. Photosynthesis takes place in 
green leaves and the process is strongly affected 
by ambient temperature, the availability of CO2 
in the air, and availability of sufficient water and 
nutrient supplies in both soil and plant. Along with 
a number of micro-nutrients that are necessary 
in small amounts, nitrogen, phosphorus and 
potassium (in that order) are the most important 
plant nutrients and are often applied to fields as 
artificial fertilizers or manure. 

The same pores that plants use to transpire 
water are also responsible for taking up CO2 
for photosynthesis. When these pores close to 
reduce water transpiration, as happens under dry 
conditions, the uptake of CO2 is also reduced. 

The plants in which photosynthesis is directly 
stimulated under elevated atmospheric CO2 
concentrations are referred to as the C3 plants, 
because the primary product of their photosynthetic 
pathway is a sugar with three carbon atoms. 
Wheat, rice and soybean are the most prominent 
representatives of this group. Other plants have 
developed different mechanisms for fixing CO2, in 
which atmospheric CO2 is intermediately stored 
in oxaloacetic acid, a four-carbon organic acid. 
This group of plants is thus referred to as C4 
plants. C4 plants are less limited by ambient CO2 
concentrations because primary fixation is achieved 
via a more efficient enzyme and the Rubisco enzyme 
is isolated from the ambient air. Some important 
agricultural crops belong to the group of C4 plants, 
such as maize, sugar cane, millet and sorghum.

Plants with C4 carbon fixation have developed 
mechanisms to partially decouple the uptake of 
CO2 from transpiration by concentrating it from 
the atmosphere and passing this bound CO2 on 
to where it is needed for photosynthesis. Due to 
this ability to decouple the CO2 concentration for 
photosynthesis from ambient atmospheric CO2 
concentrations, this group of crops is less sensitive 
to elevated atmospheric CO2 concentrations.

Many other processes relevant to plant growth 
and yields are affected by weather conditions: 
root growth affects access to soil water and 
nutrients; leaf formation affects a plant’s ability to 
absorb sunlight energy; flowering is threatened 
by sterility under high temperatures; frost does 
direct damage to a plant; etc. Indirect effects of 
weather conditions include the mineralization of 
organic matter (e.g. humus or applied manure) 
in soils. Organic matter supplies nutrients to 
plants and is controlled by soil water content 
and temperatures. The spread of plant 
diseases (such as fungi) and insects can also 
be affected by weather and climate conditions 
[Gregory et al., 2009] or by elevated atmospheric 
CO2 concentrations [Dermody et al., 2008; 
Zavala et al., 2008]. 

Many of these processes can be accurately 
modelled as functions of local weather conditions 
(temperatures, precipitation, incident solar energy, 
and sometimes wind speeds and humidity), 
environmental conditions, and management 
conditions. Crop growth models are constructed 
to combine such functional representations and 
are designed with appropriate levels of complexity 
for various applications at a range of spatial 
scales. 

2.2	 Model types

Biophysical crop growth models can be 
categorized into two general types: empirical 
and process-based models. The distinction 
is not always completely clear, since most 
process-based models also include empirical 
relationships; however, purely empirical models, 
such as regression models, are quite distinct. 
The represented processes, data requirements 
(e.g. number of variables, spatial and temporal 
resolutions) and model outputs vary greatly 
among models, depending largely on the research 
questions and applications that motivated the 
model’s development. At global scale, at least 
three types of models can be distinguished, each 
with a broad set of representatives. 



 
climate change and food systems: global assessments and implications for food security and trade

32

•	 Gridded versions of site-based process 
models 
These models are based on field-scale models 
that are applied globally by simply running 
the model repeatedly for each locale in the 
(usually gridded) input dataset. These models 
tend to be the most complex with respect to 
processes represented in the model, which 
typically implies high requirements for input 
data. Field-scale models are often strongly 
calibrated for the variety and environmental 
conditions in a single field. This is especially 
important for central empirical processes, 
such as radiation use efficiency [Adam et al., 
2011]. This calibration is generally not 
performed in gridded global applications 
due to a lack of available reference data and 
the computation required. Instead, cultivar 
parameters in gridded process models 
are typically calibrated at a finite set of 
points, either within the researchers’ realm 
of expertise or more broadly, and then key 
parameters are extrapolated globally with 
relatively simple algorithms. For management 
and soil inputs, models are usually driven with 
compiled and/or extrapolated observational 
data [e.g. FAO/IIASA/ISRIC/ISSCAS/JRC, 
2012; Mueller et al., 2012; Potter et al., 2010; 
Sacks et al., 2010]. Examples of this type 
of model that are participating in the Ag-
GRID GGCMI include: pAPSIM; CropSyst 
[Confalonieri et al., 2006; Stöckle et al., 2003]; 
DAYCENT [Stehfest et al., 2007]; pDSSAT 
[Elliott et al., 2014b; Jones et al., 2003]; and 
four models based on EPIC [e.g. Liu et al., 
2007; Xiong et al., 2014]. 

•	 Dynamic global vegetation models 
The second major group consists of GGCMs 
that have been implemented into existing 
land surface schemes (LSMs) or dynamic 
global vegetation models (DGVMs). LSMs 
are used in climate models to simulate the 
energy, water, and sometimes carbon and 
nitrogen exchange between the terrestrial 
biosphere and the atmosphere. Typically, 

crops have been introduced into these models 
to improve the representation of seasonal 
variations in energy and matter exchanges. 
DGVMs are developed to study the response 
of natural ecosystems to climate change 
and the associated implications for carbon 
and water cycles. These models have been 
directly developed for global-scale application 
and so the exchange mechanisms between 
vegetation and atmosphere are generally 
implemented in particular detail (e.g. stomatal 
conductance and photosynthesis). LSM-type 
models require weather data at sub-daily 
resolution (which come from the coupled 
climate model). However, because their focus 
has typically been on global applications with 
relatively low spatial resolutions, these models 
have few data requirements otherwise. Crop 
yields are not the primary focus of these 
models, but have become of increasing 
interest in the applications of models  such 
as those participating in GGCMI: CLM-
Ag [Gueneau et al., 2012]; CLM-Crop 
[Drewniak et al., 2013]; ISAM; JULES-
Crop [Van den Hoof et al., 2011]; LPJmL 
[Bondeau et al., 2007; Müller and Robertson, 
2014; Waha et al., 2012a]; LPJ-GUESS 
[Lindeskog et al., 2013]; and ORCHIDEE 
[Berg et al., 2011].

•	 Large-area crop models or empirical/
process model hybrids 
Finally, the third group consists of crop 
models developed explicitly to simulate 
agricultural production systems at continental 
or global scales. These models typically 
include key process-based representations 
but eschew some of the complexities of 
process models (most notably in terms of 
management and other inputs) in favour of 
calibrated empirical functions. This provides 
more flexibility to represent complex systems 
with hidden variables and provides the kind 
of computational tractability that is often 
required in order to do large-scale calibration 
of historical datasets. Examples of these 
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models include CGMS [de Wit and van 
Diepen, 2008], GLAM [Challinor et al., 2004], 
MCWLA [Tao et al., 2009a; Tao et al., 2009b], 
PEGASUS [Deryng et al., 2011] and PRYSBI-2. 

3.	 Challenges for global- 
scale modelling

3.1	 Global consistency vs. data 	
scarcity

The global scale is especially challenging for 
agricultural assessment because crop models 
depend on having good-quality, high-resolution 
data on weather, soils and farm management that 
are generally not available in much of the world. 
This is true for historical and projected future data 
inputs as well as for reference data against which 
crop models could be tested and improved. The 
fundamental processes implemented in crop 
models have been demonstrated to replicate 
controlled laboratory or field trials. The hypothesis 
in global modelling is that these models are valid 
within the range of parameters necessary for 
global-scale analyses and future projections.

Reference data are available for individual 
sites. Some examples include: the results of 
the free air CO2 enrichment (FACE) experiments 
on the effects of elevated atmospheric CO2 
concentrations [Ainsworth and Long, 2005; 
Leakey et al., 2009]; the eddy-flux tower 
measurements on CO2 and water exchange fluxes 
between the land surface and the atmosphere 
[Baldocchi et al., 2001]; and a multitude of field 
trials on management practices or weather 
modification experiments [Kimball et al., 2012]. 
Data from these field experiments are not always 
easily accessible or complete, however, and 
they certainly do not cover the full range of 
environmental conditions under which crops are 
grown globally. Comprehensive global reference 
data, such as the FAOSTAT archive [FAOSTAT 
data, 2013], are aggregated in larger spatial 
units (typically national scale), focus only on 

productivity (production per area harvested) and 
have substantial uncertainties with respect to 
the underlying land-use patterns and the mix of 
management practices (e.g. share of irrigated 
production, share of winter varieties, fertilizer use). 

Model drivers from projected future scenarios, 
such as daily weather data from climate model 
outputs, are subject to large uncertainties, which 
increase with spatial and temporal resolution 
[Hawkins and Sutton, 2009; 2011]. As most crop 
models require bias-corrected weather data at 
daily resolution, this uncertainty is compounded 
by the variety of datasets and algorithms used 
in necessary down-scaling and bias-correction 
methods [Roudier et al., 2011]. 

Scenarios for future changes in management 
practices, including fertilizer application, planting 
dates, crop mixes, rotation cycles and varieties 
used must be developed by the crop-modelling 
community to evaluate potential pathways for 
adaptation. Scenarios on future socio-economic 
development, such as the Shared Socioeconomic 
Pathways (SSPs) [Kriegler et al., 2012], can provide 
some guidance here, but substantial extensions 
are required to capture the diversity of agricultural 
components and, given the important role that 
agriculture plays for GHG budgets, reference must 
be made to assumptions on emissions in the 
Representative Concentration Pathways (RCPs) as 
well [Rosenzweig et al., 2013].

Despite the substantial uncertainty in reference 
data and regarding future drivers, global-scale 
analyses are necessary and inevitable for the 
assessment of global change and climate change 
impacts. To be useful in economic models or 
assessments, for example, these analyses require 
crop model results that are driven with globally 
consistent assumptions, modelling details and 
input datasets. Given the international nature of 
agricultural markets, the effects of climate change 
on agricultural production and food security cannot 
be assessed for individual regions but require 
globally consistent analyses, in which regional and 
national analyses can be embedded. A consistent 
global biophysical perspective is thus essential to 
enable understanding of how markets will respond 
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to altered productivity and patterns of productivity 
[Nelson et al., 2014a; Nelson et al., 2014b]. 

4.	 Recent advances in global-
scale crop modelling

4.1	 Global-scale impacts

The extent of future climate change itself is highly 
uncertain, due in large part to the inherent difficulty 
in predicting future energy consumption or climate 
policies. In the latest IPCC report, the upper end 
of projections for global mean temperature change 
is 4.1+/-0.5°C by 2100 [IPCC, in press]. The 
increase in global mean temperature, however, 
does not translate directly to temperature change 
in agricultural areas. Temperatures are generally 
expected to increase more rapidly over land, for 
example, since ocean temperatures – and thus 
air temperatures above oceans – rise more slowly. 
There is also the so-called “polar amplification” 
phenomenon, in which warming proceeds more 
rapidly at higher latitudes. Finally, mean annual 
changes may be distributed asymmetrically across 
seasons (summer vs. winter, spring vs. summer, 
etc.) and relatively small seasonal shifts may 
include significant increases in extreme weather 
events that may last only a few days but are often 
extremely costly. 

Current agricultural areas are likely to be 
subjected to significant temperature increases, 
even if effective climate policies are enforced in the 
near future. Precipitation patterns, incident solar 
energy (affected by changes in cloudiness), and the 
prevalence and intensity of extreme events (e.g. 
heat waves, floods, droughts), are expected to be 
strongly affected by climate change, as well. These 
changes are much more difficult to project reliably 
than are changes in temperatures, and uncertainty 
is thus considerably higher [Hawkins and Sutton, 
2009; 2011]. This is especially true at temporal 
and spatial resolutions relevant to agriculture 
[Hawkins and Sutton, 2009; 2011]. Finally, there 
are additional biophysical uncertainties (such as 

the effectiveness of carbon dioxide “fertilization”5 
under various real-world conditions), socio-
economic unknowns (such as the distribution of 
management and expected future changes over 
the coming decades) and uncertain resource 
constraints (such as the availability of freshwater 
for irrigation). Forecasts of agricultural productivity, 
whether under a changed climate or not, should 
therefore not be expected to have any reliability 
beyond seasonal lead times. Even so, these 
assessments are a necessary and invaluable tool 
for understanding the risks and opportunities and 
for identifying suitable and sustainable adaptation 
measures. 

Despite the uncertainties, our current 
understanding allows for some robust conclusions 
that also facilitate policy-making and planning. 
Broadly speaking, no large-scale impact study 
has excluded the possibility that the overall 
effect of climate change and CO2 on agricultural 
productivity may be negative. Climate change is 
clearly a risk for agricultural production and it has 
the potential to pose a sizeable risk that would 
affect production patterns, the extents of cultivated 
areas, and food security and prices [Nelson et al., 
2014b]. The recent consolidated study on the 
impact of global climate change on agriculture, 
conducted in the framework of the AgMIP and 
ISI-MIP projects, finds that by 2100 the impact of 
climate change on crop yields for high-emission 
climate scenarios ranges between -20 and 
-45 percent for maize, between -5 and -50 percent 
for wheat, between -20 and -30 percent for rice, 
and between -30 and -60 percent for soybean 
[Rosenzweig et al., 2013a]. These impacts are 
likely to be at least partially offset by the beneficial 
effects of CO2 fertilization, especially since carbon 
fertilization effects are most pronounced in high-
emission scenarios. Assuming full effectiveness in 
large-scale production, climate change impacts 
would then range between -10 and -35 percent 
for maize, between +5 and -15 percent for wheat, 
between -5 and -20 percent for rice, and between 

5	 The term ‘carbon dioxide fertilization’ is defined as 
the enhancement of the growth of plants as a result 
of increased atmospheric CO2 concentration. 
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0 and -30 percent for soybean. When viewed 
in terms of absolute changes in the expected 
annual caloric production of existing agricultural 
areas that are attributable to climate (Figure 1), 
implications for trade patterns become especially 
clear. Major current global breadbaskets (e.g. in 
North America and South Asia) are expected to 
see significant reductions in agricultural production 
that will reduce their export shares and may require 
increased imports, as in South Asia, for example. 

In models that assume nitrogen is not a limiting 
factor, climate change impacts are generally 
somewhat less severe and CO2 fertilization 
effects are generally more positive, meaning that 
yields in many areas are projected to increase 
[Rosenzweig et al., 2013a]. This is especially true in 
semi-arid regions [Deryng et al., in prep.]. 

The wealth of global, regional, and site-based 
studies provides a basis for conclusions that 
are robust across a broad selection of climate 
scenarios, management assumptions, locations 
and scales. Broadly speaking, climate change 
impacts on agriculture become worse with 

increasing temperatures. Associated changes in 
precipitation can cause considerable variation as 
well, but do not challenge the general relationship. 

There are important differences between 
tropical and temperate/boreal regions that 
will affect the global patterns of agricultural 
production and thus affect trade. Tropical 
regions, including many developing countries, 
have climates that are already at the upper 
end of optimal temperature ranges for many 
agricultural plants and are projected to experience 
decreasing agricultural productivity even with 
small increases in temperature. In higher latitudes 
or at higher altitudes, agricultural production 
is often constrained by cold temperatures and 
therefore small increases in temperature of 1 to 
2°C are projected to be beneficial to agricultural 
productivity. At higher temperature increases, 
climate change impacts in these regions are 
projected to become negative as well, although 
at a slower pace. Agricultural management is 
a crucial determinant in any projection of future 
agricultural productivity. Management systems 

figure 1
Spatial patterns of food supply impacts. Average annual change in caloric production of maize, soy, wheat and rice 

by end-of-century for RCP 8.5. Median of six global crop models, driven by outputs of five global climate models from 
CMIP5. Results are averaged to 309 Food Producing Units (FPUs), assuming no change in farm management and 
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do not only affect the actual strength of climate 
change impacts on agricultural productivity, their 
level of flexibility also allows for broad adaptation 
measures to changing environmental conditions. 
These measures include some that can be easily 
implemented at farm level, e.g. adjustments 
in planting dates [Liu et al., 2013; Waha et al., 
2012a], while others may require targeted 
research (e.g. breeding new varieties) or intensive 
economic investment (e.g. large-scale expansion 
of irrigation infrastructure). Tropical regions, which 
include many developing countries, are assumed 
to have considerable development potential to 
increase agricultural productivity through improved 
management and technology [Deryng et al., 2011; 
Licker et al., 2010; Neumann et al., 2010; van 
Ittersum et al., 2013].

Many key aspects of the impact of climate 
change on agricultural production will require 
additional research, including the ability of plants 
to acquire nutrients under different conditions, 
such as greatly elevated atmospheric CO2 
concentrations [Boote et al., 2013; Taub et al., 
2008], which is especially important for issues of 
food quality and nutrition security. The prevalence 
and propagation of pests and diseases are also 
likely to change in a warmer climate [Bebber et al., 
2013], posing another major management 
and adaptation challenge for future agricultural 
production. 

Broadly speaking, global-scale climate 
change impact assessments have not evolved 
significantly since the first global climate change 
impact assessment in 1994 [Rosenzweig and 
Parry, 1994]. Climate change has the potential to 
damage productivity across all agricultural areas. 
Tropical areas are likely to experience detrimental 
impacts even at low levels of global warming 
and potentially catastrophic impacts at higher 
levels, while high-latitude and high-altitude areas 
could profit from small or medium increases 
in temperatures. There are large uncertainties 
with respect to the beneficial effects of CO2 
fertilization (increased photosynthetic action 
and reduced water requirements for plant 
growth under elevated atmospheric CO2 

concentrations). The first study of agricultural 
impacts was conducted by extrapolating just 
over 100 field-scale assessments [Rosenzweig 
and Parry, 1994], while models today cover the 
entirety of current global cropland area and even 
potentially cropped areas. 

Until recently, global-scale climate impact 
assessments have been relatively scarce and 
have analysed only a single or small number 
of assessment models, climate forcings or 
climate scenarios [e.g. Fischer et al., 2005; 
Liu et al., 2007; Müller et al., 2009; Nelson et al., 
2009; Nelson et al., 2010; Parry et al., 2004; 
Stehfes et al., 2007]. However, the selection 
of climate scenarios, even for the same 
GHG emission scenario, can greatly affect 
the assessment of climate change impacts 
[Osborne et al., 2013]. Depending on projected 
patterns of climate change, which can vary 
strongly between implementations of GHG 
emission scenarios in different climate models, 
projected impacts on agricultural productivity can 
be very different [Müller and Robertson, 2014; 
Osborne et al., 2013].

A recently conducted first-of-its-kind 
intercomparison of GGCMs within AgMIP 
[Rosenzweig et al., 2014] and for the agricultural 
sector in ISI-MIP [Warszawski et al., 2014] 
allowed for a globally consistent analysis 
across seven different GGCMs. The project 
included projections for 20 different climate 
scenarios (four RCPs [Moss et al., 2010; van 
Vuuren et al., 2011] implemented by five different 
climate models as part of the Coupled Model 
Intercomparison Project CMIP5 [Taylor et al., 
2012]: HadGEM2-ES [Jones et al., 2011]; IPSL-
CM5A-LR [Dufresne et al., 2013]; MIROC-ESM-
CHEM [Watanabe et al., 2011]; GFDL-ESM2M 
[Dunne et al., 2013a; Dunne et al., 2013b]; and 
NorESM1-M [Bentsen et al., 2013; Iversen et al., 
2013]) and were bias-corrected against historical 
weather data [Hempel et al., 2013]). Model groups 
considered fully irrigated and rain-fed systems 
[Rosenzweig et al., 2014], using two assumptions 
on the effectiveness of CO

2 fertilization (i.e. none 
and full). 
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Results from the participating models (Table 1) 
are directly comparable with respect to climate 
and CO2 forcings6, but their assumptions and 
input data on management differed in some 
important ways. Many of these differences are 
fundamental to the ways that different groups have 
chosen to represent management decisions such 

6	 The term CO2 forcing is short hand expression that 
links increased CO2 concentration with a given rise 
of average temperature. The so-called “radiative 
forcing” is linked to CO2 concentration and the extent 
of its deviation from an initial state (typically chosen 
as the pre-industrial CO2 concentration level of 280 
part per million value or ppmv). The higher the CO2 
concentration, the higher the radiative forcing which 
in turn raises the radiative energy reaching the earth’s 
surface and cause the average earth temperature to 
increase.

as planting, irrigation and fertilizer application. 
These differences in assumptions and input data 
contribute substantial uncertainty in addition 
to that caused by differences in underlying 
functional representations of key processes and 
other model implementation choices. The joint 
uncertainties of management assumptions and 
model implementations are often larger than the 
uncertainty represented by the five climate models 
selected here, although this depends on the region 
and scale of analysis. 

A compilation of site-based climate change 
impact studies for the 4th Assessment Report 
of the IPCC showed that crop yields decline 
with increasing local temperature changes and 
associated atmospheric CO2 concentrations and 

Model Version References for model  
description and  

applications

Institution

EPIC EPIC0810 [Izaurralde et al., 2006;  
Williams and Singh, 1995]

BOKU, University of Natural 
Resources and Life Sciences, 
Vienna

GEPIC EAWAG [Liu et al., 2007;  
Williams et al., 1990]

EAWAG
(Swiss Federal Institute 
of Aquatic Science and 
Technology)

GAEZ in IMAGE 2.4 [Bouwman et al., 2006;  
Leemans and Solomon, 1993]

Netherland Environmental 
Assessment Agency (PBL)

LPJmL - [Bondeau et al., 2007; 
Fader et al., 2010; 
Schaphoff et al., 2013; 
Waha et al., 2012]

Potsdam Institute for Climate 
Impact Research

LPJ-GUESS 2.1 with crop module [Bondeau et al., 2007; 
Lindeskog et al., 2013; 
Smith et al., 2001]

Lund University, Department 
for Physical Geography and 
Ecosystem Science,
IMK-IFU, Karlsruhe Institute 
of Technology, Garmisch-
Partenkirchen, Germany 

pDSSAT pDSSAT v0.5 (DSSAT 
4.0 and 4.5)

[Elliott et al., 2013b;  
Jones et al., 2003]

University of Chicago and 
Argonne National Laboratory 
Computation Institute

PEGASUS V. 1.1 [Deryng et al., 2011] Tyndall Centre
University of East Anglia, UK/ 
McGill University, Canada

table 1
Global Gridded Crop Models and references for the AgMIP-led ISI-MIP fast-track simulation exercise
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precipitation changes [Easterling et al., 2007]. In 
temperate regions, crops can profit from low to 
medium increases in local temperatures – e.g. 
if cold temperature limitations are alleviated or 
if the associated changes in precipitation and 
CO2 fertilization lead to higher productivity. In the 
tropical regions, however, yields typically decline 
even with small increases in local temperatures.

With the GCCMI, these impact patterns were 
confirmed for a more comprehensive coverage 
of regions and climate scenarios, and a response 
to local temperature rise was documented 
for soybean, which had not been covered by 
Easterling et al. [2007]. This modelling exercise 
could also demonstrate the importance of nitrogen 
limitation in the assessment of climate change 
impacts, which indicates the general importance 
of management constraints for the assessment of 
climate change impacts on agriculture. If nitrogen 
limitations are explicitly considered, crops show 
less profit from CO2 fertilization [Leakey et al., 
2009] and amplified negative climate impacts.

Accounting for nitrogen dynamics reduces 
the inter-model uncertainty associated with the 
effectiveness of CO2 fertilization on agricultural 
yields, yet this factor still remains one of the largest 
single sources of uncertainty. While it is clear that 
elevated CO2 concentrations stimulate increased 
photosynthesis in C3 plants, significant questions 
remain as to how this translates into increases in 
harvested biomass (e.g. grain mass) [Leakey et al., 
2009], especially in real-world field conditions, 
and to what extent this can lead to unwanted 
side effects such as declining protein content and 
quality [Erbs et al., 2010] or higher susceptibility to 
insect damage [Zavala et al., 2008].

4.2	 Focus regions of climate change 
impacts

There are two key types of focus regions for 
climate change impact assessments: those that 
are subject to large relative changes in agricultural 
productivity under climate change; and those that 
are currently major producers and run some risk 

of being negatively affected by climate change. 
Both types have implications for trade patterns but 
they may require very different assessment and 
response strategies. 

The most substantial relative changes in crop 
productivity are expected in the low latitudes, 
across all major crops. Since agriculture is a 
relatively high share of national gross domestic 
product (GDP) in many tropical regions, these 
impacts combine with increasingly globalized 
agricultural markets to jeopardize food security 
in a dual way: farmers face decreasing local 
productivity and income, while food availability is 
increasingly determined by market access and 
global food prices. On the other hand, these 
countries often have average crop productivity 
that is considerably lower than what environmental 
conditions should allow (this is the so-called yield 
gap) [Licker et al., 2010; Neumann et al., 2010]. 
Better market access, infrastructure, fertilizers, 
pesticides, machinery and alternative crop 
varieties may be able to contribute substantially 
to closing these gaps [Markelova et al., 2009], 
with implications for development, food security, 
poverty, climate impacts and potential climate 
adaptations. A notable exception to this 
expectation is Egypt, where the yield gap is 
small [Neumann et al., 2010], irrigation is used 
extensively, and water resources are strongly 
limiting. Here, a shift from staple to high-value 
crops, which would require improved market 
structures, could increase farm incomes.

India is a key region for study for many 
reasons. It is likely to experience strong relative 
impacts of climate change and it is a top global 
producer of many crops [FAOSTAT data, 2013]. 
Changes in agricultural productivity in this region 
are thus extremely critical for both local and global 
food security. India’s comprehensive infrastructure 
for irrigation [Döll and Siebert, 2000] may render 
adaptation to more erratic rainfall under climate 
change relatively easy, yet the overexploitation of 
groundwater reservoirs [Rodell et al., 2009] and 
the dependence of surface water reservoirs on 
monsoon rainfall [Maity and Kumar, 2009] may lead 
to decreasing freshwater availability for agriculture 
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under climate change and could further reduce 
productivity [Elliott et al., 2014a]. 

Current yield trends in India are mixed, and 
largely stagnating for wheat [Ray et al., 2012]. 
New management practices may help to improve 
yields [Stoop et al., 2002] and have even led 
to a recent world record harvest [Kassam and 
Brammer, 2013]; however, the feasibility and 
applicability of these techniques at larger scales 
have been contested [Sumberg et al., 2013]. The 
preponderance of sequential cropping systems – 
i.e. producing crops in several seasons of the 
year – in India will complicate simple adaptations, 
such as changes in planting dates or selection 
of fast- or slow-maturing varieties, because the 
implications for adjacent growing periods must be 
taken into account as well. 

Major agricultural producers in temperate 
zones, such as the European Union for wheat 
or the United States of America for maize, can 
also be subject to strong negative impacts under 
climate change. These include: reduced water 
availability during the growing season; more 
frequent and intense heat events, which are 
most damaging during flowering [Asseng et al., 
2011; Edreira et al., 2011; Hawkins et al., 2013a; 
Teixeira et al., 2013]; and accelerated phenology, 
which can lead to reduced biomass production 
[Liu et al., 2013]. However, these regions also tend 
to have more flexibility for adaptation. Cropping 
periods tend to become longer in warmer 
climates as cold temperature limitations in spring 
and autumn are alleviated. Further, given the 
dominance of single cropping systems in these 
regions (i.e. only one cropping cycle per year) 
farmers have significant flexibility to adjust varieties 
(e.g. spring vs. winter varieties) or planting dates, 
to respond to changing conditions [Liu et al., 
2013]. Adjustments in planting dates can help to 
avoid periods with high temperature stress, exploit 
longer growing periods with varieties that mature 
more slowly and so have more time for biomass 
accumulation and grain filling, and target periods 
with improved water availability. In some temperate 
regions, multiple cropping systems could even 
become feasible in future climates, which could 

strongly increase agricultural productivity per area 
and year [Zhang et al., 2013]. 

4.3	 Inter-sectoral interaction

Agricultural production is highly integrated with 
other sectors and biogeochemical cycles. The 
most obvious of these factors are the availability 
of freshwater and of fertile land, which constitute 
direct constraints to agricultural production. 
Irrigation agriculture directly competes with other 
consumers of freshwater, such as households, 
industry and energy production. Along with 
impacts from climate change, socio-economic 
and environmental factors can thus have a major 
effect on agricultural productivity and on the 
potential for climate adaptation through irrigation 
[Elliott et al., 2014a]. Indirect impacts of global 
climate change on agricultural productivity, such 
as those caused by changes in the availability 
of freshwater for irrigation, tend to follow similar 
patterns as direct impacts. As a result of climate 
change, freshwater availability increases in 
regions in the temperate zones but decreases in 
regions in the low latitudes, including prominent 
agricultural and heavily irrigated areas in India, 
China and Egypt. Increased availability in regions 
that already have ample freshwater supplies is 
likely to have only minimal potential to increase 
production, since small increases in average yield 
and decreased interannual variability are unlikely to 
justify large expenditures on irrigation infrastructure 
[Elliott et al., 2014a]. Constraints on freshwater 
availability in heavily irrigated areas, however, may 
lead to large reductions in the irrigated share of 
overall agricultural production, amplifying direct 
climate change impacts and increasing weather-
induced variability in these regions. 

Freshwater rationing in the form of deficit 
irrigation has the potential to increase system-level 
water-use efficiency (i.e. agricultural production 
per unit of water) by applying sufficient irrigation 
amounts to reduce, but not eliminate, water 
stress. This approach of focusing on water 
productivity rather than land productivity (i.e. 
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agricultural production per unit of land) [Fereres 
and Soriano, 2007] is especially important in dry 
areas, where availability of water is usually more 
limiting to agricultural production than land [Geerts 
and Raes, 2009]. To date, there has been little 
research conducted on deficit irrigation at the 
global scale. A recent paper by Liu et al. (2014) 
tackled this issue using a global general model 
and may have opened the door for more research 
on the topic.

Availability of freshwater is also affected by 
increased competition from socio-economic 
development [Alcamo et al., 2007]. Economic 
growth may increase withdrawal of water for 
industry, even if accompanied by increases 
in water-use efficiency. Increased energy 
production, whether from fossil fuels or low-
carbon alternatives, generally requires substantial 
additional water withdrawal for cooling or cleaning. 

Many assessments of likely future climate 
mitigation pathways project strong increases in 
biofuel production, which will compete directly for 
land and water resources with food, feed and fibre 
producers. Biofuels are a renewable energy source 
generated from re-growing plant biomass or from 
other biological sources (e.g. manure). Biofuels are 
often classified into two categories: first-generation 
biofuels made from sugar, starch and vegetable 
oils, which are typically derived from products 
suitable for human consumption and thus compete 
directly with food production; and second-
generation biofuels made from cellulosic material 
unfit for human consumption. The conversion of 
cellulose into an energy source compatible with 
current technologies, especially in the transport 
sector, is still a major challenge, but its use is 
increasing as a feedstock for heat and electricity 
generation. Cellulose-based biofuels, however, 
compete with food production for resources, most 
importantly fertile land and water, as well as with 
many other ecosystem services. While proponents 
of second-generation biofuels point to the potential 
for using marginal lands for the production of 
biomass, the idea of existing “unused land” has 
been challenged [Searchinger et al., 2008; Elbehri, 
Segerstedt, and Liu, 2013]. 

The competition for land and water leads to 
deforestation of primary and secondary forests, 
producing direct and indirect land-use change 
[Melillo et al., 2009], which typically diminishes 
natural resources and ecosystem services 
[Metzger et al., 2006] and increases emissions of 
GHGs [Popp et al., 2010]. Under liberalized global 
trade regimes, increased demand for agricultural 
food, feed, fuel and fibre crops can thus lead 
to significant land-use change, with severe 
environmental consequences that are often difficult 
to account for and thus to regulate [Schmitz et al., 
2012; Schmitz et al., 2013]. 

The interaction of agricultural production with 
other sectors and biogeochemical cycles can also 
diminish the ability of societies to cope with climate 
change, by compounding the pressures. Besides 
reduced response options and secondary impacts, 
as with the example of the reduced availability 
of freshwater constraining irrigation [Elliott et al. 
2014a], multiple stressors can also reduce the 
adaptive capacity of societies [Quinn et al. 2011]. 
As a consequence, agricultural regions that are 
simultaneously subjected to detrimental impacts in 
other sectors may experience amplified biophysical 
impacts, socio-economic consequences, and/or 
a reduced capacity to respond to change. These 
“hotspots” should be focal regions for adaptation 
research [Piontek et al. 2014].

5.	 The Global Gridded Crop 
Model intercomparison

There are a variety of future climate scenarios: 
combinations of potential emissions pathways 
[e.g. Moss et al., 2010; Nakicenovic and Swart, 
2000]; their implementation in a general circulation 
or earth system model; and statistical processing 
for bias correction [e.g. Hempel et al., 2013; 
Piani et al., 2010] or downscaling [e.g. Pierce et al., 
2009] . However, despite this diversity of scenarios, 
it is clear that climate change poses a significant 
threat to agricultural production throughout the 
cultivated areas of the world. Even so, some 
regions and crops are confronted by challenges 
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both more immediate and more severe than 
others. There is strong agreement among GGCM 
simulations that tropical regions will experience 
substantial negative impacts on agricultural 
productivity from climate change, given current 
management practices. While small increases 
in global mean temperature may be beneficial 
in cooler regions, climate change impacts are 
likely to be negative at moderate or high levels 
of global warming. These findings are largely in 
agreement with previous site-scale assessments, 
as summarized by the IPCC’s Fourth Assessment 
Report [Easterling et al., 2007] and earlier global-
scale assessments [Rosenzweig and Parry, 1994].

Beyond broad-scale patterns the picture is 
more opaque, as was recently demonstrated by the 
first intercomparison of GGCMs within the ISI-MIP 
and AgMIP frameworks. This is best highlighted 
by the range of possible assessment outcomes 
based on the impact model chosen. Indeed, in the 
ISI-MIP and AgMIP assessments, the differences 
among impact models were found to dominate the 
ensemble spread for most measures.

In order to begin to resolve these issues, Ag-
GRID has recently undertaken the GGCMI project. 
This project consists of a set of highly structured, 
protocol-based global simulation experiments 
designed by climate and agro-environmental 
scientists from around the world. The project 
will proceed in three overlapping phases, each 
building on the inputs, outputs, and lessons of 
the ones preceding it. In Phase 1, models will 
be driven by harmonized management inputs 
and nine historical climate-forcing datasets 
(spanning 1948-2012), focusing on model 
comparison, validation, and historical extremes. 
In Phase 2, historical data products will be varied 
to generate a structured input ensemble designed 
to evaluate model sensitivity and develop high-
resolution multi-dimensional response surfaces 
for the space of possible future values of carbon, 
temperature, water and nitrogen. In Phase 3, a 
new comprehensive multi-model climate impact 
assessment will be conducted within the AgMIP 
and ISI-MIP frameworks, with climate drivers 
from CMIP5 and CORDEX as well as detailed 

adaptation scenarios and a focus on the effects 
of increased frequency and severity of extreme 
weather events.

Harmonization of assumed growing periods 
and nitrogen fertilization is a key feature of the 
GGCMI Phase I protocols, and greatly improves 
comparability of results between models. 
New metrics for model performance are being 
developed in concordance with metrics developed 
for general circulation models [Gleckler et al., 
2008]. Due to the huge differences in the types and 
purposes of GGCMs, robust model evaluation will 
require much more than just the reproduction of 
yields. Interannual variability, the effects of historic 
extreme weather events on food production, and 
crop and region-specific analyses will also be of 
special interest. 

6.	 Open questions

The uncertainty inherent in modelling global-scale 
climate change impacts on agriculture has several 
underlying reasons that carry implications for future 
research. Most important among these is the 
lack of suitable reference data for model testing, 
calibration and improvement – an aspect of the 
modelling challenge that is not likely to see great 
improvement in the near future. The vulnerability 
of a particular farm or region to climate change 
or to climate extremes depends strongly on the 
dominant management systems employed. In 
recent decades, much progress has been made 
in identifying dominant cover classes and some 
measures of irrigation infrastructure distribution, 
using remote sensing. However, little information 
is available regarding management practices 
(e.g. fertilizer application rates, planting densities, 
sowing dates) at the high spatial and temporal 
resolutions and global extent required to enable 
accurate representations of current management 
systems in GGCM simulations. 

Uncertainty regarding the effectiveness of 
CO2 fertilization effects, the combination of 
stimulated photosynthesis in C3 plants and 
reduced water consumption in all plants under 
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elevated atmospheric CO2 concentrations, is 
especially large in global-scale simulations. These 
studies include the full range of uncertainties in 
field-scale modelling, and involve combinations 
of environmental conditions (e.g. extremely 
dry, low fertilizer inputs) that are not sufficiently 
evaluated in laboratory, open-top chamber, 
or FACE experiments [Ainsworth and Long, 
2005; Leakey et al., 2009]. Finally, national and 
even sub-national yield statistics are often too 
aggregated to provide a good evaluation of model 
performance or determination of the responsible 
underlying mechanisms, due to the large amount 
of spatial variability in environmental, climate 
and management conditions. These points are 
discussed in more detail in the following section.

6.1	 Model evaluation and validation

For a comprehensive evaluation of GGCMs, 
long-time series of high-quality global data are 
required for many crops. National and even sub-
national statistics are often at too low a resolution 
to capture the relevant weather-induced variability 
of crop productivity, which instead is smoothed 
out by spatial aggregation over larger regions. 
Changes in production area and management 
practices are also typically not well documented 
in these statistics. The only reference yield data 
available for comparison with sufficient spatial and 
temporal coverage are national yield statistics, 
and the absence of high-quality management data 
is thus a strong constraint on model evaluation. 
Climate change impacts also differ significantly 
between irrigated and rain-fed systems, yet their 
contribution to overall production and average 
yields in a given region is often unclear, especially 
with respect to interannual variation, because 
installed irrigation capacity is not always used to 
the same extent. 

The resolution of national statistics can be 
improved by assimilating sub-national statistics 
from a variety of sources [Iizumi et al., 2014; 
Ray et al., 2012], or by incorporating satellite-
based observations of productivity [Iizumi et al., 

2014; Ray et al., 2012]. These products should 
greatly improve the scope of possible model 
evaluations, but care must be taken as these 
are not direct observations, but combinations of 
census data, remote sensing and modelling rules. 
Site-based reference data from FACE experiments 
[Ainsworth and Long, 2005; Leakey et al., 2009] 
and eddy-flux measurements [Baldocchi et al., 
2001] can also provide valuable insights, but are 
limited with respect to coverage of agroclimatic 
regions, management systems and crops. 

Phase I of the Ag-GRID GGCMI will use these 
and other reference datasets to evaluate models 
over more than six decades. 

6.2	 Management

The only datasets available for crop-specific irrigation 
shares are based on “installed irrigation equipment” 
in about the year 2000 but contain no information 
on the temporal variations or actual irrigation water 
amounts applied [Portmann et al., 2010] anything 
on actually irrigated areas [You et al., 2010] or these 
data are not crop-specific [Thenkabail et al., 2009]. 
Similarly, there is large uncertainty with respect to 
growing seasons. Again, national census data may 
not reflect the sub-national variability or diversity of 
systems. The data compilations for global-scale 
applications [Monfreda et al., 2008; Portmann et al., 
2010] fail to distinguish between spring and 
winter varieties or between major differences in 
management (e.g. rain-fed vs. irrigated systems). 

Nitrogen is the most important plant nutrient, 
which is applied to fields in the form of organic 
(manure) and inorganic (artificially synthesized 
ammonium) compounds as well as by atmospheric 
deposition. Input levels vary greatly across space 
and time but also across crops and management 
systems. Observational data are generally 
available only for artificial fertilizer consumption at 
national level, with little information about its use 
for specific regions, crops or cropping systems. 
Stimulated plant growth, whether due to warmer 
temperatures in high latitude locations or to 
elevated CO2 levels, can be inhibited by a deficit 



chapter 2: the global gridded crop model intercomparison: 
approaches, insights and caveats for modelling climate change impacts on agriculture at the global scale

43

in nutrient supply, following Liebig’s minimum law7. 
Nutrient deficits can also mask negative climate 
change impacts by reducing plants’ susceptibility 
to changes in climate. National fertilizer data 
have been downscaled and assigned to specific 
crops [Mueller et al., 2012] and will be used in 
combination with estimates of national manure 
availability [Potter et al., 2010] for harmonized 
management data inputs in Ag-GRID’s GGCMI 
model evaluation. 

6.3	 Effects of elevated atmospheric 
carbon dioxide concentrations

Besides global warming, increased 
atmospheric CO2 concentrations also stimulate 
photosynthesis in C3 plants and reduce water 
requirements for all plants. Plant photosynthesis 
is constrained by available energy (sunlight 
being intercepted by leaves), the plant’s capacity 
for photosynthesis (mainly determined by 
the abundance of the Rubisco enzyme) and 
the availability of CO2 as a primary input to 
photosynthesis. In agricultural systems, where 
nutrient availability and thus nitrogen limitation 
of Rubisco activity can be managed to some 
extent, atmospheric CO2 concentrations often 
limit photosynthetic rates for the majority of 
plant species. Under such conditions, rising 
CO2 concentrations in the atmosphere due 
to anthropogenic emissions can stimulate 
photosynthesis. This effect is robust and 
confirmed by long-term field trials, such as the 
FACE experiments. Elevated atmospheric CO2 
concentrations can lead to down-regulation of 
Rubisco activity in the long run; however, this 
does not challenge the overall stimulating effect 
of elevated atmospheric CO2 concentrations on 
photosynthesis [Leakey et al., 2009]. 

All plants, independent of their photosynthetic 
pathways (C3 or C4), profit from elevated 

7	 This law, popularized by Justus von Liebig, states 
that states that growth is controlled not by the total 
amount of resources available, but by the scarcest 
resource (limiting factor).

atmospheric CO2 concentrations in semi-arid and 
arid environments because of the direct coupling 
of the carbon and water fluxes between plants 
and the atmosphere. The pores through which 
CO2 enters the plant – the stomata – are also the 
pores through which water vapor leaves the plant 
during plant transpiration. The opening of the 
stomata is controlled by the plant’s cell pressure, 
which decreases when the plant dries. As a 
consequence, plants close their stomata under 
dry conditions to avoid wilting and this reduces 
their ability to take up CO2. Under elevated 
atmospheric CO2 concentrations, stomata can 
be closed more often to save water without 
reducing the influx of carbon for photosynthesis, 
leading to higher crop-water productivity (unit 
of output per unit of water) [Manzoni et al., 
2011; Polley, 2002]. A large body of research, 
including laboratory work, open-chamber field 
trials and FACE experiments, has documented 
the beneficial effects of elevated atmospheric 
CO2 concentrations on photosynthesis and plant 
growth [Ainsworth and Long, 2005; Leakey et al., 
2009; Polley, 2002]. 

However, there is still large degree of 
uncertainty regarding the general effects of 
elevated atmospheric CO2 concentrations at 
larger scales and for longer time horizons. To 
harness increased plant growth under elevated 
atmospheric CO2 concentrations, farmers will 
have to adjust fertilization and possibly other 
management practices, such as the selection of 
cultivars [Ribeiro et al., 2012]. There are some 
indications that gains in photosynthesis and 
total biomass may not lead to proportional gains 
in yields (e.g. for grains) [Leakey et al., 2009]. 
Increases in biomass and yield may also lead 
to decreases in protein concentration and thus 
in nutrient quality and economic profitability 
[Pleijel and Uddling, 2012; Taub et al., 2008]. 
Elevated atmospheric CO2 concentrations 
have the potential not only to reduce protein 
concentrations but also to generally alter the 
chemical composition of plant tissues. These 
changes have also been shown to change 
the plants’ susceptibility to insect damage 
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[Dermody et al., 2008] and may require intensified 
crop management to avoid losses [Zavala et al., 
2008].

6.4	 Future challenges: Representative 
agricultural pathways 

Agricultural production is strongly dependent 
on weather conditions and thus susceptible to 
climate change impacts. However, management 
is also a central aspect in agricultural production, 
and mismanagement can lead to substantial 
reductions in production. The effects of 
mismanagement on agricultural production 
are often described using the concept of “yield 
gap analysis”, which describes the difference 
between yields actually achieved and potential 
yields – i.e. yields theoretically achievable under 
given environmental conditions, where no nutrient 
and water limitations constrain plant growth [van 
Ittersum and Cassman, 2013; van Ittersum et al., 
2013]. Global analyses have shown that there are 
substantial yield gaps, i.e. management-driven 
reductions in agricultural productivity, especially 
in many developing countries [Licker et al., 2010; 
Neumann et al., 2010], and limited market access 
was identified as one of the major reasons for this 
phenomenon [Neumann et al., 2010]. Besides 
identifying managerial deficits that can lower 
agricultural productivity, agricultural research 
can greatly improve agricultural productivity, 
e.g. by developing novel crop varieties that are 
more productive or less susceptible to drought 
phases, heat, insect damage or pests, or new 
soil and water management techniques. Such 
targeted agricultural research has led to substantial 
improvements in agricultural productivity in the 
past, as, for example, during the so-called “green 
revolution” [Evenson and Gollin, 2003; Pingali, 
2012]. Agricultural research is effective over 
longer time periods, as research and development 
typically have multi-annual cycles, and their 
effects are typically not captured by yield gap 
analyses because they do not necessarily affect 
the difference between actual and potential yields, 

but can move the potential yield level upwards 
[Dietrich et al., 2012].

Historically, yield increases have resulted from 
a combination of closing the yield gap and shifting 
potential yield levels upwards and, in the past, 
these yield increases have sustained the increases 
in global population. Recently, yield increases have 
stalled for many important crops and countries 
[Lin and Huybers, 2012; Ray et al., 2012] and yield 
improvements at historic rates have been found to 
be insufficient to sustain projected future demand 
for agricultural products [Ray et al., 2013]. 

Current research on climate change impacts 
often assumes static management systems 
[Rosenzweig et al., 2014] or addresses simple 
on-farm adaptation measures such as soil and 
water management or the adaptation of sowing 
dates [Folberth et al., 2012; Laux et al., 2010; 
Liu et al., 2013; Waha et al., 2012a], which can 
be assumed to be determined mostly by climatic 
and weather conditions [Waha et al., 2012b]. 
Adaptation to climate change can be complex and 
involve targeted research [Challinor et al., 2009; 
Challinor et al., 2007; Reidsma et al., 2009; Smith 
and Olesen 2010] but often can be achieved via 
simple and inexpensive technologies [Ebi et al., 
2011]. The assumption of static management 
systems in climate change impact assessments is 
thus not designed to provide assessments of future 
agricultural productivity but to explore the isolated 
effect of climate change only. This helps to reduce 
inconsistencies between biophysical models and 
economic models that take biophysical climate 
change impact projections as an input to their 
economic response [Müller and Robertson, 
2014; Nelson et al., 2014a; Nelson et al., 2014b]. 
However, assumptions regarding management 
systems can also greatly affect the projected 
strength of climate change impacts on agricultural 
productivity [Rosenzweig et al., 2014]. 

In light of its significance for the assessment 
of future agricultural productivity and for the 
assessment of future climate change impacts on 
agricultural productivity, consideration of various 
scenarios on future agricultural management is 
crucial. Such scenarios need to reflect plausible 
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possible future circumstances for all socio-
economic and biophysical dimensions that are 
important for agricultural production. At the 
global scale these comprise assumptions on 
future trade patterns, affecting global production 
patterns, market access for selling agricultural 
products and buying inputs (fertilizers, pest 
control, machinery, seeds) and price levels that will 
determine the profitability of different management 
options. National and economic unions (e.g. 
the European Union) may enforce agricultural 
policies or environmental regulations – including 
the mitigation of GHG emissions – that affect 
agricultural management and labour markets. 
Population growth [Lutz and Samir, 2010], 
migration [Aaheim et al., 2012; Kniveton et al., 
2012; McLeman and Smit, 2006] and urbanization, 
as well as future educational systems, may affect 
labour availability for agricultural production as 
well as production costs [e.g. Martin and Calvin, 
2010]. Finally, one central input for agricultural 
production, namely phosphorus, is in short supply 
globally and in the hands of very few actors; even 
though stocks may not be depleted this century 
[Van Vuuren et al., 2010], this has the potential 
to affect productivity levels, production costs and 
production patterns globally [Bouwman et al., 
2009; Carpenter and Bennett, 2011; 
MacDonald et al., 2011].

In global scale assessments, agricultural 
systems are not represented in much detail so 
far, but typically involve assumptions on sowing 
dates, varieties grown and fertilizer inputs 
[Rosenzweig et al., 2014]. Future scenarios 
regarding agricultural system change thus only 
need to address these dimensions if models do not 
take up the challenge to better integrate different 
management systems [e.g. Del Grosso et al., 
2009]. This challenge can be more complex for 
assessments at regional scale [Antle et al., under 
review].

The most promising approach for developing 
scenarios of future agricultural production systems, 
often referred to as Representative Agricultural 
Pathways (RAPs), is to expand existing (or currently 
under development) socio-economic scenarios, 

such as the so-called SSPs [Kriegler et al., 2012]. 
These typically address some of the relevant 
dimensions for agricultural productions (e.g. trade 
liberalization scenarios) but need to be filled out 
with more explicit assumptions on others (e.g. 
fertilizer rates, speed of dissemination of better-
adapted crop varieties) that just need to be 
consistent with the general storylines of the SSPs 
and the more explicit assumptions therein. 

6.5	 Future challenges: Drought and 
climate extremes

Agricultural production is directly dependent on 
weather conditions, especially in non-irrigated 
production systems. The effects of weather 
variability produce variations in national yield 
statistics; in many cases, changes in yield variability 
can be attributed to weather variability [Osborne 
and Wheeler, 2013]. As variability changes 
under global warming, this will affect agricultural 
production [Hawkins et al., 2013b], especially 
during heat-sensitive phases [e.g. Asseng et al., 
2011; Edreira et al., 2011; Teixeira et al., 2013]. 

Drought affects millions of people globally 
each year, and warming temperatures and shifting 
precipitation patterns are likely to exacerbate 
the problem, increasing both the frequency 
and severity of large-scale droughts in globally 
important and agriculturally sensitive regions 
[Sheffield and Wood, 2008; Solomon et al., 2007; 
Wehner et al., 2011]. Recent work suggests that 
extended drought will harm more people in the 
future than any other climate-related impact, 
specifically in the area of food security [Romm, 
2011]. Therefore, the extent to which climate 
impact models can reproduce the effects of 
large-scale drought and heat events is likely to 
be one of the most important measures of model 
effectiveness, for determining whether these 
models are able to represent future impacts 
successfully. Dozens of specific large-scale 
extreme hydrological drought and heat events 
from the historical record (1948-present) have 
been catalogued by Sheffield and Wood [2011]. 
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Many of these events had major agricultural, food 
security and economic implications, and these can 
be evaluated using GGCMs in order to test these 
models under such extreme conditions. This will 
also result in a standardized, comprehensive multi-
model analysis of agricultural drought over the 
last 6+ decades, comparable among regions and 
decades, that will improve both the understanding 
of drought and its effects on crops and food 
production and the ability of models to represent 
the consequences of increased drought and heat 
in the future.

6.6	 Future challenges: Connecting 
with field-scale assessments 

Crop growth models have been applied to 
multiple purposes for several decades. Given 
that models applied to climate change impact 
assessment do not always employ the most up-
to-date formulations, Rötter et al. [2011] called for 
a general re-assessment of model effectiveness, 
as a first step towards improving model 
formulations. This effort has been undertaken by 
AgMIP [Rosenzweig et al., 2013], focusing first 
on the major cereal crops – wheat [Asseng et al., 
2013], maize [Bassu et al., 2014] and rice – while 
building communities and establishing research 
teams for other crops, pastures and livestock 
(see http://www.agmip.org). The projects 
focus initially on reproducing observations 
across different environmental gradients and 
management systems, followed by exploration 
of model sensitivities to changes in temperature, 
precipitation and atmospheric CO2 concentrations. 

As GGCMs are often based on field-scale 
models to varying degrees, field-scale model 
improvements can provide the basis for global-
scale improvements. Processes that have been 
identified as important for future crop productivity, 
such as temperature extremes [Asseng et al., 
2011], tropospheric ozone concentrations [Bender 
and Weigel, 2011; Leisner and Ainsworth, 2012; 
Pleijel and Uddling, 2012] and pests and diseases 
[Bebber et al., 2013; Mediene et al., 2011], will 

have to be implemented and tested in field-
scale models, before they can be implemented 
in global-scale assessments. The high quality of 
data available at some individual field sites greatly 
facilitates the development and evaluation of 
process formulations in crop models. Global-scale 
models can inform field-scale model development 
as well – for example, by characterizing expected 
ranges of growing conditions across large areas, 
as well as their implications for agricultural 
productivity and modelled sensitivities. 

6.7	 Future challenges: Informing 
economic assessment with 
biophysical climate change 
impact studies

Biophysical climate change impact assessments 
are a central precondition for understanding 
climate change impacts on future trade patterns 
in agricultural markets. There are a number of 
challenges to making these assessments useful 
to current agricultural economic assessments. 
The uncertainty with respect to climate change 
patterns [Christensen et al., 2007] and impact 
models [Rosenzweig et al., 2014] needs to be 
accounted for. A broad variety of issues exist 
in modelling consistency between economic 
and biophysical models. One important aspect 
is the difference between market commodities 
such as sugar, assumed to be homogeneous 
by economic models, which can be supplied by 
very different biophysical crops (here: sugar cane 
and sugar beet) that differ in their photosynthetic 
pathways (C4 for sugar cane, C3 for sugar beet), 
phenology, and plant organs of interest (stalks or 
beets). The ability to model these different crop 
types or assumptions about their mixture in the 
supply of the commodity sugar can greatly affect 
the assessment of climate change impacts on 
the commodity’s market shares and production 
[Müller and Robertson, 2014; Nelson et al., 2014a; 
Nelson et al., 2014b].
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7.	 Conclusions

Assessments of climate change impacts on global-
scale agricultural productivity have been conducted 
for the last several decades [Rosenzweig and 
Parry, 1994]. However, quantification of the 
uncertainties related to different climate scenarios, 
impact model implementations, assumptions 
on management systems and CO2 fertilization 
has been supplied only recently. The general 
global pattern of more negative impacts being 
experienced in the tropical regions than in the 
higher latitudes has been shown to be reliable 
across the significant uncertainty embedded in 
different climate scenarios and impact models used 
[Rosenzweig et al., 2014]. Available computational 
power to conduct global-scale climate change 
impact assessments on agricultural productivity 
has increased since the study of Rosenzweig and 
Parry [1994], and models have been adjusted for 
gridded global simulations [e.g. Elliott et al., 2014b; 
Liu et al., 2007] and extended to cover agricultural 
vegetation [e.g. Berg et al., 2011; Bondeau et al., 
2007; Deryng et al., 2011; Lindeskog et al., 
2013] or developed explicitly for large-scale 
applications [e.g. Challinor et al., 2004]. Input 
data on management aspects beyond national 
fertilizer rates [Liu et al., 2010; Mueller et al., 
2012] and some estimates of growing seasons 
[Portmann et al., 2010; Sacks et al., 2010], as well 
as good reference data, are scarce, and products 
have only recently been available [Iizumi, et al., 
2014; Ray, et al., 2012]. Therefore, evaluation 
of the performance of GGCMs has been very 
limited, mainly demonstrating that measurements 
of specific sites [e.g. Bondeau et al., 2007] or 
national yield statistics [e.g. Liu et al., 2007] can be 
reproduced. 

The first GGCMI conducted within AgMIP 
[Rosenzweig et al., 2013], as the agricultural 
biophysical sector assessment in the ISI-MIP, 
has shed some initial light on uncertainties 
across different GGCMs, management 
assumptions, climate scenarios and assumptions 
about the effectiveness of CO

2 fertilization 
[Rosenzweig et al., 2014]. This study confirms 

general patterns of climate change impact found 
in previous global-scale assessments [e.g. 
Müller et al., 2009; Rosenzweig and Parry, 1994] 
and site-specific studies [e.g. as compiled in 
Easterling et al., 2007].

Future activities to improve our understanding 
of possible future climate change impacts on 
biophysical agricultural productivity will be further 
coordinated by Ag-GRID and its GGCMI and will 
cover better model evaluation and understanding 
of key uncertainties (management, CO2 fertilization, 
temperature extremes) and model improvements 
(e.g. nutrient dynamics, management options). The 
project will foster interaction with the crop-specific 
activities as well as with the Global Economic 
group in AgMIP to address these challenges. 

The role of adaptation to climate change and 
the biophysical options to increase productivity, 
especially in regions with strong managerial 
deficiencies, have not yet been fully explored 
and will require improved representation of 
management options in GGCMs. Current 
analyses of climate change impacts on agricultural 
productivity are thus not complete projections 
of future productivity but of the isolated effect of 
climate change only. Changes in management 
have the potential to mediate climate change 
impacts as well as to improve agricultural 
productivity beyond simply compensating for 
negative climate change impacts.

Despite considerable uncertainties in terms 
of climate drivers and biophysical responses of 
agricultural systems, it is clear that climate change 
will have significant impacts on agricultural trade. 
Given the robust pattern of less severe, or even 
positive, impacts in temperate zones compared 
to tropical regions, economic measures and 
trade policies will have to be developed to ensure 
sufficient income in developing regions to allow 
them to participate in trade even under declining 
agricultural yields. 
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■	 Integrated assessment models (IAMs) of 
climate impact report mostly negative and 
some positive outcomes of climate change on 
agriculture; but suggest substantial capacity to 
offset negative climate change through 
adaptive supply-and-demand responses, 
productivity-enhancing investments and trade. 

■ 	 Uncertainty about future climate outcomes 
requires an integrated modelling framework 
that combines a variety of biophysical 
processes with economic scenarios using a 
range of models structures and socio-
economic pathways closely coordinated 
through research networks. 

■ 	 Improving policy-relevant economic analysis 
of climate impacts and adaptation requires 

better integration of biophysical processes with 
socio-economic analyses and stronger use of 
inter-disciplinary approaches.

■ 	 Economic models need to improve the ability to 
analyse extreme events and to systematically 
quantify uncertainties and frame economic 
conclusions in the context of known model 
limitations. 

■ 	 As adaptation decisions are inherently local, 
economic models at the farm/household level 
require better integration with biophysical and 
spatial techniques, improve accounting of 
climate risk and expand food security analysis 
beyond availability and include access and 
stability. 

main chapter messages
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1.	 Introduction

The literature on climate impacts and adaptation 
in agriculture is growing exponentially. At the same 
time the need for action on adaptation is urgently 
felt at local, national and global levels. Climate 
adaptation planning and interventions at all levels 
need to be based on the best available evidence 
to date despite gaps in current knowledge and the 
persistent uncertainty about the specific climate 
outcomes and their likelihoods. It is thus imperative 
to assemble, evaluate and make accessible the 
scientific and socio-economic advances in our 
understanding of climate impacts on agriculture 
and food security.  

Climate change and its complex manifestations 
have brought together different knowledge 
disciplines from climate science, biophysical 
processes and socio-economic drivers all the 
way to issues of geography and sociology. 
Each of these disciplines contributes to our 
understanding of climate change effects; but 
only when fully integrated do we form a more 
complete assessment that can translate into 
policy action. While climate science and related 
biophysical processes have received much 
attention and effort, the economics of climate 
adaptation remain understated. Yet the economic 
analysis of adaptation is an essential step toward 
forming informed policy action. This paper 
attempts to fill this gap by providing a broad and 
informative review of the economic modelling of 
climate impacts, demonstrating the importance of 
economics of adaptation within the broad climate 
impact analysis, and highlighting the strengths, 
weaknesses and gaps in current economic 
literature. This paper focuses on agriculture and 
several important drivers: food security, water and 
trade. 

The chapter has three objectives: (i) to 
review and synthesize recent findings linking 
climate impacts to agriculture; (ii) to evaluate the 
economic literature contributions to evaluating 
adaptation options and decisions by relevant 
actors; and (iii) to identify gaps and formulate 

suggestions for further research. We aim to offer 
both an informative and critical contribution to 
the relevant economic literature and in so doing 
attempt to reach beyond the circle of specialist 
economists. The models and analytical methods 
reviewed are examined through their strengths, 
weaknesses and their relevancy in providing 
policy-relevant insights. 

We place particular emphasis on analyses 
focusing on climate impacts and highlight the 
ways in which economic analyses describe climate 
change adaptations. Special attention is given to 
the economic models that are part of integrated 
assessments models which also link with global 
climate models and impact (or pathway) models. 
The latter generate biophysical and physical 
impacts, such as changes in crop yields or crop 
land inundation.  For many economists, the climate 
and pathway models that provide the foundations 
of integrated economic climate assessments 
present new territory, and this introductory 
overview may be informative. We also review 
household-level models since much adaptation 
decision-making takes place at the local or farm 
level. Throughout the review we look at how 
the economic models handle climate-related 
uncertainty. 

Our criteria for selecting the analyses included 
in this survey follow from our objectives. They 
emphasize timeliness, methodological interest, and 
applied policy relevance. We selected studies in 
which all or most of these criteria were met:  

(i)	 Analyses are based on standard global climate 
modelling projections from no earlier than 
the 4th Intergovernmental Panel on Climate 
Change (IPCC) assessment.

(ii)	 Analyses inform adaptation decision-making 
processes and are policy relevant.

(iii)	 Analyses are illustrative and exemplary of 
current methodologies that analyse climate 
change impacts and adaptation related to 
agriculture and food security.

(iv)	 Analyses offer representative geographic 
diversity in their application, with emphasis on 
developing countries.
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These criteria mean that many important 
contributions to an understanding of the effects of 
climate change on agriculture and food security 
have been omitted. Chief among them are studies 
that focus primarily on climate change mitigation. 
Mitigating actions taken at the local, national or 
global level that reduce emissions of greenhouse 
gases (GHG) could reduce the negative impacts 
of climate change on agriculture. Mitigation efforts 
could also directly affect agricultural production 
by constraining farm production activities that 
emit relatively high levels of GHG. Model-based 
adaptation studies that fall strictly outside 
agriculture and water resources have also been 
omitted. Theoretical papers have been excluded, 
since this review focuses on methodologies that 
offer empirically based policy insights. 

2.	 Defining climate 
adaptation: Analytical 
perspective 

The Intergovernmental Panel on Climate 
Change (IPCC, 2014) defines adaptation as 
“the adjustment in natural or human systems in 
response to actual or expected climatic stimuli or 
their effects, which moderates harm or exploits 
beneficial opportunities.” This definition points to 
two aspects: “moderating harm” and “exploiting 
beneficial opportunities”. Climate adaptation may 
thus be interpreted either broadly encompassing 
all possible opportunities to mitigate risk/ benefit 
from climatic changes, or more narrowly focusing 
on specific activities which avert the highest level 
or most probable risks (Margulis et al., 2008). 
This raises the problem of “scope” for delineating 
what counts as adaptation. One approach is to 
view adaptation as a set of discrete choices and 
decisions to resolve well defined problems, a 
view favoured by economists and climate impact 
modellers because it facilitates quantification 
and modelling (Antle and Capalbo, 2010). This 
approach also tends to favour a narrower definition 
of adaptation limited to mean simply an activity 
that is “impact-reducing” in the sense that it 

reduces negative (or enhances positive) impacts 
of climate change (Lobell, 2014). An alternative 
view considers adaptation as a continuous, flexible 
process, based on learning and adjustments 
(IPCC, 2014). Under this view, local or farm-level 
type adaptation must be considered within the 
broader social context in which farmers make 
decisions and take actions (Feola et al., 2014). 

It has become familiar in the literature to 
classify adaptation either as planned (through 
policies, public investments and institutional 
reforms) or autonomous (taken independently 
by individual farmers, households and economic 
agents in response to market forces). Public-
supported planned adaptation covers a wide 
range of possible actions, including the provision 
of public investments, taxes and subsidies, and 
norms and standards. These actions can also 
facilitate autonomous adaptation. Not surprisingly, 
economists recommend that such efforts be 
enacted in a cost-effective manner, preferably 
through market-based instruments (MBI) such as 
insurance markets, water markets and various 
payments for environmental services (IPCC, 2014). 
Economists also recommend that government-led 
adaptation interventions should avoid unintentional 
maladaptation, which can arise when there 
a disconnect between planned activities and 
local actions. A typical example comes from the 
water market. Pfeiffer and Lin (2010) found that 
subsidizing irrigation water conservation can 
lead farmers to increase total water use through 
acreage expansion under irrigation. This example 
illustrates “the rebound effect” (Roy, 2000) whereby 
increases in efficiency of resource use result in 
more being demanded.

Designing appropriate adaptation policies 
requires a careful analysis of three aspects 
closely associated with adaptation: vulnerability, 
adaptive capacity and uncertainty. Vulnerability 
was initially promoted by IPCC to guide policy 
(IPCC, 2001) and is characterized in terms of: (i) 
“exposure” of a region or sector to climate change; 
(ii) “impact”, i.e. how much damage will be caused 
by climate change in a specific region; and (iii) 
autonomous adaptation, i.e. what actions can take 
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Estimating the cost of adaptation remains a methodological challenge. While the need for such 
estimates the local and global levels is clear, there is little consensus on the size and scope 

of such estimates due to definitional and measurement difficulties (IPCC, 2014). The few existing 
global estimates of adaptation cost suffer from a general lack of empirical grounding at the local 
scale, creating inconsistent adaptation estimates across scales (Agrawala and Fankhauser, 2008). 
Likewise, local or “project”-level adaptation costing is also rare and fraught with measurement 
difficulties. The traditional approach of cost benefit analysis (CBA) applied to “adaptation projects” 
raises several conceptual issues which limit its applicability for evaluating adaptation (Handmer et al., 
2012). The main difficulty is data availability and its quality. Costs and benefits are location-specific, 
and calculating localized impacts requires detailed geographical knowledge of climate change 
impacts that are either unavailable or are subject to uncertainty (Refsgaard et al., 2013). Many 
actions have an influence on the impact of climate change without being adaptation projects per 
se (e.g. enhanced building norms). Also many “adaptation projects” have consequences beyond a 
reduction in climate change impacts. Valuation and decision-making cannot be separated from the 
institutional and social contexts (e.g. what is considered as a right), and CBA must also take into 
account non-market costs and benefits (Hallegatte et al., 2012). More broadly, CBA rarely takes into 
account resource depletion, environmental change and distributional issues.

Some argue for a shift in economic thinking related to planning climate-compatible adaptation 
policy away from a single-discipline focus on CBA and toward an inter-disciplinary multi-
dimensional risk analysis (Barker, 2008). Under such an approach, the criteria of robustness, 
resilience and flexibility are important considerations in evaluating the merits of alternative 
adaptation options. One approach that has been used in many national adaptation plans of 
action (NAPA) is Multi-Criteria Analysis (MCA) - a method that recognizes the need to balance 
among multiple, potentially competing objectives (Keeney and Raiffa, 1993; Martinez-Alier et al., 
1998). Using multiple criteria, decision-makers can include a range of social, environmental, 
technical and economic factors – mainly by quantifying and displaying trade-offs. The MCA is also 
favoured over CBA when there is lack of financial and economic data to quantify benefits and 
costs of adaptation. A number of tools based on the MCA framework have been produced. As 
an illustration, Miller and Belton (2013) report on the United Nations Environment Programme’s 
MCA4climate (UNEP, 2011), used to help formulate adaptation water policy for Yemen. The 
authors find a high degree of interdependence of the adaptation options available to policy 
makers. Also, the effectiveness of many behavioral responses to policy change hinge on the 
presence or absence of governance reforms. 

box 1 
Costing adaptation

place outside any government planning. The net 
impact of climate change will determine whether 
additional measures by planned adaptation are 
needed (Konrad and Thumy, 2014). Adaptive 
capacity is defined as the ability of a system 
to adjust to climate change (including climate 
variability and extremes), moderate potential 
damages, or take advantage of opportunities, or 

cope with the consequences. Agricultural adaptive 
capacity varies greatly by location, resource 
endowments, and institutional context of the 
farmer. Uncertainty is a salient aspect of climate 
change, has an important influence on the type of 
adaptation actions and investment decisions to be 
made, and requires risk management strategies 
(preventive and risk pooling and diversification 
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options such as insurance markets) (Konrad and 
Thumy). 

An effective adaptation strategy is defined not 
only by what types of interventions to enact but 
what type of governance to consider. Effective 
adaptation governance can be guided by the 
subsidiarity concept which stipulates that decisions 
about economic activity should be taken by the 
decision unit at the lowest level of aggregation 
at which these decisions do not generate major 
externalities for other decision units (Konrad 
and Thumy). A related economic concept is the 
“correspondence principle” introduced by Oates 
(1972), which applies to how economic decision 
rights, the payment burden, and the cost or return 
of economic activities should be assigned. Applied 
to adaptation, the correspondence principle 
suggests that the set of economic players who 
bear the cost of some adaptation measure, those 
who earn the economic benefits of this measure, 

and those who decide on this measure should 
coincide (Konrad and Thumy). The need for such 
governance arrangements is aptly shown in the 
case of water resource management, where 
multiple-decision makers are required, including 
individual farmers, water users’ associations, local 
and regional authorities up to national governments. 
Appropriate governance arrangements in this 
case would determine lines of authority, rights and 
responsibilities, and the extent of coordination 
across these different levels of decision making 
(Ostrom, 2007; Meinzen-Dick, 2007).

The above definitional considerations on 
climate adaptation set the stage for the review 
of economic models presented in this paper. 
We begin with the climate models, followed by 
the impact models, before we embark on the 
economic modelling analysis. We follow the 
integrated assessment framework schematically 
presented in Figure 1.

figure 1 
Integration of climate (CMIP3), pathway and economic models
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3.	 Global climate models 

Almost all of the economic assessments covered 
in this chapter at the sector level draw on the 
climate projections prepared for the Fourth 
Assessment Report of the Intergovernmental Panel 
on Climate Change (IPCC, 2007), the most recent 
available at the time of this study. The Fourth 
Assessment synthesizes climate projections from 
24 global climate models that participated in the 
World Climate Research Project’s third Coupled 
Model Inter-comparison Project (CMIP3).  

Global climate models, or general circulation 
models (GCMs), are numerical models that apply 
known physical, chemical and biological principles 
to simulate the interaction of the atmosphere, 
oceans, land surface, snow, ice and permafrost 
in determining the earth’s climate.3 GCMs have 
been applied to project the responses of the 
climate variables (changes in temperature, 
precipitation, etc.) to increased GHG emissions 
in the atmosphere. Advances in scientific 
knowledge, data and computational capacity 
have led to substantial refinements of GCMs 
since their initial development in the 1960s, when 
atmospheric models described influences on 
climate in terms of the interrelationships between 
the atmosphere and a motionless ocean slab. 
The models that participated in CMIP3 included 
coupled atmospheric-ocean GCMs that described 
complex, three-dimensional atmospheric and 
ocean interactions. The CMIP3 also included earth 
system models, which describe the carbon cycle 
feedback, whereby changes in temperature due to 
carbon dioxide (CO2) emission lead to changes in 
land use and vegetative cover, leading to feedback 
effects on CO2 emissions.  

The GCM models use parameters to represent 
sub-processes that occur at smaller spatial and 

3	 Useful references on GCMs are Bader (2008), 
McClusky and Qadummi (2011) and Edwards (2011).  
LeTruet et al., 2007, describe the development of 
GCM capabilities from the beginning of the IPCC 
process through the CMIP3 used in the Fourth 
Assessment.  Flato (2011) and Easterbrook (2011) 
discuss modelling advances that will be incorporated 
into the CMIP5 and IPCC’s Fifth Assessment.

temporal scales. GCMs are tested on their ability 
to explain climate over a historical training period. 
The fitted relationships are then used to simulate 
the effects of alternative climate-forcing scenarios 
(representative concentration pathways or RCPs)4 
that describe various levels of human-induced 
GHG emissions. Their results describe projected 
changes in climate over the 21st century or more, 
including changes in temperature, rainfall and 
atmospheric pressure.  

GCMs describe climate changes over relatively 
large spatial and temporal scales. The GCMs 
participating in CMIP3 describe the earth’s surface 
in horizontal grids of about 100 to 600 km width, 
and up to 30 vertical layers in both the atmosphere 
and ocean. Their predictions are strongest for 
temperature, a variable that is relatively consistent 
over these large spatial scales, while projections 
for precipitation, a variable influenced by smaller-
scale, topographical features and cloud formations, 
are less reliable (McClusky and Qaddami, 2011). 
Results at these coarse scales are too large relative 
to the input requirements of most pathway and 
economic models. GCM outputs therefore are 
usually downscaled using regional climate models, 
statistical techniques or spatial estimations.5  

GCMs contributing to the third and fourth 
IPCC assessments simulated a common set of 
greenhouse emission scenarios that depict four 
broad story lines of alternative, stylized future 
paths and the interrelationships among five 
drivers of GHG emissions: population, economic 
and social development, energy technology, 
land use, and government policies (IPCC, 2000) 
(Table 1). The four story lines, with three subsets 

4	 For its Fifth Assessment Report, the IPCC adopted 
four RCPs (RCP2.6, RCP4.5, RCP6 and RCP8.5), 
each of which designates a given GHG concentration 
(not emission) trajectory (Moss et al., 2010). Each 
RCP represents a possible a possible range of 
radiative forcing values (increased radiative energy) 
in 2100 relative to pre-industrial values (+2.6, +4.5, 
+6.0, and +8.5 Watts/m2, respectively) (Weyant et al. 
2009).

5	 Useful references on downscaling are Wilby and 
Wrigley, (1997), Leung et al., (2003), Strzepak and 
McClusky (2010),  van Vuuren, et al., 2010 and 
McCloskey and Qaddumi (2011).  
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table 1 
SRES Scenarios

of the A1 story line, were used as inputs into six 
independent integrated assessment models (IAMs), 
which quantified their projected effects on GHG 
emissions, yielding a total of 40 emission scenarios 
(Figure 2). The use of a range of emission 
scenarios as inputs into the GCMs addresses the 
uncertainties about future emission levels due to 
gaps in current scientific knowledge and to the 
unpredictability of future human behaviour. There is 
no probability assigned to the likelihood of any of 
their occurrences, nor any judgment made about 
their relative desireability. There is some overlap in 
the emission levels across the Special Report on 

Emissions Scenarios (SRES) due to commonalities 
in their underlying story lines, but they increasingly 
diverge over time. Therefore, the longer the time 
horizon of an economic assessment, the more 
sensitive are its results to the selection of an SRES.

Climate projections from the same emission 
scenario can differ across GCMs because 
of differences in the models’ structures and 
parameter values. The IPCC reports both the mean 
and the range of the climate projections for each 
SRES from all participating CMIP3 GCM models, 
with all models’ results given equal weight. The 
range of model results is useful for illustrating the 
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Population 2050 peak, then decline resouces

Governance Strong regional interactions; 
income convergence

Technology 3 scenario groups

A1F1 Fossil-intensive

A1T non-fossil energy

A1B Balanced across all sources
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World Differentiated
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Population Continuously increasing

Governance Self reliance with preservation of 
local identities

Technology Slowest and most fragmented 
development 
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Population Continuously increasing at lower 
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degree of model consensus on particular variables, 
as well as for defining possible extreme outcomes. 
For a number of reasons, however, the range 
in climate projections for each SRES does not 
represent a probability distribution of outcomes 
(Knutti, 2010); Masson and Knutti, 2011). The 
small number of participating GCM models are 
not independent as they all contain similar laws 
of nature, they calibrate to and describe the 
same climate, and they may make the same 
simplifications in using parameters to represent 
certain natural processes. Many models, too, are 
variants of the same genealogical family.  

Because of the differences in climate change 
results across SRESs and GCMs, the selection 
of both scenario and climate models is a key 
decision that to a large extent predetermines 
results of economic assessments. A number 
of considerations point to the advantages of 
using climate outputs from more than one SRES 
and more than one GCM. The IPCC (2000) 
recommends that two or more individual scenarios 
(that is, without combining or splicing them) be 
drawn from more than one SRES family because of 
the uncertainties associated with the likelihood of 
any scenario. Many of the economic assessments 

surveyed here analyse SRES A1B, which is a mid- 
to upper-range emission scenario that describes 
“business as usual,” with no mitigation, and SRES 
A2 and A1F to describe increasingly pessimistic 
future emission levels. SRES B1 describes an 
optimistic scenario with emission stabilization. 

The selection of GCMs is constrained by 
whether they report the required climate variables 
at the spatial and temporal resolutions needed 
by the impact study. Within the subset of suitable 
GCMs, it is efficient to choose the model and 
SRES combinations that represent the widest 
range in output values for the variables of 
interest. However, these ranges typically vary 
across regions and by variable. For example, 
the same GCM/SRES combination may provide 
the most extreme outcomes for temperatures in 
humid tropical zones, but provide little range in 
precipitation variables compared to other GCM/
SRES combinations. Model performance, in 
terms of GCM’s ability to simulate present-day 
climate, seems a reasonable selection criterion, 
but one that can be difficult to actually apply. 
Models’ comparative performances vary across 
different climate variables and, ultimately, it cannot 
be known which models predict the future best 

figure 2 
Range of carbon dioxide emissions from SRES scenarios

Source: IPCC (2000) 
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(Collins, 2007; Gleckler, et al., 2008). Recent 
model simulations are likely to be more reliable 
than earlier vintages due to continued modelling 
improvements.

There are two key sources of uncertainty in 
GCM climate projections. The first stems from 
the practice of “parameterizing” sub-processes 
in GCM models.6 Parameters are used to 
describe the average or expected effects of sub-
processes on the larger climate processes that 
can be modelled explicitly. They can number in 
the hundreds in some models. Different models 
incorporate different processes and parameters, 
and any or all of the models may not capture 
all of the known and unknown influences that 
determine the future climate (IPCC, 2007). To 
address uncertainty about the values assigned to 
parameters, they have typically been formulated 
as the mean effect of alternative parameter 
values, averaged across many model runs, and 
assuming the same final equilibrium state for the 

6	 Sub processes include: radiation, water vapor, 
aerosols, clouds, precipitation, temperature, oceans, 
soil moisture, biological processes, permafrost, 
miscellaneous (IPCC, 2014).  

larger process. To better describe uncertainty 
about parameter values, GCMs have begun to 
incorporate stochastic parameter values that 
are sampled from a known probability of their 
occurrence for a given final state, and model 
results are then expressed in terms of probabilities 
of outcomes across a range of parameter values 
(McFarlane, 2011; Flato, 2011).  

A second source of uncertainty is due to 
natural variability. Because the temporal scale of 
GCMs is so long-term, even small differences in a 
model’s initial climate conditions can lead to large 
differences in results for specific future dates, such 
as 2050 or 2100. To address this uncertainty, 
climate modellers have begun to develop 
ensembles in which the same simulation is run in 
a single model across a range of initial conditions 
that are randomly sampled from observations of 
the atmosphere. This practice reduces potential 
model error associated with natural variability 
due to the effects of short-term weather event 
phenomena, such as El Nino. Results thus 
describe probabilistic outcomes with respect 
to initial conditions in a chaotic weather system 
(Clark et al., 2010; McFarlane, 2011).

figure 3 
Projected emissions in the representative concentration pathways (RCPs) and extended concentration pathways

Source: van Vuuren et al., 2011 
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Since 2012/13, new climate change 
predictions have become available from the 
climate models and contributed to the IPCC’s 
Fifth Assessment, published in 2014. GCMs 
participating in the CMIP5 have progressed in a 
number of ways since the CMIP3 that supported 
the Fourth Assessment.7 Their use of stochastic 
initial conditions and parameters will result 
in more outputs being expressed in terms of 
probabilities that quantify model uncertainties 
(McFarlane). CMIP5 models also are refining 
both their spatial and temporal scales to report 
climate changes in daily increments at grids as 
small as 50 km (Easterbrook). Finer resolutions 
reduce the potential for errors associated with 
downscaling techniques. Researchers are trying 
to improve the capacity of models to develop 
projections for near-term (over the next three 
decades) and intermediate decadal time periods. 
This is challenging because in the nearer term, 
chaotic weather events and anomalies such as 
El Nino become more important in determining 
climate conditions. Earth system models that 
describe the carbon feedback cycle will have a 
greater role than previously (Flato). Perhaps the 
most important change under the CMIP5 is the 
redefinition of the emission scenarios. Instead of 
the approach taken in the SRES process, which 
describes the effects of different combinations of 
human activity on projected emissions, the new 
set of scenarios specify low, medium and high 
RCPs of GHG concentration levels that have been 
described in the open literature (Moss, et al. 2010; 
van Vuuren et al. 2011, Easterbrook) (Figure 3). 
These emission levels may result from many kinds 
and combinations of human activities, including 
effective mitigation. 

The latest generation of GCMs, with improved 
capabilities in modelling SRESs, suggest that 
climate change may be experienced sooner and 
the effects may be more extreme than predicted 
by the CMIP3. Findings from the Massachussets 
Institute of Technology’s JPM model, published 

7	 See the CMIP-5 website at http://cmip-pcmdi.llnl.
gov/cmip5/

in 2009, describe a mean surface warming in 
2091–2100 of 4.1C to 5.1C relative to 1990, 
compared to 2.4C in their previous 2003 study, 
and a 90 percent probability of surface warming 
of between 3.5 to 7.4 degrees (Sokolov, 2009). 
Their more recent projection builds on modelling 
improvements and takes into account additional 
influences on the environment, including the 
cooling provided by 20th-century volcanoes. 
Using a high-resolution, century-scale model 
of the United States, Diffenbaugh et al. (2011) 
project that 21st-century summer warming will 
permanently emerge prior to 2020 over most areas 
of the continental United States. Diffenbaugh and 
Scherer (2011) use observational data and the 
CMIP3 generation of SRES A1B output to analyse 
how soon the world will experience the onset of 
permanently higher temperatures. They project 
that many tropical regions in Africa, Asia and South 
America will experience unprecedented summer 
heat by 2040. The most immediate increase 
will occur in the tropics, with up to 70 percent 
of seasons in 2010–2039 exceeding late 20th-
century maximums. Onset will be slower in areas 
of the United States, Europe and China.  

Betts et al. (2011) use a GCM to simulate SRES 
A1F1, the highest emission scenario, which was 
not examined by the GCMs used in the Fourth 
Assessment. They project a global warming of 4C 
relative to pre-industrial temperatures as soon as 
the early 2060s. Sanderson et al. (2011) explore 
the impacts of future emission levels that are 
about double those projected in SRES A1F1, but 
which are consistent with the highest levels now 
appearing in the published literature. They project a 
mean global warming of over 5C relative to 1990, 
a complete loss of arctic summer sea-ice by 2070 
and an additional 43 percent sea level rise due to 
thermal expansion above A1FI levels by 2100. In 
counterpoint, Shindell, et al. (2012), using a GCM 
model developed to more fully account for the 
countervailing effects of a number of climate change 
forcings,8 identify 14 simple and affordable measures 

8	 The term climate change “forcing” (often used 
interchangeably with radiative forcing or CO2 forcing) 
refers to the effect of increased CO2 concentration 
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targeting methane and black carbon reduction that 
could, in combination, reduce projected mean global 
warming by about 0.5C by 2050. 

4.	 Pathway models

Climate change operates indirectly, through multiple 
pathways, to affect economic activity and human 
well-being. These pathways include the biophysical 
effects of changes in temperature, precipitation 
and CO2

 on crop yields, human health, and plant 
pests and diseases. Sea level rise reduces the 
land available for cultivation and other economic 
activities. Storms and flooding can destroy 
infrastructure, raising the costs of transportation 
and communication in all sectors of an economy. 
Climate change also affects hydrological processes 
and alters surface and groundwater dynamics, with 
significant impacts on agriculture and non-agriculture 
water supply. Pathway models quantify such 
impacts of climate change and generate data used 
as inputs (or shocks) into economic models. The 
economic impact assessment models surveyed here 
focus largely on the economic effects of crop yield 
shocks, as well as the effects of water supply and 
demand dynamics. Only briefly do we touch on other 
pathways, such as rising sea levels, that have direct 
implications for agriculture. Most include only crop 
yield shocks, but an increasing number of economic 
models now account for multiple pathways.   

4.1	 Crop yield models
Dynamic crop growth simulation models
Crop yield models describe the effects of changes 
in temperature, precipitation and, in some cases, 
CO2 on crop yields. There are two different types of 
crop yield models: dynamic crop growth simulation 
models and statistical yield models.  

(and the extent of its deviation from an initial 
state, typically chosen as the pre-industrial CO2 
concentration level of 280 part per million value or 
ppmv) and the corresponding increase in radiative 
energy on the earth surface (measured in watts/
m2). Increased radiative energy in turn translates into 
higher average temperature (IPCC, 2007).

Dynamic crop growth simulation models 
simulate plant growth processes and yields. 
They are called “process” models because they 
explicitly describe the effects of location-specific 
environmental conditions (such as temperature 
and precipitation), plant genetics and farm 
management practices (such as fertilizer use or 
planting times) on the biological plant growth 
process. The models are dynamic in the sense 
that they simulate incremental, usually daily, 
changes in plant growth in response to changes 
in environmental conditions and management 
practices over the duration of the growing season. 
The models exclude the role of labour and most 
exclude plant pests and disease, albeit a new 
generation of models used for the IPPC Fifth 
Assessment does attempt to include some of 
these additional effects.

A crop growth simulation model is calibrated 
to local growing conditions, often at the field level, 
using site data on weather for the duration of the 
growing season, site soils and farm management 
practices. Selected model parameters are then 
adjusted, or calibrated, until the crop model 
can replicate the historic, daily plant growth 
process over the growing season. To simulate 
climate change impacts, projected changes in 
temperatures and rainfall replace the historic 
observations, and plant growth responses are 
observed. A growing number of models also 
simulate the effects of higher atmospheric 
concentrations of CO2. While higher CO2 levels can 
stimulate plant vegetative growth, the magnitude of 
this effect is highly debated (Ainsworth et al., 2008; 
Tubiello et al., 2007). 

A large number of crop growth simulation 
models have been used to support the analysis of 
climate change, agriculture and food security. A 
meta-analysis by Rivington and Koo (2010) finds 
that the most widely used is the Decision Support 
System for Agrotechnology (DSSAT) (Jones, et al. 
2003). DSSAT contains sub-process models, or 
modules, for land, management practices, soil and 
weather, and provides 17 crop models, including 
the CERES, CROPGRO, InfoCrop and Simulate 
Underground Bulking STorage Organs (SUBSTOR) 
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crop simulation models. Each crop model includes 
generic parameters that are based on field 
experience and which describe the growth process 
of common genetic varieties of cereals, legumes 
and grasses. Recent applications of the DSSAT 
model to project the yield effects of alternative SRES 
scenarios in developing countries include Lal (2011), 
Thornton, et al., (2011) and Felkner et al. (2009). 

Other crop growth models that have been 
applied in the study of climate change impacts 
on developing countries include WOFOST (WOrld 
FOod STudies, documented in Ittersum, et al., 
2003; Boorgaard et al., 2011), AquaCrop, 
developed by FAO (Steduto et al., 2008) and the 
Agricultural Production Systems Simulator (APSIM), 
a wiki-modelling framework.9 

A key contribution of crop growth simulation 
models in research on climate change adaptation 
is their ability to simulate the effects of changes in 
farm management on biophysical plant growth. 
Analysts can exogenously change planting and 
harvesting dates, fertilizer use, irrigation, or 
choice of crops or crop varieties and evaluate the 
effectiveness of these adaptations in offsetting any 
negative effects of climate change on crop yields. 
The idea that farmers do not automatically adapt 
to changing climate is a common, but outdated, 
criticism of these models. Many crop simulation 
models now incorporate automatic adjustments 
by farmers in planting dates, choice of cultivar and 
use of irrigation and fertilizer.   

Two frequent criticisms of crop simulation 
models are that their data requirements are 
intensive and that they are applicable only at 
small spatial scales that are not readily usable in 
economic analyses, which are mostly conducted 
at the regional, national and global scales. The 
development of large area crop models, including 
a new feature of DSSAT and recently including 
PEGASUS 1.0 (Predicting Ecosystem Goods 
and Services Using Scenarios) (Deryng, 2009; 
Deryng et al., 2011), and the Model to capture 

9	 APSIM is documented on its wiki website at:
	 http://www.apsim.info/Wiki/APSIM-and-the-APSIM-

Initiative.ashx

the Crop-Weather relationship over a Large 
Area (MCWLA) (Tao et al., 2009a), address both 
critiques by using parsimonious representations 
of crop growth processes. This has both 
considerably reduced their data requirements 
and improved the models’ applicability at larger 
scales.  

For example, PEGASUS 1.0 is a global 
crop model designed to overcome the multiple 
problems of intensive data requirements, the 
small scale that typifies many crop yield simulation 
analyses, and the absence of an automatic farmer 
response to climate changes. The PEGASUS 
model, developed so far for soybean, maize and 
spring wheat, describes daily biophysical plant 
growth processes in response to climate and 
to the farm management practices of irrigation, 
planting and harvesting dates, and fertilizer 
use. Planting and harvesting dates and choice 
of cultivars can be fixed or allowed to adjust 
automatically to changing climate conditions.  

Data requirements for PEGASUS are relatively 
small and they are drawn from newly available 
global data bases on climate, soils, yields, 
harvested areas, cropping calendars and irrigation 
and fertilizer use. These data inputs are aggregated 
to match the 10’ longitude and 10’ latitude scales 
of the climate data. By aggregating model results, 
PEGASUS can describe the effects of climate 
variables on yields, planting dates and cultivar 
choice at the regional and global levels. Planting 
dates simulated by Derying et al. (2011) matched 
74 percent of the observed planting dates in 
the global cropping area of maize, 91  percent 
for soybeans and 75 percent for spring wheat. 
Correlations between simulated and actual yields 
are also strong. Running two climate change 
scenarios, SRES A1B and B1, with and without 
adaptive behavior, Deryng et al. project significant 
declines in global crop yields in 2050 relative to 
2000, but find that 60-78 percent of the losses 
could be averted through adaptation of planting 
dates and cultivar choices.  

A criticism of crop simulation models that 
is made less frequently, but which is key for 
economic analysis, relates to uncertainties in the 
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climate change projections received from climate 
inputs and in the crop models themselves. Like 
GCM models, crop models reduce complexity 
by simplifying some aspects of the plant growth 
process at lower levels of the plant growth 
hierarchy. Parameter values that describe sub-
processes may not correctly represent these bio-
physical processes (Sinclair and Seligman, 2000). 
While they can be validated with historical crop 
yield data, climate change inputs may push crop 
models beyond the ranges of their applicability. 

Tao et al. (2008) addresses uncertainty with 
respect to climate shock inputs derived from 
GCMs. In a study of future rice yields at six stations 
in China, they apply Monte Carlo techniques to 
20 climate scenarios to develop probabilities for 
climate change impacts. These results are used as 
inputs into calibrated DSSAT/CERES crop models, 
with automatic changes in irrigation and fertilizer 
applications, to generate probabilistic outcomes 
for rice yields with respect to uncertainties in future 
climate projections. For instance, including CO2 
fertilization effects, they find that the length of the rice 
growing season will be reduced with 100 percent 
probability for increases in mean global warming 
of 1, 2, and 3C above 1961-1990 levels. Mean 
yields across stations change by -10.3 percent, 
-16.3 percent and -19.2 percent,  respectively for 
temperature increases of 1, 2, and 3C. 

Tao et al. (2009b) explore uncertainty in both 
climate model inputs and in the MCWLA crop 
model’s parameters in a study of maize production 
in two agricultural provinces in China. The crop 
model assumes endogenous adaptive responses 
by the farmer, with planting delayed until planting 
conditions are met, or until the planting window 
closes. They address climate uncertainty by using 
ten climate scenarios from five GCMS under 
SRESs A1F and B1, and 60 sets of crop model 
parameters, yielding 18,000 simulation yield 
results. Their probability distribution of results for 
the Henan province describe mean yield impacts 
of -10 percent, -16 percent and -24 percent during 
the 2020s, 2050s, and 2080s, respectively, as 
a percent of 1961–1990 yields, with 95 percent 
probability intervals for each period of (-29, +16), 

(-46, +24), (-93, +20). Their most important finding 
is that climate change scenarios contribute more 
to uncertainty in projected yield impacts than their 
crop model parameters. 

Advances in achieving representative, large-
area crop models and in quantifying the uncertainty 
related to climate change projections and to crop 
simulation model parameters strengthens the 
foundations that these models can provide for 
economic analyses. Yet a number of areas remain 
to be developed in future crop yield simulation 
modelling. In Rivington and Koo’s (2010) survey, 
crop simulation modellers identified the most 
important of these to be a reduction of parameter 
uncertainty, by improving our understanding of the 
effects of extreme heat and intra-seasonal climate 
variability on plant growth processes and yields, 
and the identifying threshold levels that lead to 
crop failure. Only half of the models represented in 
their survey accounted for the fertilization effects 
of elevated CO

2, and the question of how large its 
yield benefits might be is still open. Applications of 
crop models to more crops that have a large role 
in diet in developing countries is also needed, in 
addition to the current focus on cereals, maize and 
rice.  

Hertel and Lobell (2014) point out that the 
majority of crop models used in IAMs miss out 
on several climate-linked processes such as CO2 
fertilization, effects of heat stress on grain set and 
leaf senescence, and pest and disease pressures 
(Howden, et al., 2007; Rosenzweig et al., 2000) 
and generally suffer from the lack of development 
and testing in extreme climate conditions 
(White et al., 2005, 2011). 

 
Statistical crop yield models
Statistical yield models are the second, and more 
common, type of model used to provide crop 
yield shocks in economic impact analyses, in large 
part because of their compatibility in spatial scale. 
Time series or cross-section estimations, or the 
two combined, describe empirical relationships 
between observed crop output or yield and 
projected changes in temperature, rainfall and 
other climate variables, usually on a monthly or 
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annual basis. To analyse climate-change effects on 
output or yields, projected changes in temperature 
and rainfall from GCMs replace the historic climate 
data and new output or yields are calculated.  

The key advantage of statistical crop 
models is that adaptive farmer behaviour is 
implicitly described in the observed climate-yield 
relationship, for given land values. This advantage 
is tempered, however, in that time-series models 
describe adaptive management changes over 
the entire period of analysis, without identifying 
specific adaptive strategies or responses to short-
term climate extremes. Other advantages are 
that statistical models can be estimated at local, 
regional and even global levels, and at annual and 
intra-annual scales. Compared to small-area crop 
simulation models, their larger scale and temporal 
dimensions are more compatible with the scale of 
inputs from climate models, which can eliminate 
the need for downscaling. Their robustness also 
can be evaluated based on statistical measures, 
and their data input requirements are considerably 
less than those of small-area crop simulation 
models.  

Similar to crop simulation models, recent 
innovations in statistical crop modelling have 
focused on quantifying uncertainty. Tebaldi and 
Lobell (2008) were among the first to analyse 
uncertainty in both climate change projections and 
the climate/yield relationships in their crop models. 
Using three relatively strong global crop models 
of barley, maize and wheat, with respective R2s 
of 0.65, 0.47 and 0.41, the authors first develop 
probabilistic projections of combinations of 
temperature and precipitation changes based on 
SRE A1B from 20 GCMs. A sample of 1000 pairs 
of temperature/productivity changes are used as 
predictors in the crop yield models to generate 1000 
results. They then carry out a bootstrap analysis 
of the yield results to describe uncertainty in the 
estimated model relationships between climate and 
crop variations. They find mean changes in global 
yields (without adaptation) between 2030 and 1980-
1999 of +1.6 percent (wheat), -14.1 percent (maize) 
and -1.8 percent (barley) and report their 95 percent 
probability intervals. 

Lobell et al. (2008) build on these techniques 
in an analysis of climate-induced yield changes 
in food-insecure regions, in which they estimate 
statistical crop yield models to identify priority 
areas for adaptation investments. Using data on 
historical crop harvests, monthly temperature 
and precipitation, and maps of crop locations, 
Lobell et al. estimated 94 statistical crop models 
of grains, oilseeds, pulses, sugar and cassava 
crops in 12 food-insecure regions. To project yields 
under future climate conditions, the authors utilize 
outputs for SRESs A1B, A2 and B1from 20 GCMs 
that participated in the CMIP3. To address the 
uncertainty in both climate projections and the crop 
models, Lobell et al. use a Monte Carlo procedure 
to estimate a probability distribution of production 
changes in 2030. Based on their analysis, they 
identify hot spots for region and crop combinations 
where climate change is likely to have negative 
impacts, along with corresponding uncertainties 
about their projection, which vary widely by crop. 
Their analysis describes South Asia and Southern 
Africa as two regions that are likely to face the 
most severe outcomes for some of their crops. 

Schlenker and Lobell (2010) carry out a similar 
analysis of climate change and crop production 
that addresses potential model errors in both inputs 
from GCMs and in the crop models. They apply 
a panel data analysis to FAO crop yield data to 
estimate country-level statistical crop yield models 
for five crops in Sub Saharan Africa, based on 
temperature and precipitation data from 16 GCMS 
under the A1B scenario for 2046-2065. They carry 
out 1000 bootstrap runs for each of the16 GCMs 
models, reporting yield results in terms of the 
distributions of 16,000 impacts. The mean impacts 
on production describe substantial potential yield 
losses by the middle of the century of between -1 
and −22 percent, relative to 1961-2000. 

A second frontier in statistical crop modeling 
is their strengthened capability to capture short-
term, intra-seasonal variability, which is found 
to be important in explaining seasonal yields. 
Rowhani et al. (2011) compare the effects of intra-
seasonal, monthly variability with inter-seasonal 
climate variability on rice, sorghum and maize 
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yields in Tanzania, finding that intra-seasonal 
variability has the dominant impact. To project 
future climate, Rowhani et al. apply projected 
temperature and rainfall outputs for SRES A1B 
from 22 GCMs for 2050. Controlling for intra-
annual climate variability, Rowhani et al. show 
that climatic impacts by 2050 on crop yields 
in Tanzania are underestimated by 4 percent, 
9 percent, and 29 percent for maize, sorghum and 
rice, respectively, when only inter-annual variability 
is accounted for. 

Lobell et al. (2012) also address intra-seasonal 
variability in their estimation of a statistical yield 
model of wheat production in India that describes 
the effects of extreme heat at the grain-filling stage, 
just prior to maturity. They compute that high heat 
truncates this process and lowers yields, with 
stronger effects as temperatures rise above 34C. 
Their finding is consistent with that of Schlenker 
and Roberts (2009), who carried out both cross-
section (which assumes farmer adaptation) and 
time series (assumes no adaptation) studies of 
daily weather and yields in selected areas of 
the United States. Results of both approaches 
describe asymmetric, non-linear effects of higher 
temperatures on corn, soybeans and cotton. Yields 
increase gradually until optimum temperatures are 
reached, but temperatures above that level result 
in very steep yield declines. Schlenker and Roberts 
project that US area-weighted average yields will 
decline by 30-46 percent by the end of the century, 
compared to 1950-2005, under the slowest (B1) 
warming scenario and decrease by 63-82 percent 
under the most rapid warming scenario (A1FI), 
based on the Hadley III GCM model. 

Ricardian models
Ricardian, also called hedonic, models are 
cross-section estimations of the effects of 
climate, soils, geography, prices and farmer 
characteristics on land values or current net returns 
(Mendelsohn et al., 1994; Mendelsohn, 2009). 
The models are based on the Ricardian view that 
land values reflect land productivity. The driving 
assumption of the model is that farmers seek to 
maximize their land value and to do so, will make 

adaptations, such as changes in crop choices, 
to maximize land productivity as environmental 
conditions change. Output of the models describe 
the marginal change in land rents or land values 
with respect to marginal changes in temperature 
and precipitation. These relationships can then 
be combined with climate change projections to 
provide estimates of climate-change damages 
expressed in terms of changes in land values or 
net returns (Schlenker et al., 2006). 

The key advantage of the Ricardian model’s 
cross-section approach is that its measure of 
climate-induced damage takes into account 
farmers’ observed, whole-farm adaptations. At the 
same time, however, the model  always represent 
equilibrium situations and are not well-suited to 
describe adaptive transitions over time. Perhaps 
the model’s most important limitation is that prices 
are implicitly assumed to be constant. If agricultural 
prices rise as predicted in recent climate literature 
(e.g., Nelson et al., 2010), then land values also will 
rise (or not fall as much), so the Ricardian model 
may overestimate damages (Seo, et al. 2009). 

Ricardian models also have been criticized 
because they do not describe the types and 
costs of adaptations that have taken place. 
However, advances in Ricardian analysis have 
led to important insights on adaptation. The 
recent body of Ricardian analyses have largely 
stemmed from two major research programs 
supported by the Global Environment Facility 
(GEF) and the World Bank. These generated a 
series of Ricardian analyses of crop and livestock 
production in 11 African countries and 7 countries 
in South America. Under these projects, surveys 
designed specifically to describe climate change 
were conducted of over 10,000 farms in Africa and 
almost 3000 farms in South America that represent 
a wide range of climates and farming systems. 

In summarizing the African case studies, 
Dinar, et al. (2008) describe their methodological 
advances using the term “structural Ricardian” 
analysis. In this approach, farmer optimization 
is described as a simultaneous, multi-stage 
procedure. A household model describes 
the farmer’s adaptive choices, such as crop 
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switching, then the Ricardian analysis is carried 
out to assess the net revenue impacts of that 
adaptive choice. Climate impact damage 
assessments are calculated by applying the 
estimated land-value relationships to country-
level changes in climate derived from outputs 
of GCM scenarios that vary among the studies. 
Synthesizing the findings of the African project, 
Dinar et al. (2008) observe that farmers’ 
perception of a changing climate is already 
high, and that there are many country-specific 
differences in the ways that they adapt. General 
recommendations are the promotion of irrigation 
and mixed-crop/livestock operations, increased 
farmer education, and investments in extension 
and transportation infrastructure. 

Building on the full set of South American 
surveys, Seo and Mendelsohn (2008a) carry out a 
cross-country analysis that examines how South 
American farmers adapt to climate by changing 
crops. They find substantial adaptive activity, with 
farmers choosing to grow fruits and vegetables in 
warmer locations; wheat and potatoes in cooler 
locations; rice, fruits, potatoes, and squash in 
wetter locations; and maize and wheat and in dryer 
locations. They project the effects of climate change 
on crop choice by applying output from the SRES 
A1 scenario of three GCMS to their estimated 
parameters, finding that the scenario that projects a 
relatively dry and hot future will lead farmers to grow 
more squash, fruits and vegetables and less maize, 
potatoes, soybeans and wheat in 2020, with little 
effect on rice. The scenario that predicts a milder 
and wetter future will lead farmers to grow more 
potatoes, fruit and vegetables. These crop choices 
become magnified over time.  

Building on this study, Seo and Mendelsohn 
(2008b) develop a continental-scale analysis 
of the impacts of climate change on South 
American farmers, taking into account both the 
yield effects of climate change and adaptive 
crop-switching. Explanatory variables include 
seasonal and country fixed effects, soil types 
and electricity use. Equations are estimated 
for small and large farms, irrigated and non-
irrigated farms, and all farms. For all farms, they 

estimate elasticities of farm value of -1.55 with 
respect to a 1C increase in temperature and 
-1.60 with respect to a 1 mm/month increase in 
precipitation. Climate sensitivities are significantly 
higher for commercial farms with respect to 
rainfall (-3.31) and irrigated farms with respect to 
temperature (-2.36). To project climate change, 
the elasticities are applied to climate change 
scenarios from three GCMs, chosen because 
they provide the broadest range of climate 
outcomes for the South American countries in 
the study. Across the entire sample, they find 
that South American farmers will lose on average 
14 percent of their land value by the year 2020, 
20 percent by 2060 and 53 percent by 2100. 
Losses to small farms will be slightly less than 
losses to large farms and irrigated farms.  

In a summary of the findings from the African 
and South American analyses, Mendelsohn 
(2009) drew these general conclusions: Farmers 
in tropical and subtropical regions are found to 
suffer damage from even marginal changes in 
climate, and these damages are greater than 
those experienced by famers in temperate 
climates. Rainfall will benefit farmers in semi-arid 
places, but increased rainfall in very wet places 
can be harmful. Farmers using irrigation are less 
vulnerable than are dryland farmers, although 
this relationship could change in the future if 
fresh water supplies diminish. Perhaps the most 
important finding is that small farmers may be less 
vulnerable to the effects of climate change than 
are large and specialized commercial farmers 
because they are able to exercise considerable 
flexibility in adapting their crop and livestock 
production as climate conditions change.

4.2	 Water-climate pathway models

The IPCC and Stern Review conclude that the 
impacts of climate change on humanity will be 
felt ‘mainly through water’, via shifts in rainfall and 
extreme events (droughts, flooding), and their 
effects on hydrological systems (Bates et al., 2008; 
Stern, 2006). Consequently, the vast majority of 
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adaptation interventions will involve water resource 
management.  

Bates et al.(2008) summarizes the interactions 
of climate change with water. Observed warming 
over recent decades  has been linked to changes 
in the large-scale hydrological cycle, including 
increasing atmospheric water vapor content; 
changing precipitation patterns, intensity and 
extremes; reduced snow cover and widespread 
melting of ice; and changes in soil moisture 
and runoff. Over the 20th century, precipitation 
has mostly increased over land in high northern 
latitudes, while decreases have dominated from 
10°S to 30°N since the 1970s. Globally, dry land 
has doubled since the 1970s and water storage in 
mountain glaciers significantly contracted. Climate 
model simulations for the 21st century consistently 
show precipitation annual average river runoff 
and water availability increases in high latitudes 
and parts of the tropics, and decreases in some 
subtropical and lower mid-latitude regions. Outside 
these areas, there remains substantial uncertainty 
in precipitation projections.  

Increased precipitation intensity and variability 
are projected to increase the risks of flooding and 
drought, while water supplies stored in glaciers 
and snow cover are projected to decline, thus 
reducing water availability during warm and dry 
periods in regions supplied by melt water from 
major mountain ranges. Higher water temperatures 
and changes in extremes, including floods and 
droughts, are projected to affect water quality and 
exacerbate water pollution. In addition, sea-level 
rise is projected to extend areas of salinization 
of groundwater and estuaries, resulting in a 
decrease in available freshwater for humans and 
ecosystems in coastal areas. By the 2050s, the 
area of land subject to increasing water stress due 
to climate change is projected to be more than 
double that with decreasing water stress. While 
quantitative projections of changes in precipitation, 
river flows and water levels at the river-basin scale 
are uncertain, it is very likely that hydrological 
characteristics will change in the future.

There is well-established literature describing 
the hydrological processes and their links to 

climate change. Watershed and macro-scale 
hydrological models describe the effects of 
projected changes in precipitation, temperatures 
and evapotranspiration on water runoff and stream 
flow, taking into account the moisture-holding 
capacity of soils. Some IAMs are beginning to 
incorporate water into their analyses. Since water 
management is fairly localized, it raises important 
issues of scale in relation to global hydrological 
cycles and a major challenge in linking climatic to 
hydrologic processes shaping water resources 
(Bell et al., 2014). The gap between GCMs and 
the needs of hydrological models can be filled 
through downscaling (Benestad, 2010). Still the 
challenge of data remains, as the information 
required to develop water management data inputs 
to IAMs typically lies with local water management 
institutions, posing challenges for thorough and 
consistent data collection (Olmstead, 2013). 

Hydrology model results are used in economic 
assessments of climate change to describe the 
effects of water stress on crop yields, the effects of 
floods on road infrastructure, changes in irrigated 
crop area, and changes in the stream flow used for 
hydropower and irrigated water supply. McCluskey 
and Qaddumi (2011), and Strzepak and McClusky 
(2010) provide useful overviews of three types 
of hydrological models used to produce these 
results for economic analyses. Firstly, there are the 
distributed and gridded models, which describe 
water run-off at small spatial scales, and can 
take into account variations among spatial grids 
in soil qualities and topography. Second are the 
watershed or water basin models that describe 
water runoff that occurs over the entire basin area, 
without describing any interior spatial variations. 
Third, macro-scale hydrological models simulate 
runoff and stream flow at very large scales 
of continents or large river basins. Projected 
hydrological impacts are derived by using the 
models to simulate the results from GCMs for 
future changes in temperature and precipitation. 

Still, hydrologic modelling is not a necessary 
starting point for any model to study climate– 
water interactions, as relevant climate and water 
processes can be represented by bounding 
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conditions or forcing functions (such as via shifts 
in yield–response functions) (Bell et al., 2014). For 
example Hurd et al., (2004) applies the Watershed 
Allocation and Impact Model (Water-AIM), a partial 
equilibrium model, which links the investment 
decisions of water resource planning authorities, 
the water allocation decisions of water managers, 
and the water consumption decisions of water 
users together in a spatially and temporally 
differentiated framework that is consistent with 
the geophysical features of individual basins. 
The model produces basin level “lower bound” 
estimates of the potential economic impacts of 
climate change on water resources.

The Water-AIM model structure depicts 
key physical characteristics of the natural and 
man-made water supply system, including 
tributaries, inflows and return flows, diversion 
points, reservoirs, and basin imports and 
exports. Seasonal runoff into each basin is 
based on historical records, and the models 
solve simultaneously for water allocations and 
implicit water prices for both consumptive and 
non-consumptive uses, reservoir storage and 
releases, and in stream flows over a planning 
period spanning a number of years and seasons. 
The model objective function is the expected 
net economic returns of water users (sum of 
consumer and producer surplus) as a function of 
both consumptive and non-consumptive uses of 
water over time and space subject to a system 
of constraints (seasonal runoff; surface water 
diversions; inter-temporal balances in reservoirs 
between runoff into the reservoir; water storage; 
water losses; and storage releases). 

The scenarios were used to determine runoff 
under climate change and to condition irrigation 
demands. To convert the climate scenarios into 
hydrologic impacts (runoff), runoff projections 
were obtained through a module which translates 
changes in monthly average precipitation and 
temperature into changes in monthly runoff and 
aggregated at the seasonal level and reported so 
as to coincide with the inflow points for each of 
the basin models (Hurd et al., 2004). Water-AIM 
was then used to estimate the implicit price or 

marginal value of water for every time period and 
location.

Water resources at the river basin level can 
be incorporated into an economic model in 
one of two ways: through “reservoir” storage 
(tanks) or through explicit routing of flows along 
watercourses within a basin. The former is applied 
in the IMPACT-WATER model (Rosegrant et al., 
2008) – an optimisation model that minimizes 
water shortages within the river basin. The model 
calculates net irrigation water demand, taking 
into account crop evapotranspiration, effective 
rainfall and basin efficiency. Effective rainfall for 
crop growth can be increased through rainfall 
harvesting technology. The basin efficiency 
measures the ratio of beneficial water depletion 
(crop evapotranspiration and salt leaching) to the 
total irrigation water depletion at the river basin 
scale. Future years’ basin efficiency is assumed to 
increase at a prescribed rate in a basin, depending 
on water infrastructure investment and water 
management improvement in the basin. The 
model also determines off-stream water supply for 
household consumption and for industry, livestock 
and irrigation sectors. To determine the total 
amount of water available for various off-stream 
uses in a basin, hydrologic processes, such as 
precipitation, evapotranspiration, and runoff are 
taken into account to assess total renewable water. 
Once the model solves for total water that could 
be depleted in each month for various off-stream 
uses, the model determines the water supply 
available for different sectors. Assuming domestic 
water demand is satisfied first, priority is then given 
to industrial and livestock water demand, whereas 
irrigation water supply is the residual claimant 
and is allocated based on profitability of the crop, 
sensitivity to water stress, and irrigation water 
demand (total demand minus effective rainfall) of 
the crop. Using effective irrigation water supply in 
each basin by crop and by period over a 30-year 
time horizon, the results are then incorporated in 
simulating food production, demand and trade.

The second approach to integrating water 
resources is used by the Water – Global 
Assessment and Prognosis (WaterGAP) model 
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(Alcamo et al., 2003). WaterGAP integrate Global 
Water Use and Global Hydrology models and 
covers three water use sectors – households, 
industry and irrigation – using 0.5o grid cell 
resolution and allows for analysis in all large 
drainage basins worldwide covering 150 countries. 
The hydrological model calculates the daily water 
balance of each grid cell, taking into account 
physiographic characteristics of drainage basins 
(e.g. soil, vegetation, slope and aquifer type), the 
inflow from upstream, the extent and hydrological 
influence of lakes, reservoirs and wetlands, as 
well as the reduction of river discharge by human 
water consumption. The effect of changing climate 
on runoff is taken into account via the impacts of 
temperature and precipitation. WaterGAP uses 
a flow-routing scheme whereby the total runoff 
produced within each cell and the volume of water 
coming from the cell upstream is transported 
through a series of linear and nonlinear retention 
storages representing the groundwater, lakes, 
reservoirs, wetlands and the river itself. The flow 
routing covers all 67,000 grid cells representing 
the total land surface of the Earth and is based 
on various continental drainage and elevation 
maps. The cells are connected to each other 
by their respective drainage direction and are 
thus organized into drainage basins. WaterGAP 
computes net and gross irrigation requirements. 
Net irrigation is the part that is evapotranspired 
by the plants, while gross irrigation reflects the 
amount withdrawn from the source.

The Water Use model takes into account 
basic socio-economic factors that lead to 
domestic, industrial and agricultural water 
use, while the Hydrology model incorporates 
physical and climate factors that lead to runoff 
and groundwater recharge. Water use modelling 
allows for changes in water intensity based on 
structural and technological change. “Structural 
change”, which can lead to increase or decrease 
in water use intensity, arises from the combination 
of water-using activities and consumer habits 
as well as from the change in the mix of water-
using power plants and manufacturers within a 
particular country. By contrast, “technological 

change” almost always leads to improvements in 
the efficiency of water use and a decrease in water 
intensity. 

4.3	 Other pathway models

The body of research on other climate change 
pathways is less cohesive than crop yield research, 
and in some cases less readily translated into 
economic model shocks. Sea level rise and its 
effects on land area is a pathway whose research 
base is relatively well developed. Some recent 
economic analyses have utilized results from the 
Dynamic Interactive Vulnerability Assessment 
(DIVA) interactive modeling tool, which uses 
a global-scale data system to project coastal 
impacts, vulnerability and adaptation to sea level 
rise, and estimates of adaptation costs in coastal 
areas (Hinkel, 2005, Hinkel and Klein, 2009). 
Projected coast land loss due to submersion or 
flooding is derived from simulating SRESs in DIVA. 

More economic analyses are incorporating the 
labour productivity effects of climate change. A 
recent study by Kjellstrom, et al. (2009) quantifies 
the effects of climate change on labour productivity 
in 21 world regions. Hotter workplace temperatures 
lead workers to reduce work intensity or take more 
short breaks. Their study applies a physiological 
model that describes changes in the number 
of work days due to changes in temperature 
and humidity, also taking into account projected 
changes in types of employment as incomes grow 
in the future. Future changes in labour productivity 
are analysed under SRESs A2 and B2, with 
projected increases in global mean temperatures 
in 2080 of 3.4C and 2.4C, respectively, using 
the HadCM3 GCM. Projected changes in labour 
productivity by 2080, relative to a baseline climate 
from 1961-1990, are projected with this approach 
to be significant, ranging from a loss as high as 
25 percent in Central America to a 3 percent 
increase in productivity in tropical Latin America.  
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5.	 Economic models

Economic models build on the results of climate 
and pathway models to describe the economic 
impacts of climate change. Different modelling 
types are applied depending on the research 
question, the scale (farm, sector, national or 
global) and the actors targeted (farmers, resource 
managers, firms, consumers, governments). For 
expositional purposes, we separate the economic 
models between sectoral and household (or 
farm) types. We focus on agriculture and derive 
the implications for food security, trade and other 
important drivers.

5.1 	 Market- and sector-level 
	 models

Partial equilibrium models  
Partial equilibrium models describe one or more 
sectors of an economy in detail, while holding price 
and quantities in the rest of the economy constant. 
Their main advantage in climate change analysis 
is that they typically include a finely disaggregated 
set of agricultural sectors, which facilitates their 
integration with detailed crop yield models. The 
chief limitation of partial equilibrium models is 
that they do not account for linkages between 
agriculture and the rest of an economy and so 
they miss potentially important economy-wide 
impacts of climate change that may originate from 
agriculture or feedback to agriculture. 

■  Crops 
Multi-market models are a type of partial 
equilibrium model that focuses on a subset of 
interdependent markets in an economy; for 
example, crop and livestock markets that are linked 
through acreage allocations and feed demand. 
Two examples illustrate the type of analysis with 
this model category. We start with a widely cited 
multi-market model used to assess climate 
change impacts on agriculture and food security – 
the International Model for Policy Analysis of 
Agricultural Commodities and Trade (IMPACT), 
developed at the International Food Policy 

Research Institute (IFPRI), (Rosegrant, et al.2002; 
Nelson, et al. 2010). The model describes 32 crop 
and livestock commodities in 281 food-producing 
units (FPUs) over a 40-year projection horizon. 
The FPUs are major river basin areas that are 
disaggregated from the 115 countries/regions 
of the model, based on climate and hydrological 
variations. Crop production is aggregated up 
from FPU to national and regional levels at which 
demand and trade are modeled.

Crop production in the IMPACT model is the 
product of yield times area. Changes in yields over 
time are a function of exogenous yield growth rates, 
which vary by crop and location, water availability 
for irrigated crops, and prices. Area is a function 
of exogenous area growth rates, water availability 
for irrigated crops and prices. Domestic demand 
for food, feed, biofuels and other uses is a function 
of prices, per capita income and population. 
Countries and regions are linked through trade as 
the model iteratively solves for each annual set of 
equilibrating world prices that achieves zero net 
global trade; these prices are then transmitted back 
to producers and consumers. 

To develop global projections of climate change 
impacts on agricultural supply, Nelson et al. (2010) 
link the IMPACT model with DSSAT crop models 
calibrated to site-specific locations. To address 
uncertainty on the supply side, they simulate 
crop growth based on four climate scenarios 
that describe 2000 and 2050 climates using 
the SRES A1B and B1 outputs of the Model for 
Interdisciplinary Research on Climate (MIROC) and 
Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) GCMs, plus a fifth scenario 
in which historical climate continues (“perfect 
mitigation”). They also run 30 iterations of DSSAT 
models for each location, based on stochastically 
generated daily weather data for 2000 and 2050 
climates. The mean yield outcomes are then 
converted to smooth, linear growth rates that are 
used to adjust the productivity growth coefficient 
in the yield equations over the 2010-2050 period. 
DSSAT crop simulation models are carried out 
for five crops (rice, wheat, maize, soybeans and 
groundnuts), and yield results are mapped to other 
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crops in the IMPACT model based on similarities 
in their photosynthetic metabolic pathways. Crop 
area also adjusts in response to climate change, 
due to changes in water availability for irrigated 
area and changes in the suitability of cropping 
areas. 

To quantify uncertainty on the demand side, 
Nelson et al. (2010) develop three projections 
of optimistic, pessimistic, and middle-of-the-
road (baseline) scenarios for future income and 
population growth. With five climate scenarios and 
three demand scenarios, they thus carry out 15 
simulations, reporting both mean and standard 
deviations for key results.

Nelson et al. (2010) find that climate change 
will slightly reduce average annual yield growth 
over 2010-2050 from rates that are projected to be 
otherwise positive for all countries/commodities.  
Global food prices are expected to rise in the future 
as demand, driven by population growth and rising 
incomes, increases relative to supply; climate 
change will add to those upward price pressures. 
By 2050, mean projected price increases are 
87 percent for maize, 31 percent for rice, and 
44 percent  for wheat in the most optimistic 
scenario, compared to 2010. The mean price 
increases in 2050 with climate change, relative 
to the 2050 price with perfect mitigation, are 
33 percent , 18 percent  and 23 percent  for maize, 
rice and wheat. These results are driven by climate 
change-induced yield reductions countered by 
yield-boosting technology change, and demand-
raising population and gross domestic product 
(GDP) growth. 

In the IMPACT model, food security is proxied 
by two measures: average daily per capita calorie 
availability and the number of malnourished 
children under 5. Without climate change, 
productivity gains and income growth will reduce 
the number of malnourished children by up to 
46 percent  in 2050 relative to 2010 in the most 
optimistic scenario. Some of this achievement will 
be lost due to climate change.  

Using this model, the authors run a scenario of 
protracted drought in South Asia and assume that 
adaptation takes place and translates into higher 

agricultural productivity growth rates (between 
2 to 2.5 percent annually for many crops) and 
improved irrigation efficiency. Under this scenario, 
the number of malnourished children declines and 
world agricultural price increases are substantially 
lowered, in some cases more than offsetting 
the price increases caused by climate change. 
These results are driven more by assumed higher 
productivity rates than by increased irrigation water 
efficiency since most crop production in Asia is 
currently rainfed. The authors also conclude that 
global trade plays a dampening effect, absorbing 
some of the impacts of climate shocks to individual 
regions.

Felkner et al.’s (2009) partial equilibrium 
analysis of rice production in Thailand is of 
substantial interest because it describes the 
importance of economic adaptations in reducing 
the negative yield effects of climate change 
described in crop yield simulation models. Their 
study integrates GCM and DSSAT crop simulation 
models with an estimated three-stage production 
function to describe rice yield and output in a 
northeastern province of Thailand. Crop simulation 
models, calibrated to household rice plots, 
describe the effects of changes in climate and the 
use of intermediate inputs, such as seeds and 
fertilizers, on output at the end of stages one and 
two of the growing season. The economic model 
describes farmers’ input demand in response to 
realized output at intermediate stages in the growth 
process, their adaptive expectations about rainfall, 
and the prices of inputs and outputs.  

Projected climate change is described by 
ensemble mean monthly projections from multiple 
climate models processed by a weather simulator 
to generate 100 realizations each of future climate 
in 2040-2069 relative to 1960-90. They choose 
output for the highest (A1F) and lowest (B1) 
emission scenarios from GCMs used in the Third 
Assessment.

At the plot level, the predictions of the 
DSSAT models and the economic models are 
starkly different. DSSAT models, which assume 
no adaptive changes in inputs, predict severe 
declines in yields for about one third of the plots, 
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ranging from 30- 40 percent under the low- and 
high-emission scenarios. The economic model 
predicts yield declines for more than twice that 
number of plots in the high-emission scenario, but 
with an average yield decline of only 13 percent  
because farmers are allowed to respond to severe 
climate change with adjustments that prevent large 
crop failures. Under the low-emission scenario, 
yields actually increase slightly for most plots. 
These differences illustrate the importance of a 
“responsive farmer” assumption in climate change 
analysis and the potential ability of farmers to 
adjust to climate change.   

One of the criticisms of these types of 
models is the often simplistic way they approach 
adaptation in their models. The above IMPACT 
model treats adaptation indirectly simply by 
exogenously raising the rate of agricultural 
productivity and water use efficiency. Because 
most adaptation occurs in response to extreme 
events, as opposed to gradual climate change, 
which is much harder to detect, most IAM type 
models (which are better suited for gradual climate 
change and less so for abrupt extreme events) 
tend to understate the impacts of climate change 
and overstate producers’ adaptation response 
(Patt et al., 2010). 

■  Water 

As agriculture is the largest water user, modelling 
agricultural water use and crop water demand 
are critical to climate impact analysis. Climate 
is expected to increase irrigation requirements 
globally, particularly in semi-arid and arid areas 
where precipitation is also expected to decline, 
such as North Africa (IPCC, 2008). Döll (2002) 
computed irrigation water requirements under 
climate conditions for the 2020s and the 2070s, 
and concluded that global irrigation requirements 
will rise by 3–5 percent in the 2020s and by 
5–8 percent  in the 2070s, and that the increase 
will affect two-thirds of the global area equipped for 
irrigation. 

According to Döll et al. (2012), ground water 
accounts globally for 36 percent of domestic 
water uses, 42 percent of agricultural water 

uses, and 27 percent of industrial water uses.10 
Groundwater levels of many aquifers around the 
world have shown a decreasing trend over the 
last few decades due to pumping that surpass 
the groundwater recharge rates, and not to a 
climate-related decrease in groundwater recharge 
(Bates et al., 2008). Where the depth of the 
water table increases and groundwater recharge 
declines, wetlands dependent on aquifers are 
jeopardized and the base flow runoff in rivers 
during dry seasons is reduced.

Climate change affects groundwater 
recharge rates and depths of groundwater tables 
(Bates et al., 2008). As many ground waters 
both change into and are recharged from surface 
water, impacts of surface water flow regimes 
are expected to affect groundwater. Increased 
precipitation variability may decrease groundwater 
recharge in humid areas because more frequent 
heavy precipitation events may result in the 
infiltration capacity of the soil being exceeded 
more often. In semi-arid and arid areas, however, 
increased precipitation variability may increase 
groundwater recharge, due to higher rate infiltration 
from high-intensity rainfalls than evaporation. As 
a result of climate change, in many aquifers of the 
world the spring recharge shifts towards winter 
and summer recharge declines. Climate-related 
changes in groundwater recharges have not been 
observed. This is partly due to lack of data and the 
slow reaction of groundwater systems to changing 
recharge conditions.

Economists argue that water markets and 
water pricing regimes can be effective adaptation 
tools and can help facilitate water transfer 
from lower to higher-valued uses (Saliba and 

10	 Satellite remote sensing is deployed increasingly 
to estimate groundwater quantities at the global 
level. Since 2002, the NASA/GFZ Gravity Recovery 
and Climate Experiment (GRACE) has been 
providing means to investigate groundwater storage 
changes through high-precision satellite gravimetry 
(Ramillien et al., 2008). The GRACE data have 
been applied to investigate regional groundwater 
situations, in many regions including California 
(Famiglietti et al., 2011), the Central United States 
(Strassberg et al., 2009), and India (Rodell et al., 
2009).
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Bush, 1987; Vaux and Howitt, 1984; Medellin-
Azuara et al., 2008; Olmstead, 2010a). Still, 
modelling water markets is not easy, as water 
is not a typical commodity but a resource 
whose use is geographically bound and whose 
management is intertwined with strong institutional 
arrangements. As a result, water prices are 
generally imperfect signals of resource scarcity 
and rarely equate marginal water values across 
users (Olmstead, 2010b). Water prices are typically 
administratively determined, are unevenly applied, 
are often based on annual rather than usage 
based fees, and rarely take full economic value into 
account (Saleth et al., 2012).11 

A number of institutional factors affect the 
development of water markets, including property 
right arrangements (often tied to historical and 
current entitlements), and legal and physical 
limits on water transferability (Saleth et al., 2012). 
Externalities can also be an obstacle to water 
pricing such as the problem of “return flows” where 
irrigation water not lost to evapotranspiration either 
recharges groundwater aquifers or augments 
surface water flows within a basin, posing 
difficulties for pricing water usage (Libecap, 2011). 
Transaction costs (physical infrastructure, search, 
legal) are other important barriers to trade in water 
markets (Olmstead, 2013). 

A big challenge in modelling water under 
climate change is the lack of water price datasets 
with sufficient geographic scope and which 
hinder good estimates of the price elasticity of 
water demand (Olmstead, 2013). Thus, much of 
the economics literature on water demand has 
focused on the econometric estimation of demand 
parameters, including price elasticity.12 Estimating 

11	 Even in the US studies show that aridity and 
marginal price levels are negatively correlated 
(Olmstead, 2013).

12	 A  meta-analysis of 24 US agricultural water demand 
studies performed between 1963 and 2004 suggests 
a mean price elasticity of -0.48 (Scheierling et al., 
2006) with high variability in reported values. 
A review of studies conducted in developing 
countries suggests that residential price elasticity 
is in the range of -0.3 to -0.6, similar to the range 
estimated for industrialized countries (Nauges and 
Whittington, 2010).

water demand curve remains difficult owing to 
water-pricing practices. Farmers who withdraw 
water directly from surface sources usually incur an 
energy cost to convey water for irrigation, but do 
not typically pay a volumetric charge for the water 
itself. Many agricultural water demand curves are 
estimated for groundwater, using energy costs for 
pumping to construct a water price variable. While 
the economics literature contains many estimates 
of agricultural water demand elasticity, the available 
data are rarely of sufficient quality to estimate 
demand functions (Olmstead, 2013).

Water modelling at the river basin level can 
employ either optimization or simulation type 
models. Optimization models are used more 
often because they require less data than 
simulation models and can avoid the challenges 
of enumerating individual sets of feasible, 
optional rules. Moreover, optimization models can 
automatically implement autonomous adaptation 
to external shocks (Bell et al., 2014). On the 
other hand, simulation models may evaluate 
specific adaptations (such as reservoir schedules, 
infrastructure improvements or policy choices) 
across different scenarios or even as discrete 
choices within the simulation. 

The few available estimates of the economic 
impacts of the water resource effects of climate 
change make one of two assumptions about 
adaptation: no adaptation will take place; or water 
markets will respond in a dynamically efficient 
manner, maximizing the net benefits of water 
resources over time (Olmstead, 2013). Both sets of 
assumptions are problematic since water is rarely 
managed purely through markets. Examples of 
models that incorporate water include the IMPACT-
Water (Rosegrant et al., 2002), which is used to 
assess adaptation options such as increased water 
storage and improvement in water use efficiency 
at the basin and global levels (Nelson et al., 2010; 
Zhu and Ringler, 2012). The second is WaterGAP 
(Alcamo et al., 2003) which explicitly models water 
allowing for multiple water sources, sectoral demands, 
water infrastructure capacity and water policies.

Global water use modelling (GWUM) is fairly 
new and is much less advanced than global 
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hydrological modelling (GHM). The latter models 
are rooted in the well-established science of 
watershed hydrology, whose basic principles 
are virtually applicable anywhere. In contrast, 
GWUM has to consider various water use sectors 
under drastically contrasting socioeconomic and 
political contexts. In terms of data, GHM can 
make use of global land cover, soil, topology and 
long-term climate data available at fine spatial 
scales, while GWUM lacks consistent global 
water use data with adequate sub-national 
disaggregation, and data coverage remains poor 
even for OECD countries. Thus, few groups 
quantitatively model global water use (Hoff et al., 
2010; Elliott et al., 2013). However, their use can 
be helpful for global policy dialogue on water 
issues.

While the literature on climate and hydrological 
impacts is growing, relatively little work has 
been done to quantify the global food supply 
implications. Kummu et al. (2014) apply an 
LPJmL vegetation and hydrology model and a 
historical climate-forcing dataset over the period 
1977-2007 to quantify the effects of hydroclimatic 
variability on global “green” and “blue” water 
availability and demand in global agriculture, 
food deficit and trade. The authors calculate the 
spatial variation in food production, green-blue 
water availability and the water requirements 
to produce a reference diet (3000 kilocalories 
per capita per day, with 80 percent vegetal 
food and 20 percent animal products) for each 
FPU. An FPU was considered water-scarce if its 
water availability was not sufficient to produce 
the diet (i.e. assuming food self-sufficiency to 
estimate dependency on trade from elsewhere). 
The authors isolate the effect of interannual 
hydroclimatic variability from other factors that 
drive food production and find that 24 percent 
of the world’s population lives in chronically 
water-scarce FPUs (i.e. water is scarce every 
year), while an additional 19 percent live under 
occasional water scarcity (water is scarce in some 
years). Among these 2.6 billion people altogether, 
55 percent would have to rely on international 
trade to reach the reference diet, while for 

24 percent domestic trade would be enough. 
For the remaining 21 percent of population 
exposed to some degree of water scarcity, local 
food storage and/or intermittent trade would 
be enough to secure the reference diet over the 
occasional dry years.

In a recent review of water and climate 
change, Olmstead (2013) concluded that 
the current literature offers little guidance on 
the extent to which the prospect of climate 
change will alter: (a) the level and structure of 
water prices; (b) reliance on non-price water 
conservation mandates, incentives and other 
policies; (c) legal property rights regimes for 
water; (d) the allowable extent of and constraints 
on transferring and leasing water among users, 
within and across basins; and (e) investment 
in water supply infrastructure. The author also 
concludes that a key for future progress in water 
climate modelling requires better representation 
of political economic institutional features into the 
market-driven economic models.

Computable general equilibrium models13

Computable general equilibrium (CGE) models 
are economy-wide models and encompass the 
economic interactions of a country’s producers, 
consumers, investors, government and trade 
partners. CGE models describe an initial 
equilibrium state in which, at the initial set of 
prices and quantities, all agents are satisfied and 
there is no momentum for change in supply or 
demand. Climate shocks lead to endogenous 
economic responses as price changes signal 
producers to readjust their production toward 
products whose relative prices are rising and to 
adjust their demands for intermediate and factor 
inputs accordingly. Price and income changes 

13	 CGE-based analyses falling outside of agriculture 
or focusing exclusively on climate mitigation are 
not covered in this review. A good example of such 
analysis is given by van der Mensbrugghe and 
Rosen (2010), who used the ENVironmental Impact 
and Sustainability Applied General Equilibrium 
(ENVISAGE) model to develop a comprehensive 
CGE-based assessment for climate mitigation 
impacts.
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lead consumers to reallocate their demand for 
commodities. The model solves for a new set 
of equilibrium prices and quantities, and reports 
results for macro variables including welfare, 
GDP, trade balances and exchange rates; and 
microeconomic variables including industry output, 
employment and trade.

CGE models can be either single-country, 
providing detailed accounts of several economic 
sectors, or multi-country models, where countries 
(or economic units) are interlinked through 
international trade and investments. The number of 
sectors can vary from as little as two (i.e. agriculture 
and non-agriculture) to a high number of sectors 
(industries or activities). CGE models can also be 
static (describe only the change from the initial 
equilibrium to the post-shock equilibrium, without 
describing the adjustment path) or recursive 
dynamic, which can solve sequentially for year-
to-year equilibria over a time path, incorporating 
exogenous, projected changes in population, 
labour force and productivity. An advantage of 
recursive dynamic models in climate change 
analysis is their ability to describe and differentiate 
the effects of long-run trends in population and 
productivity growth from climate change shocks on 
the supply and prices of food in the future. 

■  Climate and agriculture 

One of the earliest CGE models to analyse climate 
change impact is the Future Agricultural Resources 
Model (FARM) developed by the Economic 
Research Service at the United States Department 
of Agriculture (USDA) (Darwin and Kennedy, 2000; 
Darwin, 2004). FARM was based on a geographic 
information system and divided land endowments 
into six land classes, characterized by soil 
temperature and length of growing season. Under 
this model, climate change induces a redistribution 
of land across the different land classes, and 
the model captures the climate effects on crop 
yields, on pasture and forest productivity. FARM 
was later linked with the World Trade Model 
with Climate-Sensitive Land (WTMCL) (Juliá and 
Duchin, 2007), which accounted for changes in 
runoff and the resulting changes in water supply for 

irrigation. However, FARM was highly aggregated, 
representing the world in eight regional aggregates, 
while agriculture included only two sectors: crops 
and livestock.

Since then, there have been many advances in 
CGE modelling of climate change and adaptation, 
and many CGE models (both single- and multi-
country) have been integrated into IAMs and have 
incorporated multiple pathways through which 
climate change affects an economy. Arndt et al. 
(2010) reported a single-country, integrated CGE 
framework to study the effects of climate change 
in Mozambique through four pathways: agricultural 
crop productivity, irrigation water supply, 
infrastructure, and loss of land due to sea level rise. 
In a set of six linked models, the authors analyse 
four climate scenarios from CMIP3 projections. 
They address uncertainty about future climate 
by selecting the highest and lowest projected 
precipitation effects in 2050 for the globe and for 
Mozambique.

GCM outputs for precipitation are used as 
inputs into a river basin model to determine 
stream flows. These results are used as inputs 
into water resource models, which estimate water 
availability inputs to a hydropower model that 
determines hydroelectric power generation and 
the supply of water for irrigation. Flood data from 
the river basin model also inform an infrastructure 
model, estimated for each of three sub-regions in 
Mozambique. The infrastructure model provides 
estimated damage and maintenance costs 
resulting from the floods, which are determinants of 
transport productivity and costs. GCM projections 
for temperature and rainfall also are used in 
generic crop simulation models that describe 
the productivity and irrigation requirements for 
14 major crops in each of the three sub-national 
regions of Mozambique.  Finally, output from the 
DIVA model is used to estimate crop land loss 
due to inundation resulting from sea level rise. All 
of these data on crop yields, supply of irrigation 
water, transport costs and loss of land are then 
passed to a recursive dynamic, single-country CGE 
model, which is used to estimate the economy-
wide impacts of climate change.  
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Using this complex modeling approach, and 
within the large uncertainties linked to this exercise, 
Arndt et al. find that climate change will reduce 
Mozambique’s welfare by up to US$7.4 billion 
over the period 2002-2050. They decompose 
the effects of each of the four pathways, finding 
that although agriculture is adversely affected by 
climate change, the dominating effect will be the 
impact of flooding on transport infrastructure. While 
losses in agriculture, a key sector, directly affect 
Mozambique’s economic growth, transport-system 
disruptions have widespread, indirect effects 
throughout the economy.  

Since CGE models can describe household 
employment and income, they can be used to 
analyse the poverty and distributional effects of 
climate change. Ahmed et al. (2011a) analyse the 
effects of climate change on income distribution 
due to the change in inter-annual climate volatility 
between the late 20th and early 21st century. 
Their analysis is based on a sequence of models 
in which outputs from GCMs for SRES A2 are 
used as inputs into statistical crop yield models 
estimated for three crops in each of 17 regions 
of Tanzania. The estimated yield impacts are 
introduced as shocks into a static, single-country 
CGE model, which is linked to a household 
micro-simulation model that stratifies Tanzanian 
households into seven groups based on their 
sources of income.  

To address climate model uncertainty, the 
authors implement four future climate scenarios 
into the crop models: the mean climate projections 
of all 22 GCMs, and projections from three GCMs 
that describe the greatest volatility in temperature 
and precipitation combined, and in temperature 
and precipitation separately. Climate change 
volatility is measured as a change in the standard 
deviation of monthly average temperature and 
precipitation over the January-June growing 
season for grains between 1971-2001 and 2001-
2031. 

Combining national or global CGE models 
with detailed spatial models has grown in the 
context of climate analysis and policy, including 
in agriculture and land use. Rutten et al. (2014) 

applies a dual modelling approach combining 
a global macroeconomic CGE model (Modular 
Applied GeNeral Equilibrium Tool, MAGNET) with 
a spatial land use model (Conversion of Land Use 
and its Effects, CLUE) to analyse future land use 
patterns in Vietnam under various scenarios for 
the period 2007-2030. The global CGE makes it 
possible to account for trade linkages important for 
an export-oriented Vietnam. The analysis examines 
how the structural change toward manufacturing 
and services, and urbanization influenced the loss 
of natural forests in Vietnam landscape, biodiversity 
and GHG emissions. Moreover, the loss of large 
paddy rice and other agricultural lands (through 
sea level rise) in the Red River delta and the 
Mekong River delta have significant impacts on 
food security. Combined with a macro-economic 
model, the analysis identifies inherent trade-offs in 
policy objectives (growth and urbanization versus 
GHG emissions and loss of forest land).

Some CGE models analyse the economics of 
food security in terms of poverty, which is a net 
result of changes in incomes and changes in the 
prices of food and other goods in the consumer 
basket. An increase in poverty goes hand in hand 
with increased food insecurity due to a decline in 
the affordability of food. Based on their modelling 
approach, Ahmed et al. project that, depending 
on the future weather, poverty in Tanzania could 
decrease in 2031 relative to 2001. However, in 
the most unfavourable climate scenarios, poverty 
could increase by as much as 2 percent, or 
approximately 650,000 people. 

Tubiello and Fischer (2007) carried out an 
analysis of the effects of climate change on food 
that offers a contrasting treatment of food security. 
They use IIASA’s Basic Linked System (BLS) model 
of the world food system, which comprises a set 
of 34 agriculture-focused, national and regional 
CGE models that are linked through financial flows 
and trade in ten commodities, of which nine are 
agricultural. The BLS model’s calculation of food 
insecurity is based on the correlation between 
shares of undernourished in the population and the 
available national food supply, including domestic 
production and net imports. The authors first 
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process the outputs of two GCM models from the 
fourth IPCC assessment into the IIASA-FAO AEZ 
crop simulation models, which simulate impacts 
on land resource use and potential yields. These 
outputs are then used as inputs into the BLS 
model. Three scenarios are explored: a baseline 
reference point with no climate change; SRES A2, 
which describes unmitigated climate change; and 
SRES B1, which is a proxy for mitigated climate 
change. The recursive dynamic BLS CGE model is 
then solved in annual steps for 1990-2080. In the 
baseline, the number of people at risk of hunger 
is projected to decrease globally to 555 million 
people. Using these modelling tools, the authors 
conclude that climate change will reduce but not 
eliminate that progress. 

One challenge for CGE models relates to 
intra-seasonal climate variability. Because CGE 
models use annual time steps, they typically lack 
the ability to account for intra-seasonal variability 
and short-term climate extremes, such as heat 
spells, which crop yield models have shown to be 
key determinants of seasonal yields. Block et al. 
(2006) demonstrate the importance of brief 
weather extremes in a CGE-based analysis of 
climate change impacts on Ethiopia that contrasts 
outcomes with and without accounting for the 
incidence of flooding. To describe threshold 
effects in precipitation, the authors develop annual 
climate-yield factors (CYF) by crop and agricultural 
zone within Ethiopia, based on crop sensitivity to 
water shortages at four stages of growth, choosing 
the most water-sensitive stage to calculate the 
CYF. Just as water shortages can reduce yields, 
so can floods. A flood factor is therefore added 
to the CYF, decreasing the CYF if the year is 
significantly wet during the flowering or harvesting 
stages. The flood factor is also applied to non-
agricultural sectors, to represent higher costs of 
transportation and other damage due to flooding. 
Their recursive dynamic, single-country CGE model 
describes the impacts during 2003-2015 of an 
ensemble of weather experienced during nine 
historical 12-year time periods. Both drought and 
flooding reduce productivity and GDP and increase 
poverty. These effects are more negative when 

flooding is accounted for. Without the flood factor, 
the mean increase in poverty rises from 42 percent 
to 43 percent between 2003 and 2015; with it, 
the mean projected increase in poverty reaches 
54.7 percent. 

Another criticism of CGE models is their 
tendency to generate relatively smaller changes 
in price effects and welfare even under large crop 
yield effects of climate change. This is because of 
the structural nature of the models and their neo-
classical perfect market integration assumption in 
which inputs (capital and labour) are fully utilized 
and mobile across sectors and activities. Such an 
assumption lacks realism in light of market rigidities 
so characteristic of most economies, especially 
in developing countries. In addition, the functional 
forms used to describe factor demand and trade 
also tend to diminish quantity responses to price 
changes. To address these limitations, and given 
much of the uncertainty around climate impact 
analysis, CGS models can make more use of a 
well-developed tradition of sensitivity analysis and 
the use of the probability distributions of outcomes 
in climate change impact studies. This also 
underscores the importance of efforts to account 
more comprehensively for the multiple pathways 
through which climate change may affect an 
economy’s productivity or factor supplies.

■  Climate and trade

One of the advantages of CGE modelling is its 
contribution to trade and trade policy, and several 
CGE analyses on climate impact also reported on 
the implications of trade as a potential adaptation 
mechanism. Ahmed et al. (2011b) use a static, 
single-country CGE model of Tanzania to analyse 
alternative trade regimes in the presence of 
climate change, finding that open trade policies 
help to negate the poverty impacts associated 
with climate shocks. Valenzuela and Anderson 
(2011) also address the adaptive role of trade in 
a study that finds that climate change will cause 
a substantial 12 percent decline in the food self-
sufficiency ratio of developing countries by 2050. 
They use a static, global GGE model to analyse 
the world economy in 2050 under two scenarios: 
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climate change versus no climate change. Both 
scenarios assume exogenous rates of labour, 
capital and productivity growth to describe 2050. 
The climate change shock also imposes yield 
impacts and labour productivity shocks, some 
derived from studies that predate CMIP3. They find 
that developing countries’ food self-sufficiency ratio 
declines from 100 percent to 88 percent, while that 
of high-income countries rises from 96 percent to 
129 percent between 2004 and 2050.  

CGE models can also be applied to examine 
whether trade can moderate the expected rise 
in production and price volatility under climate 
change. Verma, Hertel and Diffenbaugh (2014) 
examine the US ethanol sector under moderate US 
corn price volatility projected to occur in response 
to near-term global warming. The authors conclude 
that if ethanol biofuels are mandate-driven, price 
volatility will be exacerbated. However, if market-
driven, then the emergence of the corn ethanol 
sector will both magnify corn price volatility 
(inherited via more integrated energy markets 
through crude oil price fluctuations) and moderate 
the climate-driven supply volatility. The latter 
dominate with a net impact showing price volatility 
reduced by 27 percent. In contrast, mandates on 
ethanol production increase future price volatility 
by 54 percent under future climate after 2020. 
Liberalized international corn trade serves to 
reduce the impact of near-term climate change on 
US corn price volatility by 8 percent.

One of the important recent developments 
in global agriculture has been the growth of 
policy-supported biofuels, especially in the US 
and the EU. Although the biofuel policy support 
was justified in part as a contribution to lower 
GHG emissions, the role of biofuels has become 
contentious owing to the concern about the 
negative environmental impact from indirect land 
use change (ILUC) and its association with more 
carbon emissions (linked to deforestation). Several 
CGE-based analyses have examined the issue 
of biofuel mandates on global food production, 
prices and trade (Keeney and Hertel, 2011; Al-
Riffai, Dimaranan and Laborde, 2010; Banse et al., 
2011). The Keeney and Hertel analysis concludes 

with a cautionary note on the implications of supply 
shocks for US coarse grains on global markets. 
The Al-Riffai et al. analysis show that the EU biofuel 
mandate has a net positive environmental impact 
from trade despite a slight increase in indirect land 
use change (mostly from sugar ethanol expansion 
in exporter Brazil) and that direct emissions are 
lower due to the shift to more emission-efficient 
ethanol (sugarcane ethanol from Brazil). While 
these analyses do help in evaluating policy trade-
offs, one should not draw broader inferences 
from them owing to the specificity of the policy 
instruments analysed. For example, while biofuel 
production shift into Brazil sugar ethanol may be 
relatively emission-efficient (compared to rapeseed 
biofuel), this cannot be generalized, as sugar 
ethanol production in other countries would require 
irrigation – a resource expected to become more 
scarce under climate change. 

More recently, attention has turned to the 
climate-water linkages and the mediating role 
of trade. Calzadilla et al. (2011) also analyse the 
adaptive role of trade in a study of global trade 
reform and climate change using Global Trade 
Analysis Project (GTAP)-W (Berrittella et al., 2007), 
a 16-region, static CGE model that also includes 
water as an input into crop production. However, 
given that production is treated at the national 
as opposed to river basin level, the inclusion 
of irrigation water as input into production was 
deemed unsatisfactory. Liu et al. (2014) expanded 
this work by developing an improved model version 
GTAP-BIO-W, which restricts water supply and 
demand within a specific river basin. The model 
was linked with the IMPACT-WATER model, using 
the latter to generate estimates on the irrigation 
stress at the river basin level due to climate change. 
These estimates are applied as inputs into the 
GTAP-BIO-W to model how climate-induced future 
irrigation shortage will affect crop production, food 
prices and the resultant effects on bilateral trade 
patterns. The authors conclude that global irrigation 
shortfalls do not always translate into less total 
regional crop output, as the outcome depends 
on price effects and regional supply response. 
Second, regional irrigation shortfalls tend to boost 
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international agricultural trade as well as alter its 
geography. Although the overall increase in world 
food exports is only modest, some types of inter-
regional food trade are strengthened, with North 
America and Europe shown to export more to Asia. 

Recently, as part of the Agricultural Model 
Intercomparison and Improvement Project 
(AgMIP), an ensemble of ten global economic 
models (six general equilibrium models and 
four partial equilibrium models of the agriculture 
sector) ran coordinated scenarios to estimate 
the likely impacts of climate change and 
socioeconomic drivers on international trade in 
agrifood commodities (Nelson et al., 2014; von 
Lompe et al., 2014). The model results (reported 
by Ahammad et al., in chapter 10 in this volume) 
show a general agreement on an increasing role 
for trade under climate change, but the extent of 
the changes in trade varies substantially between 
models.

To sum up the above review on climate and 
trade, it is our view that work in this area is only 
at the beginning. Although a number of models 
have reported the positive role trade could play 
as an adaptation mechanism, many important 
environmental issues related to trade and climate 
remain unanswered.14  Among the critical climate-
trade issues that require further investigation:  

(i)	 More robust evidence of the implications of 
climate impacts on future food supply in light 
of projected resource shortages, reduced 
yields and other climate-induced resource 
base changes (e.g. sea level rise, loss of crop 
land, irrigation shortage).

(ii)	 Better evidence integrating demand-side food 
drivers (food waste, diets, eco-labelling) and 
climate-induced supply changes (reduced 

14	 Kanemoto et al., 2014 show that while developed 
countries have been able to report decreasing CO2 
emissions under the Kyoto protocol, they have 
done so largely by displacing emission-intensive 
production offshore. Using a new highly detailed 
account of emissions embodied in international trade, 
the authors find that when trade is accounted for, the 
authors showed that the CO2 emissions by Kyoto 
signatory countries have actually gone up.

yields, irrigation water shortages, cropland and 
quality loss, including from sea level rise) and 
their implications for trade.

(iii)	 Evidence on policy-induced growth of “gray” 
(or dirty) trade versus “green” (emission-saving) 
trade and the indirect effect of carbon/energy 
taxes on agricultural and food trade.

(iv)	 Integrated energy-food systems, including 
biofuels, and the implications of climate 
change on food supply and variability, price 
volatility, land use change and trade patterns.

(v)	 Better integrated water-food-climate systems 
and quantified impacts of water scarcity on 
food supply, prices and trade patterns.

5.2 	Farm- and household-level 
models

Given that much of adaptation in agriculture is local 
and can be carried out autonomously by individual 
farmers and household agents, understanding 
adaptation decision-making at the farm level is 
an important requirement for adaptation policy. 
Household models of farmer decision making 
on adaptation can apply either econometric 
or simulation techniques. Econometric studies 
use observed cross-sectional, time series, or 
panel data to examine the nature of observed 
adaptations or estimate climate change effects 
to which farmers have adapted. Advantages 
of an econometric approach include reliance 
on real-world data, and an ability to reflect the 
joint costs and benefits of multiple adaptation 
strategies to the extent that they are employed 
together (IPCC, 2014). Nhemachena et al. (2014), 
use a multivariate probit model to simultaneously 
examine the determinants of adaptation at 
the farm level in a three-country study from 
southern Africa. Seven dependent variables 
(different varieties, planting different crops, crop 
diversification, and different planting dates, 
diversifying from farming to non-farming activities, 
increased use of irrigation, and increased use of 
water oil conservation techniques) were regressed 
against 17 independent (explanatory) variables. 
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Results show that household socio-economic 
characteristics like farming experience, access to 
free extension services, credit, mixed crop and 
livestock cropping systems, private property and 
perception of climate change are expected to have 
a significant positive impact on use of adaptation 
measures at the farm level.

Asfaw et al. (2014) use a multivariate probit 
model at household level data to examine 
maize farmers’ adaptation strategies and crop 
productivity under climate variability in Malawi. 
The authors distinguish between exposure, 
sensitivity and adaptive capacity vis-a-vis climate 
disruptions and find that exposure to delayed 
onset of rainfall and to greater climate variability 
(measured through the coefficient of variation of 
rainfall and temperature) is positively associated 
with the choice of risk-reducing agricultural 
practices such as tree planting, legume 
intercropping, and soil and water conservation. 
However, the application of inorganic fertilizer 
in maize plots (already high due to government 
subsidies) is reduced due to uncertain risk 
reduction benefits. Farm wealth and more secure 
land tenure are positively associated with higher 
adaptive capacity. The use of both modern 
and sustainable land management practices is 
positively correlated with higher maize yields. 
An important insight from the study is that 
community (system-level) adaptive capacity is 
also important and highlights the key role of 
rural institutions, social capital and supply-side 
constraints in governing selection decisions for all 
farm practices examined.

Among the disadvantages of the econometric 
approach is the inability to trace transmission 
mechanisms of specific adaptation measures or 
to isolate the marginal effect of these strategies 
or measures. Moreover, the findings are not easily 
transferable to other contexts (e.g. an African 
study does not apply elsewhere), and the statistical 
results can be difficult to interpret under multiple 
possible outcomes (Schlenker et al., 2005).

 The simulation approach, by contrast, traces 
costs and benefits of adaptation strategies through 
particular mechanisms of interest, typically through 

climate-biophysical-economic linkages. The 
economic component of the simulation analysis 
take one of two pathways: 

(i) 	 decision makers are rational actors who 
consider the benefits and cost consequences 
of their choices and pursue economically 
efficient adaptation outcomes (optimization 
models);  or 

(ii) 	 application of a decision-rule characterization 
of the response of actors to climate stressors 
(scenario-based models) (Dinar and 
Mendelsohn, 2011; Schlenker et al., 2006). 
Van Wijk et al. (2014) reviewed a large number 
of simulation models that apply rule-based 
management implemented either through 
rules or through model parameter settings and 
found that for these scenario (“what if”) type 
models, adaptation can mean very different 
things depending on the goals, scale and 
scope of the model (Bell et al., 2014). In the 
case of optimization models, adaptations (as 
well as extreme events) may be modelled 
implicitly (as production responses to shifts in 
input costs and/or output prices) or explicitly 
(as choice variables with empirically derived 
cost functions), but without treatment of 
adaptations as discrete responses to discrete 
events or perceptions (De Bruin et al., 2009; 
Patt et al., 2010).

A major disadvantage of simulation modelling 
is the high demand for data inputs and calibration. 
Where data and models are available, farm-level 
simulation models work well and can perform a 
wealth of simulation options, such as estimating 
the incremental change in crop output and 
water supply in response to changes in climatic 
conditions and agricultural and water resource 
management techniques. Another advantage is 
the opportunity for stakeholder involvement at 
several stages of the analytic process: designing 
scope, adjusting parameters, selecting inputs, 
calibrating results and incorporating adaptation 
measures of specific local interest (Dinar and 
Mendelsohn, 2011).
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 Combining different analytical tools can also 
improve the robustness of the ability to predict 
farmer adaptation responses under climate 
change. Seo (2014) combines the Agro-ecological 
zones (AEZ)/Length of the growing period (LGP) 
methodology developed by FAO and IIASA (FAO/
IIASA 2005, 2012) with the GEF/World Bank 
data set for African countries to test the model’s 
predictive power vis-à-vis farmers’ adaptation 
responses due to climate change. Seo classifies 
the farms in three categories – specialized crop 
farm, mixed farm, specialized livestock farm – and 
examines whether a farmer is more likely to choose 
a crop system when the LGP is deemed more 
suitable for crop production according to the AEZ 
methodology. The author also looks at whether the 
net revenue from crop production is higher when 
the AEZ is deemed more suitable for crops. Seo 
finds that the AEZ/LGP classification used alone, 
while well suited to predict crop patterns, is not a 
good predictor of non-cropping choices, such as 
such as diversifying portfolios to cope with varying 
climate factors, and is not a useful indicator of the 
major grains in the humid zones. Grain yields are 
found to be much lower in the humid zones then 
would be predicted by the AEZ method relying 
solely on LGP. 

By examining the socio-economic data from 
the farm surveys, Seo finds that economic factors 
play an important role in explaining farmers’ 
decisions. Factors like travel hours to a port or a 
city, extension services, ownership of property, 
and the number of household members were all 
important in explaining economic activities in Africa. 
For example, export possibilities (proximity to a 
port) tended to favour crop-only farms, but farms 
farther away from a nearest city favoured a crops-
livestock farm (to take advantage of marketing 
opportunities in nearby urban centres). Also, a 
larger farm is more likely to be a livestock-only or 
a crops-livestock than a crops-only (possibly from 
labour availability). Overall, the study revealed the 
type of incorrect inferences when relying solely on 
biophysical tools such as AEZ/LGP without taking 
into account the socio-economic determinants. 
Seo concludes with a strong recommendation for 

a judicious integration of biophysical tools with 
economic analysis if we are to arrive at robust 
predictions of farm adaptation responses under 
climate change. 

■  Food security

Most farm-level models do not yet perform integral 
analyses of climate change effects on food security 
(Van Wijk et al., 2014). Aside from food availability 
(which is readily modelled through changes in 
production), food access and stability aspects 
are generally missing from household models. For 
example, household models typically lack proper 
accounting of food storage from one season to 
another season, as these are difficult to incorporate 
into a model (Van Wijk et al.). Farm household 
models rarely combine production with nutrition 
or other socio-economic determinants. Also, 
most models tend to focus on a few important 
crops (e.g. maize, millet, sorghum, rice, many 
legumes) but neglect a host of other minor crops. 
The latter, however, can play an important role 
in the diet and cash provision of smallholders 
but are much more difficult to simulate with the 
existing models (Rodriguez et al., 2011). Most 
household models also give limited attention to the 
importance of non-agricultural activities (whether 
off-farm employment or ‘on-farm non-agricultural 
activities’), yet these can form important strategies 
of adaptation to climate change and are essential 
for improving access to food by poor rural 
households. 

■  Risk analysis 

To date, few household models have treated 
climate-related risk explicitly (Van Wijk et al.). A 
relevant question for adaptation is how climate 
(rainfall, temperature) variability affects crop 
management techniques and net farm returns. 
Traoré et al. (2014) examine the case of cotton, 
maize and small grains (millet, sorghum) in the 
Soudano-Sahel and find that a simple adaptation 
decision should give priority to planting cotton 
early; maize and sorghum can be delayed by up to 
a month without strong yield penalties; and millet 
should be planted last. Akponipké et al. (2010) 
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combine field trials with the APSIM model to 
investigates optimum nitrogen applications in 
millet production in the Sahel and conclude that 
moderate nitrogen application (15 kilograms of 
nitrogen/hectare) improves both the long-term 
average and the minimum yearly guaranteed 
yield without increasing inter-annual variability 
compared to no N input. Although average 
yields are lower than with higher nitrogen 
rates, moderate rates are more appropriate 
for smallholder, subsistence farmers, as they 
guarantee higher minimum yields in worst years, 
thereby reducing their vulnerability. Rurinda et al. 
(2014) also examine maize and small grains in 
Southern Africa and conclude that given the 
superior maize yields over small grains (finger 
millet, sorghum), substituting maize with small 
grains is not a robust option for adaptation to 
increased temperatures and more frequent 
droughts likely to be experienced in Zimbabwe. 

The issue of irrigation management under 
climate risk is also receiving closer scrutiny. 
Grove and Oosthuizen (2010) develop 
an expected utility optimization model to 
economically evaluate deficit irrigation within a 
multi-crop setting while taking into account the 
increasing production risk of deficit irrigation 
in South Africa. To account for future water 
supply limitations and the resulting crop yield 
variability, the authors include multiple irrigation 
schedules into the South African Plant WATer 
(SAPWAT) optimization model. They use 
stochastic budgeting procedures to generate 
gross margins necessary to incorporate risk 
into the water use optimization model. The 
authors apply the model to study the impact 
of increasing levels of risk aversion on the 
profitability of deficit irrigation under limited 
water supply conditions. The authors conclude 
that although deficit irrigation was stochastically 
more efficient than full irrigation under limited 
water supply conditions, irrigation farmers 
would not willingly choose to conserve water 
through deficit irrigation and would be expected 
to be compensated to do so. Deficit irrigation 
would not save water if the water that was 

saved through deficit irrigation were used to plant 
larger areas to increase the overall profitability of 
the strategy. 

Risk management and the role of climate-
based risk insurance is an established research 
area and is receiving renewed interest in light of 
climate change. Hansen et al. (2009) apply the 
APSIM model (Helms et al., 1990) to provide 
detailed climatic risk analyses at household level 
and to study the effectiveness of crop insurance.15 
Hansen et al. examined the potential use and 
value of seasonal forecasts downscaled from 
a GCM and the risk implications of smallholder 
farmers in Kenya responding to forecasts. The 
authors estimate the potential value of GCM-based 
seasonal precipitation forecasts for maize planting 
and fertilizer management decisions under profit 
maximization assumptions in Kenya. The authors 
reported the first quantitative test of the hypothesis 
that profit-maximizing use of seasonal forecasts 
can increase the exposure of smallholder farmers 
to risk. Under the study simplifying assumptions, 
the authors find that the risk from ignoring 
forecasts is greater than the risk associated with 
responding to forecasts, and the concern that 
the risk of a “wrong forecast” is a disincentive to 
risk-averse farmers is not supported. The authors 
conclude that under more realistic assumptions, 
appropriate use of seasonal climate forecasts 
would not increase farmers’ risk exposure, 
although communication failures that distort 
information about forecast uncertainty could. 
However, given the limited representativeness of 
the sites analysed and the simplified assumptions, 
the authors recommend further validation of the 
research. 

15	 While insurance can be used to mitigate against 
risk and climate uncertainty, due to moral hazard, 
purchasing insurance may also reduce adaptation 
or increase maladaptation (Kunreuther and Roth, 
1998; Rao and Hess (2009). This can happen when 
insurance is not fully risk adjusted, as is the case 
when local or state regulations do not allow insurance 
rates to be risk-adjusted (Collier et al., 2009). Under-
insurance can also arise when agents expect that 
the public sector will provide disaster assistance (the 
so-called Samaritan’s dilemma) (Gibson et al., 2005; 
Raschky et al., 2013).
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■  Spatial analysis (agent-based models)

Agent-based models (ABMs) refer to a modelling 
approach that builds on the tradition of Recursive 
Farm Programming Models, but simulate all 
individual farms, their spatial interactions and 
the natural environment (Berger et al., 2006). It 
has been argued that ABMs can be very useful 
for adaptation analysis and for policy guidance. 
According to Wreford et al. (2010), evaluating 
climate change impact on agriculture requires 
examining scenarios at a more localized levels to 
develop estimates for local area adjustment costs, 
for cost-benefit analysis for adaptation plans, 
and for building robust climate resilience policies. 
The proponents of ABMs argue that climate 
change is expected to have location-specific 
impacts, but most models are too aggregated 
to provide guidance for more targeted policy 
interventions. Statistical models or Ricardian 
type models are only useful in capturing human-
environment interaction at “coarse resolution” 
and may not have the necessary detail to allow 
for a more refined assessment of climate change 
in agriculture. ABMs have been suggested 
as complementary tools for assessing farmer 
responses to climate change in agriculture and 
how these are affected by policies (Moss et al., 
2001; Patt and Siebenhuner, 2005; Troost and 
Berger, 2014). 

ABMs can address spatial heterogeneity 
and effects in a system of distributed, but 
interdependent and hierarchical, decision-making. 
While ABMs are not predictive, they are well 
suited to counter-factual experiments, “what-if”-
type analyses and policy discussion. According 
to Berger and Troost (2014), the ABM has the 
capacity to meet a number of critical requirements 
for analysing farm-level adaptation options due to 
climate change. Among these requirements are: 

(i) 	 Incorporating fine technical and financial detail 
at the farm level. 

(ii) 	 Facilitating policy analysis based on modelling 
farmers’ decisions, including expectations, 
learning and risk behaviour. 

(iii) 	 Accounting for the role of farmers’ cumulative 
experience, capacity to learn from neighbours 
and exchange of information.

(iv) 	 Allowing for spatial interactions in decision, 
including issues of local land competition 
among alternative uses. 

(v)	 Accounting for environmental interactions and 
feedback and ability to account for events like 
the occurrence of flooding events or invasion 
of new pests and diseases. 

 (vi)	 Performing sensitivity tests using Monte-Carlo 
or other methods. 

Malanson et al. (2014) examine the effects 
of extended climatic variability on agricultural 
land use using an Agent-based model applied to 
villages in the Nang Rong district of northeastern 
Thailand. The land use decisions are made by each 
household in a village for which socio-economic 
data was collected through intensive surveys from 
41 villages in 1984,1994 and 2000 across Nang 
Rong District. The land use change decision in 
the ABM has five alternatives: jasmine rice,  heavy 
rice, cassava, sugar cane and unused-by-village. 
The primary basis for change in a given year is the 
expected income from the given crops, given their 
yields and prices, but constrained by labour, assets 
and a threshold of willingness to change. Climate 
change is modelled through nine weather scenarios 
based on timing and amount ([early, normal, late] 
and [low, normal, high]) of monsoon precipitation. 
These scenarios are based on data on actual 
monthly rainfall in Nang Rong from 1900 to 2008. 

The household-level land decision-making is 
presented at the village level to allow for broader 
inference. Modelled (virtual) villages change their 
agricultural effort in many different ways. While 
most “virtual” villages reduce the amount of land 
under cultivation, primarily with reduction in jasmine 
rice, others do not. The analysis revealed insights 
into the role of landscape and society in land use 
in scenarios of climate change, but the statistical 
relations are weak, which limits inference. The 
authors conclude that while ABMs are able in theory 
to incorporate the variations to which complex 
systems are sensitive, they require precision in the 
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specification of the characteristics of individuals. 
Imprecision in initial specifications can limit the range 
of outcomes and create path dependence. 

Despite its advantages, the ABM model 
exhibits two weaknesses that require further 
attention. The first is the difficulty to extrapolate 
aggregate regional results from detailed individual 
farm cases. The second relates to the considerable 
model uncertainty. Van Wijk et al. (2014) reviewed 
14 ABMs and found them to differ widely in their 
description of component processes and the detail 
with which climate is taken into account. Also, as 
most ABMs work on a yearly time-step, this can 
allow only for tactical and strategic decisions to 
be modelled, while detailed climate risk analyses 
in which drought periods and delays in the onset 
of the rainy seasons occur cannot be easily 
captured unless transfer functions or adapted crop 
production values are used that can incorporate 
these climate effects.

6.	 Conclusions

Since the Stern review was published in 2006 as 
the first economic assessment of climate change 
impact, a growing economic literature on climate 
impact and adaptation has developed. The 
dominant strand of this literature was centered 
around IAMS to address a variety of biophysical 
processes translated into economic shocks. The 
IAMs were initially applied to climate mitigation 
problems and climate policy; and later applied 
to adaptation – an issue that has become of 
increasing global concern with the realization 
that climate change is already happening from 
past emissions and is unaffected by future 
emission levels. Parallel to IAMs, and given the 
local nature of adaptation, a growing number of 
household- or farm-level models are being applied 
to analyse local climate impacts and evaluate 
farmer adaptation decision processes. This paper 
surveys both strands of the literature focusing on 
agriculture. The survey is presented as a critical 
yet informative review that describes the results, 
strengths, weaknesses and gaps. 

Results of the IAMs surveyed here report 
mostly negative and some positive outcomes of 
climate change on agriculture. These models also 
suggest, within the limitations and uncertainties 
of these modelling frameworks, substantial 
capacity to offset negative climate change 
through adaptive supply-and-demand responses, 
productivity-enhancing investments and trade. 
A number of characteristics are shared by the 
studies described here. First, they rest on carefully 
constructed foundations that are as much as 
possible transparent, timely and consistent in their 
integration with physical and biophysical models. 
Most of the assessments are based on climate 
change projections drawn from the 2007 IPCC 
Fourth Assessment. Several of the more recent 
models (that contributed to the Fifth Assessment) 
are also included and are shown to account for 
multiple pathways through which climate change 
affects economies.   

■  Methodology issues

Nevertheless, the application of IAMs to adaptation 
presented a number of challenges. A starting 
difficulty is the modeller’s treatment of adaptation, 
which varies widely, ranging from implicit or 
indirect (through assumptions of higher agricultural 
productivity rate or water-efficiency rate) to 
a simple specification of a few discrete crop 
management responses. A second difficulty relates 
to the issue of uncertainty about future climate 
outcomes. In IAMs uncertainty has been dealt with 
by combining several GCM outcomes and a range 
of socio-economic pathways agreed to under the 
IPCC framework. More recently, climate modellers 
have formed research networks to coordinate 
model scenarios and minimize model-based 
uncertainty (e.g. AgMip, MACSUR). 

Improving economic analysis of adaptation 
require several model improvements. First, there 
is the need to improve better representation and 
integration of biophysical processes into economic 
models. This require economists to increasingly 
work with researchers from other disciplines, 
recognizing that climate change impacts and 
their analysis is a multi-dimensional problem. Also 
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required is the ability to model extreme events 
and variable climate conditions, as opposed to 
the usual treatment of gradual climate change, 
which is much harder to detect but for which most 
IAMs are designed. Economic models also need 
to systematically quantify uncertainties related to 
the economic models’ structure and parameters 
and framing economic conclusions in the context 
of known model limitations. Expressing the model 
results in probabilistic terms will help decision-
makers to understand the risks of under- or over-
investing in adaptation to high- or low-probability 
climate change outcomes.  

Increasingly trade is a subject of analysis 
within the economic modelling of climate change. 
However, the empirical evidence is incomplete 
and fraught with the usual caveats related to 
uncertainty vis-à-vis future climate outcomes and 
developments in climate and trade policy. More 
robust trade analyses in the context of climate 
change should integrate, climate direct impacts 
on agricultural productivity, demand-side drivers 
(consumer diets, labelling, subsidies), resource 
constraints (such as climate-induced irrigation 
water shortages), as well as climate policies 
(carbon-taxes, standards, eco-labelling).

As adaptation decisions are inherently local, 
many economic models at the farm/household 
level have tackled climate variability. However, 
better integrated frameworks are required, 
especially those that integrate biophysical and 
spatial techniques (GIS, AEZ-based) with socio-
institutional analyses (multi-criteria analysis, 
ABMs) to better appraise vulnerability, adaptive 
capacity and adaptation required (autonomous 
and planned). Better data collection for CBA is 
needed, including improvements in accounting 
for resource depletion, environmental change as 
well as distributional issues. Moreover, household 
models need to do better job incorporating 
climate risk and intra-seasonal climate variability, 
and develop the capacity to estimate adaptation 
options outside the current farmers’ choice, set 
in line with the size of the climate shocks and 
increased variability expected under climate 
change in order to develop better estimates for 

local adjustment costs and develop robust climate 
policies. 
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■	 Biophysical impacts of climate change (CC) on 
agricultural potential and yields have been 
assessed by different approaches, each with 
its limitations, but rarely used in combination.

■ 	 Considerable data constraints prevent rapid 
progress regarding model improvement.

■ 	 According  to prevailing CC projections, the 
direction of most projected impacts on crop 
production potential and yields indicate gains 
especially for northern Europe, and little 
change for southern Europe;  while many 
impact projections agree on this, differences in 
to the magnitude of change are huge.

■ 	 For Europe as a whole, crop production 
potential is expected to increase under CC, 
when assuming unchanged climatic variability.

■ 	 Uncertainties regarding socio-economic and 
CC scenarios are considerable – and in 
conjunction with imperfect impact models, this 
eventually results in a huge uncertainty range for 
CC impact projections.

■ 	 Risk to global food production is highest when 
adverse weather conditions occur simultaneously 
in several important agricultural regions.

■	 CC impact assessment methodologies need to 
focus on adaptation; further improvements of 
integrated approaches are required to better 
capture the impacts of climate variability and 
various extremes events. 

■	 Most importantly, methodologies need to 
become truly integrated (IAM), multi-scale and 
transdisciplinary to address CC adaptation and 
mitigation adequately.
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1.	 Introduction 	

1.1	 Background and objectives 

This paper deals primarily with the biophysical 
assessment of climate change (CC) impacts on 
agricultural potential and crop yields. Bio-economic 
impact assessment approaches for agriculture (e.g. 
Nelson et al., 2009; 2014) are dealt with in detail 
elsewhere (see other chapters in this volume).

This paper focuses on recent assessments 
of major European food crops and commodities. 
Most of the studies examined are based on climate 
projections generated by global and regional 
climate models which have been downscaled and 
fed into process-based crop simulation models 
(e.g. Supit et al., 2012; Angulo et al., 2013; 
Asseng et al., 2013; Rosenzweig et al., 2013). 
We also include results from other biophysical 
impact assessment studies using methods such 
as statistical crop yield models (e.g. Schlenker and 
Lobell, 2010) or agroclimatic indicator approaches 
(Trnka et al., 2011; Rötter et al., 2013a). Regional 
differences with regard to expected climate 
changes and their impacts on shifts in crop 
suitability and yields are highlighted and discussed. 

Observed weather data indicate that global 
warming is causing changes in rainfall patterns 
and increasing the frequency and severity of 
extreme events such as heat waves and drought 
(Trenberth, 2011; Schiermeier, 2011; Coumou 
and Rahmstorf, 2012; Field et al., 2012; WMO, 
2013). Such changes are also projected by climate 
models for future conditions (Meehl et al., 2007; 
Rummukainen 2012, 2014; Sloth Madsen et al., 
2012). As of yet, there is no clear or well-
established understanding of the relationship 
between global warming and enhanced climatic 
variability (see Rummukainen, 2014). However, 
increased climatic variability, as well as more 
frequent extreme weather events – particularly their 
impacts on crop yields and production (Schlenker 
and Lobell, 2010; Hatfield et al., 2011) – would 
increase risks to food production (Rötter et al., 

2012a, 2013a; Williams, 2012) and farm income 
(Wheeler and von Braun, 2013). 

Therefore, we pay special attention to the 
capability and limitations of current biophysical 
assessment approaches and modelling tools 
for capturing impacts of variability and extremes 
of weather on crop yields (Rötter et al., 2011a), 
and report on recent progress in this respect 
(e.g. Challinor et al., 2005; Rötter et al., 2011b; 
Asseng et al., 2011; Tao and Zhang, 2013; 
Sanchez et al., 2014).

Following a brief overview of how crop 
simulation models – the most widely used 
biophysical assessment tools (e.g. White et al., 
2011) – are commonly applied in CC impact 
assessments, we present a range of selected CC 
impacts for key crops and regions, with a focus 
on the European Union (EU-27). Beginning with 
production trends of the past, we move to shifts 
in future production possibilities and relative crop 
yield changes under alternative projections of future 
climate, and conclude this overview for Europe with 
expected shifts in future crop production potentials 
and implications for global trade and food security.

The presentation of selected key impacts 
is followed by a detailed discussion of various 
uncertainties. These are not restricted to 
uncertainties related to biophysical models, but 
also include other sources of uncertainty, such 
as that originating from climate models, from 
downscaling or regionalizing climate model outputs 
and from several of the other “unknowns” regarding 
technology development and other socio-economic 
factors (Rötter et al., 2012a; 2013b). We conclude 
with suggestions for improvement of biophysical 
assessment methodology and modelling tools (see 
green box at centre of Figure 1a).

Specific objectives of this chapter are as 
follows:

1.	 To present current biophysical assessment 
methodology and discuss its shortcomings 
and recent developments;

2.	 To present recent results from different studies 
of CC impacts on key crops – for Europe as a 
whole and for its various subregions;
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figure 1 a-b 
Main components of climate change impact assessment methodology for agriculture  (a) and uncertainty  

and error propagation along the biophysical model chain (b) [(b) modified from Wilby & Dessai (2010)  
and KLIWAS, unpublished)]

3.	 To discuss potential implications of these 
impact projections for European key crops in 
terms of global trade and food security; and

4.	 To discuss uncertainties, with particular 
focus on biophysical impact projections, 
and describe necessary improvements in 
methodology and projections.

While we will concentrate on the biophysical 
part of the CC impact assessment methodology 
(Figure 1a), we also include an overview of state-
of-the art climate projections for Europe, including 
regional variations (Section 1.2). Section 2 presents 
the different approaches to biophysical assessment 
of CC impacts, discusses their strengths and 
weaknesses, and describes recent advancements. 
Section 3 deals with selected impacts for key 
crops, in terms of CC effects on land suitability 
for their cultivation as well as on yield and yield 

stability. Section 4 deals with uncertainties and 
provides an overview of the degree and relative 
importance of the various sources of uncertainty 
(Figure 1b) inherent to the impact projections 
at different scales. Finally, Section 5 gives 
recommendations for future research. 

1.2 	Climate change projections for 
Europe

Climate change projections and their inherent 
uncertainties 
Changes in climate are the result of changes 
in greenhouse gas (GHG) concentrations and 
other external forcing factors, which are largely 
dependent on future anthropogenic emissions. 
The projections of climate models for changes in 
climatic variables attributable to a given external 
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forcing are uncertain for a number of reasons, 
including the incompleteness of climate models 
(e.g. certain processes are not taken into account), 
parameters that are difficult to estimate and, to a 
considerable degree, unforced natural variability 
(Rummukainen, 2012; 2014). 

Shortcomings and uncertainties with respect 
to climate modelling have been widely discussed 
(see Christensen et al., 2007; Boberg et al., 2012; 
Rummukainen, 2012). General Circulation Models, 
also called Global Climate Models (GCMs), have 
been applied to project the responses of the 
climate (i.e. changes in temperature, precipitation 
and other climatic variables) to increased GHG 
emissions in the atmosphere. In order to assess 
climate model uncertainty, multiclimate model 
datasets have been collected in huge international 
efforts such as the Coupled Model Intercomparison 
Project (CMIP). The fourth Intergovernmental Panel 
on Climate Change (IPCC) assessment report 
(AR4), released in 2007, utilized the multiclimate 
model dataset CMIP3 (Meehl et al., 2007), 
which included simulations by over 20 GCMs for 
several emissions or climate forcing scenarios. 
There are numerous different GCMs, each using 
different numerical formulations and physical 
parameterizations of the atmosphere and its 
phenomena (Rummukainen, 2014). Whether based 
directly on GCMs or on climate scenario data that 
have been downscaled statistically (Wilby et al., 
2004) or dynamically (through Regional Climate 
Models, or RCMs) (Rummukainen, 2010), climate 
projections generally show similar projected 
temperature or precipitation changes – i.e. 
positive, negative or not evident. However, the 
exact magnitude of change varies widely when 
considering the outcome from ensembles of 
multiple models. Much of that variation can be 
attributed to discrepancies in internal variability 
simulated by the different models; however, the 
magnitude of change generally increases with 
higher emissions and over time.

When using the mean of the outcomes of 
climate model ensemble simulations for impact 
projections, it is important to keep in mind that, 
while means reveal the similarities of the various 

models and their CC projections, outliers (i.e. the 
worst and best cases) should not be ignored, as 
they illustrate the (plausible) extreme responses. 
The best choice for a given impact study, therefore, 
is not to rely on the ensemble mean plus the 
single most extreme outliers in both directions. 
Instead, if feasible, the multimodel mean should 
be complemented by a number of individual 
projections that can delineate the model spread in 
the most relevant output variables for the particular 
study (Rötter et al., 2013a; Rummukainen, 2014).

The change in global mean temperature 
observed so far amounts to around +0.8o C since 
pre-industrial time. Increases in global mean 
temperature projected for the 2050s by IPCC (2007) 
as compared with the 2000s are between 0.5 and 
3o C when considering different emission scenarios, 
climate models, and assumptions on feedbacks2; 
when considering warming since pre-industrial time, 
the projected increase is 1 to 3.5o C. Taking into 
account that observed GHG emission pathways 
currently follow the high-end emission scenarios 
(Peters et al., 2013), and given the 20-40 years 
lag time in effective climate forcing of present-day 
emissions, it is very likely that projected changes 
will exceed the international target of 2o C which 
was agreed upon by the United Nations Framework 
Convention on Climate Change (UNFCCC) to 
avoid disastrous impacts. Regarding global 
precipitation changes, it has been suggested that 
the precipitation increase will be around 2 percent 
for each degree of warming (Rummukainen, 2014).

However, global climate response to the 
various forcings is not uniform. While warming will 
occur overall, some regions will warm more than 
others, and some may considerably exceed the 
global mean change. 

In the recently released fifth IPCC assessment 
report (AR5), new sets of scenarios have been 

2	 Feedback mechanisms of the earth-atmosphere 
system frequently incorporate very complex 
processes with much detail that cannot be exactly 
described by or incorporated in climate change 
models and require simplification. Hence, climate 
change models employ (different) assumptions 
depending on how they simplify/represent certain 
processes.
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defined, including Representative Concentration 
Pathways (RCPs)3. This has resulted in a new 
CC dataset with a larger range of climate model 
simulations, called CMIP5 (Taylor et al., 2012; 
Peters et al., 2013). A one-to-one comparison of 
the new RCPs with the former Special Report on 
Emissions Scenarios (SRES) family of emission 
scenarios is not possible; however, there are 
generally large similarities between the climate 
sensitivities of SRES and RCPs. For example, 
temperature changes and spatial distribution 
patterns under SRES A2 are quite similar to those 
under RCP8.5 (Knutti and Sedlacek, 2013).

Regional changes within Europe
Based on simulation from CMIP5 for RCP4.5, 
Rummukainen (2014) describes how projected 
changes during the twenty-first century in annual 
mean temperature and precipitation at the global 
level vary considerably by region. For Europe, 
regional variations in temperature change vary by 
factors ranging from 1 (implying change equal to 
global change) in the northwestern parts of Europe, 
to 2.5 in the northeastern parts. For precipitation, 
the factors of change relative to the global mean 
ranged from no change (in southern parts) to 1.5 
(in the northeastern parts). In terms of precipitation 
change, this confirms a rule of thumb for CC 
projections, which suggests that “wet gets wetter” 
and “dry gets drier” (Rummukainen, 2014).

According to Deser et al. (2012), in many parts 
of the world regional-scale changes in climate are 
not only formed by global drivers, but also strongly 
affected by modifications of regional circulation 
patterns (Lamb, 1995). As for climate model 
predictions on changes in circulation patterns 

3	 Representative Concentration Pathways (RCPs) 
are four greenhouse gas concentration trajectories 
adopted by the IPCC for its fifth Assessment Report 
(AR5) (Moss et al., 2008). The pathways describe 
four possible climate futures represnting a broad 
range of possible levels of greenhouse gases 
expected to be emitted in the years to come. The 
four RCPs, RCP2.6, RCP4.5, RCP6, and RCP8.5, 
are named after a possible range of radiative forcing 
values in the year 2100 relative to pre-industrial 
values (+2.6, +4.5, +6.0, and +8.5 Watts/m2, 
respectively) (Weyant et al., 2014).

and associated climatic variability, for some time 
it has been suggested by many GCM studies that 
there will not be major shifts in variability (IPCC, 
2007). Large-scale variability patterns that strongly 
influence weather conditions and represent the 
internal variability of the climate system in Europe 
include, for instance, the North Atlantic Oscillation 
and the Arctic Oscillation (Rummukainen, 2014). 
While most projections have suggested that these 
circulation patterns will remain in place, recently 
it has been postulated that the retreat of Arctic 
sea ice (poorly predicted by most climate models) 
could influence atmospheric circulation such 
that it would tend towards more “meridionality” 
or meridional patterns (Lamb, 1995)4. This 
would particularly affect the mid-latitudes of the 
northern hemisphere, producing more extreme 
winters characterized by prolonged cold spells 
and summers characterized by more extended 
droughts, flooding and heat waves (Francis and 
Vavrus, 2012). 

Analysis of results from the CMIP3 climate 
model ensemble on temperature-related extreme 
events indicates that, generally, daily minimum 
(Tmin) and maximum (Tmax) temperature changes 
are in line with average temperatures (Tmean). 
However, there are also distinct deviations, 
such as Tmin experiencing the largest change 
(i.e. more warming) in the winter of the Boreal 
climatic zone, meaning that the colder end of 
the distribution warms up more than the warmer 
end. Similarly, Tmax shows the largest change 
during the summer months in the continental and 
Mediterranean climatic zones of Europe (Orlowsky 
and Seneviratne, 2012).

The scatter plots presented in Figure 2 
illustrate changes in temperature and precipitation 
for different seasons (i.e. winter, Dec.-Feb. and 

4	 There is a meridian atmospheric circulation 
dominated by the Hadley circulation of the tropical 
atmosphere with mean upwelling near the equator, 
poleward flow aloft, subsidence in the subtropics 
and equatorward return flow near the surface. This 
circulation transports heat poleward within the tropics 
but becomes much weaker in middle latitudes and 
does little heat transport there (Marshall and Plumb, 
2007).
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figure 2
Changes in winter (December-February) and summer (June-August) temperature and precipitation in  

northern Europe (10W-40E, 48-75N; top panels), southern Europe (10W-40E, 30-48N; middle panels) and  
northern hemisphere land areas (bottom panels) for the period 2030-2049 relative to 1961-1990 from three  
datasets of climate model projections: the “Grand ensemble” probabilistic projection for the A1B scenario 

 (Harris et al., 2010), ENSEMBLES RCMs and their driving GCM simulations (Deque et al., 2011) and  
GCM simulations used by the IPCC from the CMIP3 dataset (Meehl et al., 2007).  

(Reprinted with permission from Taylor & Francis; source: Rötter et al., 2012a)
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summer, Jun.-Aug.). Those for northern and 
southern Europe are based on the ENSEMBLES 
project (Harris et al. 2010)5; those for the northern 
hemisphere are based on individual GCM runs 
from the CMIP3 dataset (Meehl et al., 2007). 

Output from 11 different RCMs has recently 
been presented by Sloth Madsen et al. (2012). 
Although they show similarities in terms of the 
strongest temperature and precipitation changes 
for broad regions in Europe, the specific spatial 
patterns of change can still be quite different in 
certain subregions. This also applies, though to a 
much lesser extent, if the same “parent” GCM has 
been the common source for different RCMs (Sloth 
Madsen et al., 2012).

As presented by Sloth Madsen et al. (2012) 
for the European continent, CC projections for 
the period 2030-2050 vary widely, depending 
on the emissions scenarios and GCMs or RCMs 
considered. The general tendency, however, 
consistent with many studies, is to project that 
conditions will become wetter and warming will 
be stronger in northern Europe than in southern 
Europe or the northern hemisphere. This general 
picture is confirmed by probabilistic projections  
made for the SRES A1B scenario, based on 
ENSEMBLES RCMs, as well as by GCM runs 
based on CMIP3 (Figure 2). Even though thermal 
growing seasons will be extended, projected 
increases in the frequency of heavy rains, heat 
waves and drought (Christensen et al., 2007) 
may lead to higher variability in crop performance 
(Trnka et al., 2011; Trnka et al., 2014).

5	 The ENSEMBLES project is 5-year funded project 
by the European Commission, which aims to provide 
probabilistic estimates of climatic risk through 
grouped (”ensemble”)  integrations of Earth system 
models in which the uncertainties noted here are 
explicitly incorporated.

2.	 Climate change impact 
assessment methodology 
for agriculture 

2.1 	Different approaches to 
assessment

Current projections of CC impacts on crop yields 
and food production are almost entirely based on 
outcomes from process-based crop simulation 
models (Parry et al., 2004; Challinor et al., 2009; 
White et al., 2011; Müller and Robertson, 2014). 
However, for early impact assessments (e.g. 
Goudriaan et al., 1990), agroclimatic indices, such 
as “effective temperature sum” were applied to 
analyse the broad-scale sensitivity of agriculture 
to CC and to determine shifts in agroclimatic 
suitability for given crops under different CC 
scenarios; among other crops, this was shown for 
maize and wheat in Europe (Carter et al., 1991). 
Over time a suite of biophysical impact assessment 
methods and models has been developed for 
analysing CC effects on land suitability and 
productivity of agricultural crops (Nix, 1985; 
Rötter et al., 1995; Harrison and Butterfield, 1996; 
Schlenker and Roberts, 2009; Lobell and Burke, 
2010; Lobell et al., 2011; Trnka et al., 2011, 2014; 
Challinor, 2011; Rötter et al., 2013a).

Here we describe three basic approaches, as 
well as combinations among these, or with other 
techniques and classification schemes:

a. 	 Agroclimatic indices
b. 	 Statistical crop weather models 
c. 	 Crop simulation models

a.	 Application of the agroclimatic index approach, 
in combination with environmental zoning for 
Europe, has been presented by Trnka et al. 
(2011), using 11 indices (selected from a large 
set of potential indices) to characterize climatic 
suitability and risks to the production of major 
crops, and their shifts under different CC 
scenarios. In this analysis, performed for 86 
stations distributed over Europe, Trnka et al. 
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found that, for high-end CC scenarios (higher 
values for radiative forcings), agroclimatic 
conditions deteriorate in many zones, in terms 
of increased drought stress and shortening 
of the active growing season. The projections 
showed a marked need for adaptive measures 
in most zones, particularly for increasing soil 
water availability or drought resistance of 
crops. Rainfed agriculture was found likely to 
be affected by more climate-related risks and 
the number of extremely unfavourable years in 
many climate zones was projected to increase; 
this would result in higher interannual yield 
variability, constituting a considerable challenge 
for adaptation of crops and cropping systems. 
Recent applications of the agroclimatic index 
approach at national level have been reported 
by Hakala et al. (2012), Lalic et al. (2013) 
and Rötter et al. (2013a). The latter authors 
used the approach to identify areas most 
prone to CC risks (i.e. heat and drought), and 
subsequently applied crop simulation modelling 
to evaluate alternative adaptation options 
in these areas. Trnka et al. (2014) recently 
detailed an approach for wheat cultivation 
in Europe under CC, explicitly considering 
multiple climate-related stress occurrences. 

b.	 Crop-climate or crop-weather models based 
on empirical statistical approaches, most 
often on multiple regression analysis, have 
a long tradition (Nix, 1985). With seed yield 
or biomass yield as the dependent variable, 
models often contain a number of independent 
variables that represent temperature or rainfall 
characteristics over a certain time span during 
the crop growth cycle, or a variety of indices 
derived from weather data and interpreted 
in agricultural terms. Statistical crop models 
have been applied to detect the influence of 
climate of the recent past on crop production 
trends (e.g. Lobell et al., 2011) and they are 
increasingly applied to predict crop yield 
responses to CC, although usually restricted 
to time horizons that do not reach too far 
into the future (Schlenker and Roberts, 2009; 

Lobell and Burke, 2010; Lobell and Gourdji, 
2012). An advantage of statistical crop yield 
models is that they take into account the effect 
of all kinds of yield-limiting factors (e.g. heat 
and water stress) and yield-reducing factors 
(such as weeds, pests and diseases, ozone 
levels, etc.). However, a disadvantage is that 
these yield-influencing factors usually cannot 
be separated from each other and are lumped 
together, which makes them less suitable 
for evaluating alternative adaptation options. 
For this reason, they are useful primarily 
for assessing CC impacts under actual 
farmers’ conditions that are characterized by 
suboptimum management. 

c.	 Process-based crop simulation models are 
currently the most widely used tools for 
predicting crop productivity under CC, and 
they are applied from field to global scale 
(Angulo et al., 2013; Nelson et al., 2013; 
Rosenzweig et al., 2013; Müller and Robertson, 
2014). Their advantage over statistical models 
is the ability to explicitly take into account 
interactions of genotype by environment by 
management (GxExM) and to quantify the 
relative effects of individual factors on crop 
development, growth and final yield. A range 
of crop simulation models of various levels of 
complexity exists; however, even the relatively 
simple, most widely used crop simulation 
models (sometimes called summary models) 
suffer from high data demand in terms of 
calibration and validation, which restricts their 
meaningful application to a limited number 
of crops and regions. Lack of data for model 
testing also makes it impossible to make use 
of the results from a large number of output 
variables; often only a few outputs can be 
utilized with confidence.  

Particular capabilities and limitations of crop 
simulation models with respect to assessing 
CC effects on crop yields, including their role in 
integrated assessment methodology, are briefly 
presented here. The major shortcomings of the 
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various approaches of current biophysical impact 
assessment methodology in relation to information 
demands are presented in Section 2.2. 

Process-based crop growth simulation models 
were developed in the 1960s (de Wit, 1965). 
They differ in complexity – i.e. level of detail in 
which biophysical processes (e.g. phenology, 
photosynthesis, respiration, transpiration and soil 
evaporation) are simulated – and in which yield 
constraints are explicitly taken into account – i.e. just 
crop characteristics, temperature and solar radiation 
(as needed for simulations of potential production) 
or including water and nutrient-limited productivities 
as well (van Ittersum and Rabbinge, 1997).

The more complex cropping system models 
are able to integrate processes of carbon and 
nitrogen and detailed water balance components 
(evapotranspiration, soil moisture, deep 
percolation, etc.) from planting to maturity, and 
can provide estimates of final yield and biomass 
production as well as daily values of crop and soil 
components during the crop growth cycle (van 
Ittersum et al., 2003). Only a few models also 
cover dynamics of phosphorus and estimates of 
GHG fluxes. Also quite rare are models that cover 
crop-weed interactions, damage by pests and 
pathogens (Savary et al., 2006).

In fact, there is no fully deterministic crop 
simulation model widely used for practical 
applications such as CC impact assessment at 
field/farm or higher aggregation levels. The less 
detailed the process model and – usually – the 
larger the spatial extent it is targeting, the more 
empirical relationships are incorporated. If a 
complex process like photosynthesis by crop 
canopies is simplified and reduced to such an 
extent that only a few parameters are sufficient in a 
crop model to mimick the influence of temperature 
and irradiation on gross assimilation in a crop 
model, the model itself becomes less generic and 
usually requires local or region-specific data for 
statistically deriving robust values for those key 
(such as radiation use efficiency, RUE); likewise, 
the larger the spatial extent (pixel size) of the basic 
calculation units used in either the crop models 
or climate models, the more certain detailed data 

(be it soil data or climatic variables) need to be 
aggregated or generalized - and the more data 
gaps usually occur that make it then impossible 
to retain detailed process descriptions - but 
rather resort to simplifications that again result 
in replacement of physically based process 
descriptions by statistically derived empirical 
relationships. This rule of thumb is not restricted to 
crop simulation models but also applies to climate 
models (see Rummukainen, 2010; 2014).

For this reason, we find a wide range of crop 
models that are semi-empirical – i.e. they combine 
deterministic elements based on biophysical, 
chemical and ecophysiological principles with a 
number of empirical parameterizations (e.g. setting 
a fixed fraction for run-off instead of simulating its 
underlying processes, such as infiltration, soil water 
flows, etc. in detail). Simplifying and parameterizing 
processes in this way requires crop- or region-
specific calibration and validation.

Given the capabilities and specific limitations 
of each individual biophysical impact assessment 
approach – agroclimatic index, statistical model or 
crop simulation model – it has been suggested that 
a combination of these different approaches would 
be fruitful (Challinor, 2011). However, to date, 
application of such a combination approach is still 
rare (e.g. Rötter et al., 2013a).

In this paper, we briefly characterize current 
biophysical models and assessment tools that 
are part of state-of-the-art integrated CC impact 
assessment methodology for agriculture (e.g. 
Nelson et al., 2014; Figure 3). As mentioned 
previously, despite their limitations, crop simulation 
models are the tools most widely used at present 
as part of integrated CC impact assessments at 
different scales. Figure 3 illustrates the state-of-
the-art methodology applied in a recent global 
study on CC effects on agriculture (Nelson et al., 
2014) by means of a modelling chain comprising 
global-scale climate models, gridded crop models 
and economic models to estimate changes in 
crop yield, cultivation area, food consumption and 
trade. The various implications of using “imperfect 
crop models” in the integrated assessment 
methodology are further discussed in the next 
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figure 3 
State-of-the-art agricultural impact modelling chain, from climate to crop and  

economic effects. Abbreviations: Temp, temperature; Prec, precipitation;  
Cons, consumption. (Reprinted with permission from the National Academy of  

Sciences of the United States of America; source: Nelson et al., 2014) 

section (Section 2.2) as well as in the discussion of 
uncertainties (Section 4).

2.2	 Major shortcomings 

Shortcomings in the current methodology and 
tools for assessing biophysical impacts of CC 
on agriculture and food security have been 
identified and described (e.g. Rötter et al., 2011a; 
2013b; White et al., 2011; Asseng et al., 2013; 
Rosenzweig et al., 2013; Wheeler and von Braun, 
2013). These shortcomings basically originate 
from two facts: i) existing biophysical models 
were not developed for the unprecedented rate 
and magnitude of currently projected CC and 
thus are likely not to represent the expected novel 
interrelations with agro-ecosystem processes; 
and ii) there is increasing demand for specific 
requirements by integrated assessment tools. The 
latter can be illustrated by the challenge in Europe 
to sustainably intensify agricultural production 
under CC (Soussana et al., 2012), as formulated 
by the Modelling European Agriculture with Climate 
Change for Food Security (MACSUR) project. “Key 
questions to be addressed are how to increase 
agricultural production and Europe’s share in global 
food supply security while concurrently reducing 
greenhouse gas (GHG) emissions from agriculture” 
(Rötter et al., 2013b, p.556); in other words, 

“what land and water resources, efficiency gains, 
technologies, investments and institutional settings 
are required” to substantially increase Europe’s 
agricultural production by 2050 without increasing 
GHG emissions.

This implies that present-day Integrated 
Assessment Modelling (IAM) for agriculture under 
CC, whether at farm, regional or supranational 
scale, will demand that many biophysical 
output variables be considered simultaneously. 
To estimate the consequences of CC and 
management practices, apart from crop yields, 
models need to provide data on effects of the 
production process on environmental indicators 
such as nitrogen leaching, GHG emissions and 
water use (e.g. Eckersten et al., 2001; Rötter et al., 
2013b; Müller and Robertson, 2014). Figure 3 
shows only a rough schematic of integrated 
assessment, to which several environmental and 
socio-economic dimensions would need to be 
added.

Furthermore, when considering not only 
food production trends in the long term, but also 
the different dimensions of food security – i.e. 
stability, access and utilization, as well as food 
supply – at different temporal and spatial scales 
(Howden et al., 2007; Wheeler and von Braun, 
2013), additional critical shortcomings of the 
biophysical and integrated impact assessment 
methodology are revealed. These include: 
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a.	 The lack of a comprehensive, well-tested 
methodology for the assessment of multiple 
risks to crop production under CC. Given 
that changes in the means, variability and 
extremes of climate variables can imply 
changes in several of the relevant climate-
induced risks that affect the growing conditions 
and yield formation of various food crops 
simultaneously (see Trnka et al., 2011; 2014), 
it is necessary to account for not only heat and 
drought stress (as considered in some crop 
models) but also shifts in risks imposed by, for 
example, late frost, heavy rains that produce 
water-logging, or unfavourable precipitation, 
leading to yield losses during harvest time 
(Rötter et al., 2013b). In the MACSUR project, 
Trnka et al. (2014) began addressing this issue, 
using agroclimatic indicator approaches in 
combination with new climate projections from 
the CMIP5 ensemble. 

b.	 With very few exceptions, most studies on the 
biophysical impacts of CC on crop production 
are incomplete. Usually, studies either address 
CC impacts on relative yield change for some 
key crops in their current cultivation areas, or 
analyse shifts in biophysical potential and risks 
for cultivation of a predefined set of different 
crops or crop groups, without simultaneously 
using crop models to estimate yields. In the 
ideal case, both types of studies should be 
combined, so that assessment of biophysical 
potential and relative yield changes is further 
linked with economic evaluation of a wide 
range of adaptation measures (not just 
changes in sowing dates, cultivar choice or 
irrigation) (see Rickards and Howden, 2012). 

c.	 The fact that most CC impact assessments 
neglect to capture short-term climate 
variability has a number of implications for their 
usefulness to address and quantify CC impacts 
on the different dimensions of food security, 
whether food supply stability or access (for 
further discussion, see below, and Section 3.5).
Probably the most critical shortcoming is 

emphasizing the influence of emission scenario 
uncertainty, climate model uncertainty or impact 
model uncertainty on the outcome of final impact 
projections while failing to account for the effects 
of short-term variability on food production and 
food security. It is well-established that a reliable 
and affordable supply of food is central to human 
well-being and the stability of societies (von Braun, 
2008). However, CC is likely to reduce regional and 
global food security and the stability of agrifood 
systems because of increased short-term variability 
in supply (Lobell and Gourdji, 2012; Wheeler 
and von Braun, 2013). The situation becomes 
especially critical if food supply shortages occur 
simultaneously in several important agricultural 
regions, as has sometimes been the case in recent 
years – e.g. 2007 and 2010 (Williams, 2012; 
Willenbockel, 2012; Lobell and Gourdij, 2012; 
Iizumi et al., 2013).

However, methodologies for assessing CC 
impacts on global and regional food supply have 
paid surprisingly little attention so far to capturing 
short-term variability occurring simultaneously at 
different locations (Williams, 2012). In addition, 
crop simulation models and other assessment 
tools have not been sufficiently suited to reliably 
capture climate variability and extremes and their 
impact on food production at regional and global 
scales (Wheeler et al., 2000; Rötter et al., 2011a; 
Lobell and Gourdij, 2012; Lobell et al., 2013; 
Wheeler and von Braun, 2013). Such information 
is required to effectively guide formulation of 
trade and climate policies and inform decision-
making on adaptation strategies at different levels 
of organization and different spatial scales (farm 
household, district, country, etc.). This research 
gap will require specific attention in the near future.

Figure 4 illustrates the development of impact 
projection results over time, from 1990s to present, 
using a few examples. The more recent CC impact 
projections for wheat and maize in Europe show 
less spread than earlier projections; this is probably 
largely the result of more consistent methodology, 
including choice of emissions and climate 
scenarios and better standards in impact model 
applications. 
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2.3	 Recent progress

Over the last 20 years, considerable progress 
has been made in using field experiments on 
crop models to test a wider range of crops 
and growing conditions as the foundation for 
CC assessments. This progress is indicated by 
numerous publications on the topic; the intensity 
of publication has increased exponentially during 
the last five to seven years. An important advance 
in CC assessments over the last two decades has 
been the inclusion of elevated atmospheric carbon 
dioxide (CO2) routines in crop models and testing 

these with open-top and free air CO2 enrichment 
(FACE) experimental data. While there is still some 
debate regarding whether the effect of elevated 
CO2 on cereal growth is overestimated, there are 
several studies showing that simulations are in 
line with FACE experiments. Additional advances 
in CC assessments include: modelling of a wider 
range of crops (e.g. grapevines); including nutrients 
other than nitrogen in simulation models (e.g. 
phosphorus uptake and response); considering 
the sensitivity of crop growth and transpiration to 
soil salinity; and simulating ozone effects, water-
logging and heat stress (Asseng et al., 2011, 

figure 4
Development of reported wheat and maize yields over time based on studies  

published in the 1990s (A) (based on four studies)*, 2000s (B) (based on six studies)*  
and 2010s (C) (based on four studies)*, expressed as (a) percentage difference from reference yield levels and  

(b) absolute yields for selected regions. Note that the reported yields for central Europe (Austria, Czech Republic, 
Hungary) are related to impacts of changed climatic variables only, whereas for northwest Europe  

(United Kingdom, northwest France, BeNeLux) and southern Europe (Spain, Italy, Greece) both climate change  
and CO2 effects were considered. Box boundaries indicate the 25th and 75th percentiles; the line within  
the box marks the median; whiskers below and above the box extend to 1.5 times the height of the box.  

Points are outliers that do not fall within the whiskers and asterisks are extreme outliers having values more than  
three times the height of the boxes 

*  References to these studies are given as Figure Legends i-iii. 

i)	 Basci et al. (1991), Alexandrov et al. (2002), Eltzinger et al. (2003), Hermans et al. (2010)
ii)	 Favis-Mortlock et al. (1991), Ghaffari et al. (2002), Gibbons & Ramsden (2008), Semenov (2009), Hermans et al. 

(2010), Wu et al. (2011), Supit et al. (2012).
iii)	 Iglesias & Minguez (1997), Kapetanaki & Rosenzweig (1997), Gianna-kopoulos et al. (2009), Supit et al. (2012), 
	 Bocchiola et al. (2013). 
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Lobell et al., 2013, Teixeira et al., 2013). Another 
major development has been more work on crop 
modelling for large areas, in particular making fairly 
detailed crop models operational for use at regional 
(Tao et al., 2009) and global scales (e.g. Bondeau, 
2007).

However, substantial progress will still be 
needed in data gathering, improvement of 
crop models and other impact assessment 
techniques in order to meet the demands for 
integrated assessments at different scales. In 
both the Agricultural Model Intercomparison and 
Improvement Project (AgMIP) and MACSUR 
projects, efforts are underway in this direction. 

2.4	 Current use of crop simulation for 
assessing effects of climate and 
adaptation

Many factors will shape future crop productivity, 
including changes in climate and atmospheric 
concentration of CO2 and other gases such as 
ozone, as well as improvements in agronomic 
management and technology (adaptation). 

However, in most biophysical impact 
assessment studies of CC on crop production, only 
a few factors influencing crop yields are addressed. 
These are: changes in climatic variables (most 
notably temperature and precipitation); CO2 
concentration; and, to a lesser extent, technical 
development or adaptation options (White et al., 
2011).

Before discussing the ways these factors 
are usually treated in simulation model-based 
impact assessment studies, we offer here a 
brief account of how knowledge of modelled 
processes regarding some critical factors and their 
interactions has developed. 

Experimental progress has enabled researchers 
to incorporate and evaluate atmospheric CO2 
concentration impact functions within crop 
models. Combined with temperature and water 
balance routines, this has enabled crop simulation 
techniques to be used for CC impact assessments 
(Asseng et al., 2011; Lobell et al., 2013; Teixeira 

et al., 2013). Three different approaches have been 
used to simulate the photosynthesis response to 
increasing CO2 concentrations (see Kersebaum 
and Nendel, 2014). Effects on transpiration are 
seen as an empirical reduction in transpiration 
with enhanced CO2, or by a reduction in stomatal 
conductance (Tubiello and Ewert, 2002). Crop 
models have been widely tested using FACE 
experiments and with elevated CO2 in open-top 
chambers (Ewert et al. 1999; Nendel et al., 2009).

All crop models consider temperature effects 
on various ecophysiological processes, including 
phenology, light utilization, photosynthesis and 
respiration, dry matter allocation to different plant 
organs and evapotranspiration. However, as of yet, 
very few models consider heat stress effects with 
maximum temperatures above certain thresholds – 
e.g. accelerated leaf senescence or effects on 
floret mortality /spikelet fertility of various cereals 
(see discussion below).

All widely applied crop models include 
consideration of water balance and the impact 
of crop water shortage. However, there are 
distinct differences in how various models 
treat the simulation of soil water dynamics (van 
Ittersum et al., 2003). Only a few models consider 
excess water and oxygen stress impacts on crop 
growth (e.g. Supit et al., 1994). An increasing 
number of models include the impact of crop 
nitrogen stress on crop growth and nitrogen use 
efficiency (e.g. Kersebaum, 2007).

Most crop model-based CC impact studies 
deal with several of the factors below, but for a 
fairly limited number of crops and regions (White 
et al., 2011).

Temperature
Temperature increases have multiple effects on 
crop growth and yield formation depending on 
the crop growth stage in which they occur. Higher 
temperatures usually accelerate rates of crop 
development, resulting in a shortened growing 
period, and typically – but not always – in lower 
crop yields (e.g. Nonhebel, 1996; Batts et al., 
1997; Hatfield, 2011). Increased temperatures can 
prolong the vegetation period and reduce frost 
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risk, particularly in regions where crop cultivation is 
currently limited by low temperatures (Trnka et al., 
2011, 2014; Rötter et al., 2013a). On the other 
hand, higher temperatures during sensitive crop 
growth stages can cause heat stress, which can 
have various effects (and, as mentioned above, 
is still only incorporated in a few crop simulation 
models). For example, temperature thresholds 
of 32-36 °C for a few hours around flowering 
(threshold depending on crop/crop cultivar) may 
strongly affect floret mortality/spikelet fertility, 
resulting in yield damages and losses, dependent 
on the frequency and intensity of the stress – as 
has been reported for wheat, groundnut, sunflower, 
maize and rice (Porter and Gawith, 1999; 
Challinor et al., 2005, Moriondo et al., 2011b; 
Teixeira et al., 2012; Sanchez et al., 2014; Matsui, 
1997; Wheeler et al., 2000). In the case of cereals 
like wheat it has been found that heat stress with 
maximum temperatures above certain thresholds 
– e.g. above 34 °C – accelerates leaf senescence 
and hence hastens maturity even more than the 
mean temperature effect on phenology alone 
(Asseng et al., 2011). Elevated temperatures also 
increase the vapour pressure deficit between air 
and leaf, which leads to increased transpiration 
rates and causes a decline in water-use efficiency 
(Ray et al., 2002). Furthermore, crops respond to 
very high vapour pressure deficit by closing their 
stomates, with the effect that net photosynthesis 
is reduced. Finally, warmer temperatures can 
stimulate or negatively affect photosynthesis, 
depending on the crop-specific temperature 
optimum and current temperature regime (Porter 
and Semenov, 2005; Sanchez et al., 2014). 

Precipitation
Changes in precipitation can be either positive 
or negative, depending on the current weather 
regime and the extent and direction of the change. 
Increased precipitation can reduce drought-related 
production risks in areas that suffer from water 
stress under current conditions. On the other hand, 
too much rainfall can degrade soil conditions by 
reducing the soil oxygen content. Moreover, the 
projected increase of precipitation, such as during 

winter and spring in northern latitudes, is expected 
to substantially increase nitrogen leaching, surface 
runoff and soil erosion from agricultural fields; this 
has been shown, for example, in the simulations of 
Eckersten et al. (2001).

CO
2 concentration

Increased atmospheric CO2 concentration affects 
crop growth and biomass accumulation in two 
ways. First, it enhances the CO2 fixation rate of 
C3 crops, with the effect that photosynthesis and 
therefore biomass accumulation are stimulated. 
Second, elevated ambient CO2 reduces stomatal 
conductance in both C3 and C4 crops (see 
chapter 2 section 2.a for a definition of C3/C4 
crop types), which leads to a lower transpiration 
rate and therefore increased water-use efficiency 
(Ainsworth and Long, 2005). Due to the CO2 
fertilization effect, yields of C3 and C4 crops 
are expected to increase by 10-20 percent and 
0-10 percent, respectively (Ainsworth et al., 
2004; Gifford, 2004; Long et al., 2004) and at 
about 550 ppm CO2 concentration, production of 
aboveground biomass in pastures is expected to 
increase by 10 percent (Nowak et al., 2004).

Agrotechnology
Improvements in management and technology 
have increased crop productivity markedly over 
the last half of the twentieth century (see also 
Section 3.1). Lobell and Gourdij (2012) showed 
that yields of major crops have risen fairly linearly 
at the global scale, mainly as a result of optimizing 
nitrogen fertilizer input, more effective weed and 
disease control, extended irrigation and crop 
cultivar improvements through breeding. The 
remaining question is whether this trend will 
continue. 

With a few exceptions (e.g. Sacks and 
Kucharik, 2011; Palosuo et al., 2013; Tao and 
Zhang, 2013b), crop simulation modelling has 
not yet been applied to systematically analyse 
the effect of technology change on historical yield 
trends or to project future yields. According to 
Matthews et al. (2013), crop modelling could make 
a substantial contribution in numerous areas. For 
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example, it could be used to evaluate adaptation 
options for crops under CC – e.g. quantifying how 
current crops/cultivars will perform in the future, 
suggesting how breeding efforts should be targeted 
to better match crop cultivars to future climates, 
or recommending how management practices for 
crops and cropping systems should be changed to 
improve crop performance under CC.

The potential of crop modelling for supporting 
breeding efforts or to evaluate various adaptation 
options has not been at all exploited to date – nor 
have meaningful combinations of crop simulation 
modelling with statistical modelling or other 
techniques (Rötter et al., 2013b).

3.	 Selected impacts for key 
crops and regions 

In this section, we provide an overview of 
production trends of the recent past and then 
move on to describe key impacts of CC on crop 
production potentials and yields – considering 
the main factors influencing land suitability and 
crop yields. Our focus is on effects of changes in 
temperature, precipitation and CO2 concentration, 
and on discrepancies in the impact projections, 
mainly due to climate model and emission scenario 
uncertainty. We also examine the influence of 
technology development, and summarize the 
shares of the various factors in affecting future 
crop productivity. Although the primary focus is 
on biophysical impacts of CC, we also discuss 
the possible implications of the overall results for 
Europe on global food trade and food security. 

3.1 	Production trends – past and near 
future projections 

The most widely grown cereals in the European 
Union (EU-27) are wheat and barley, which in 
2011 occupied areas of approximately 26 million 
hectares and 12 million hectares, respectively 
(Figure 5a). While the production area for wheat 
has increased continuously since the 1980s, 

cultivation of barley has shown a continuous 
decrease since the 1980s. The area cultivated with 
maize has remained more or less stable over the 
last five decades, fluctuating between 8 and 10 
million hectares. A remarkable reduction has been 
observed in the cultivation area for potatoes, with 
a decrease from 8 million hectares cultivated in 
1961 to 2 million hectares in 2011. A similar trend, 
though less strong, can also be seen for sugar 
beet (Figure 5b).

In general, average crop yields in Europe have 
increased continuously over the last half of the 
twentieth century. For the last decade or more, 
however, there have been clear signs with respect 
to many crops and regions that this trend is not 
likely to continue and that the linear yield growth 
rate is slowing down. Figure 5 (c and d) shows 
that the increase in barley and wheat yields has 
weakened since the beginning of the 2000s, while 
oat yields reached their maximum in the middle of 
the 1980s and have stagnated or even decreased 
since then. Yields for maize and sugar beet, 
however, have continued to grow nearly linearly. In 
the case of maize, this could partly be explained by 
its higher temperature optimum for photosynthesis 
rate (~23 °C) (Bird et al., 1976). Furthermore, the 
cultivation area of irrigated maize has increased 
steadily in the main production regions in France, 
Italy Spain and Greece (Eurostat, 2010), with the 
effect that the risk of soil-water deficits caused by 
dry spells has been lowered. The increase in sugar 
beet yields has been induced primarily by structural 
changes in the production sector. The Common 
Market Organization reform of 2006 has led to a 
further geographical concentration of sugar beet 
production, with a shift to regions where the soil 
and climatic conditions are most favourable for 
growing beets. In fact, more than 85 percent of the 
total sugar beet production of the EU-27 in 2010 
originated in the so-called “beet belt,” including 
areas in Austria, Belgium, Czech Republic, France, 
Germany, the Netherlands,  Poland and the United 
Kingdom (Agrosynergie, 2011).

There are also considerable differences in 
yield levels between European countries, as 
shown for wheat in Figure 5e. The highest wheat 
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figure 5
Production area (a, b) and yields (c, d) for key crops in the European Union (EU-27),  

and wheat yields (e) and wheat production area (f) for some of the major  
wheat-producing countries in the European Union (FAOSTAT, 2014)
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productivity is achieved in the western parts of 
Europe, including France, the United Kingdom, 
Ireland, Germany, Denmark and the BE-NE-LUX 
countries (i.e. Belgium, Netherlands, Luxembourg), 
with average yields ranging from 7 to 9 tonnes 
per hectare over the last decade. On the other 
hand, average wheat yields remain under 4 tonnes 
per hectare in southern Europe (e.g. Spain) and 
eastern Europe (e.g. Poland).

3.2	 Future shifts in production 
possibilities (suitability) 

The distribution of agricultural cropping areas is 
characterized by a high spatiotemporal variability. 
For example, in the short term, cultivation of a 
given crop will increase if the cost-price ratio 
has been favourable in the previous year. In 
addition, there are long-term trends, such as 
increase in the cultivation area of biofuel crops 
(e.g. maize, rapeseed) in response to increased 
and continued subsidies (see also Section 3.1). 
Shifts in the distribution of cropping areas are 
usually determined by the interaction of biophysical 
factors – including climate, soils and topography – 
and socio-economic factors (Britz et al., 2011). 
Among these factors, CC is expected to have a 
considerable impact on European agriculture and 
land use (Olesen and Bindi, 2002; Hermans et al., 
2010). Elsgaard et al. (2012) analysed the impact 
of changes in temperature and precipitation on 
land suitability for crop cultivation and provided 
model-based estimates of the distribution of 
selected cereals, including maize, wheat and 
oat, for an area reaching from southern France 
to central Finland (45-65º N). According to this 
study, the cultivation area of maize is expected 
to increase in all parts of this area, expanding 
particularly towards northern Europe, including 
Denmark, Sweden and Finland. In these Nordic 
countries, growing conditions for agricultural crops 
are expected to improve, because of climate 
warming leading to a longer growing season (see 
also Trnka et al., 2011; Odgaard et al., 2011; 
Rötter et al., 2012a; Rötter et al., 2013a). The 

same extension towards northern latitudes is also 
anticipated for wheat, with higher cropping shares 
in the Nordic and Baltic countries. However, the 
wheat cultivation area is expected to decline in 
southern and eastern parts of Europe, including 
France, Hungary and Romania, because drier 
and hotter summers in these countries in the 
future will limit crop growth there (Trnka et al., 
2011). Further south, the Mediterranean areas 
are at particular risk of drought during spring and 
summer (see Figure 2), reducing the potential for 
rainfed production. The area cultivated with oats 
is expected to decrease in the current production 
centres in southern Finland and mid-Sweden, 
although for areas in the Nordic countries with 
no oat cultivation currently, the cropping share is 
projected to increase (Elsgaard et al., 2012). 

To our knowledge, a comprehensive study 
on shifts in production potentials that considers 
expected future trends of the various influential 
biophysical and socio-economic factors, their 
interaction at multiple scales (farm, regional, 
global) and also the resultant impact on shifts in 
distribution of cropping areas, has not yet been 
attempted (Wheeler and von Braun, 2013).

3.3 	Projections of relative crop yield 
change under future climate 
scenarios 

Global and European perspectives
A wide range of local and global impact studies 
have quantified the effects of changes in climate 
and CO2 on future crop productivity (e.g. 
Rosenzweig and Parry, 1994; Wolf and van 
Oijen, 2003; Parry et al., 2004; Nelson et al., 
2009, 2010). At a global scale, crop productivity 
is expected to decrease in many regions of the 
world if the CO2 fertilization effect is not taken into 
account. According to a recent study conducted 
by Müller and Robertson (2014), which did not take 
the CO2 effect into account, average global wheat 
yields could be reduced by up to 20 percent, 
assuming a high-end RCP (RCP8.5; see Figure 6). 
Estimated yield losses for maize are even higher, 
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figure 6  
Relative changes in rainfed wheat productivity as projected by DSSAT (top) and  
LPJmL (bottom) for the HadGEM2-ES (left) and IPSL-CM5A-LR (right) climate  

scenarios for the RCP8.5 emission scenario. Dark gray areas are currently not used  
for cultivation of rainfed wheat (Portmann et al., 2010).  

(Reprinted with permission from John Wiley & Sons; source: Müller and Robertson, 2014)

figure 7 
Impacts of climate change (CC) on European wheat yields at mid-century (2050s)  
with/without taking CO2 effects (CO2) and progress in technology (technical progr.)  

into account. (Compiled from results of the following studies: Angulo et al., 2013; Hermans et al., 2010;  
Ewert et al., 2005; Harrison and Butterfield, 1996
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ranging from 30 to 34 percent. Even if farmers 
can adapt to CC by adjusting their management 
practices, such as planting decisions and choices 
among available cultivars, Deryng et al. (2011) 
found that, at the global scale, yield projections for 
spring wheat (-4 to -12%) and maize (-6 to -18%) 
would remain negative. Negative impacts of CC 
could be mitigated by the benefits of elevated CO2 
concentration, specifically in the mid- and high-
latitude areas, and in East and Southeast Asia. 
However, even in this case, average global crop 
yields were expected to decrease slightly, by 0 
to 5 percent (Parry et al., 2004). As mentioned in 
Section 1.2, although SRES emission scenarios 
are not directly comparable to the new RCPs, 
they both span a similar range of alternative 
future emission scenarios (except for the low-
end emissions pathway, RCP2.6). According to 
Knutti and Sedlacek (2013), climate sensitivity 
of high-end RCP8.5 (as applied in Müller and 
Robertson, 2014; see Figure 6), is fairly similar 
to that of SRES A2. From a global perspective, 
Europe as a whole will be relatively little affected 
by CC. Most studies for 2050 indicate that, 
overall, the effects of changes in climate and CO2 
concentration will lead to positive impacts on 
crop production. This general picture is supported 
by the various global projections presented by 
Müller and Robertson (2014; Figure 6) as well as 
by various previous studies (e.g. Rosenzweig and 
Parry, 1994; Fischer et al., 2005; Nelson et al., 
2010). Increases in crop yield and production are 
expected to be slightly to moderately positive in 
northern and western Europe, neutral to slightly 
positive in the central and eastern parts, and 
slightly negative to neutral for southern Europe 
(Olesen and Bindi, 2002; Easterling et al., 2007; 
Bindi and Olesen, 2011). However, for a given 
time horizon (e.g. 2050), the various studies show 
considerable differences in the spatial patterns 
of projected crop yield gains or losses, as well 
as in the rates of change, dependent on the 
choice of climate model, emission scenario (or 
concentration pathway) and impact model (see 
Section 3.3). According to Rummukainen (2014) 
and Hawkins and Sutton (2009), climate projection 

uncertainty is particularly high for the near term 
(up to 20 years), especially for regional projections, 
because of the enormous amount of uncertainty 
resulting from internal variability of the climate 
system. Overall climate projection uncertainty 
drops for lead times of 20-50 years, as climate 
model uncertainty decreases faster than emissions 
scenario uncertainty increases. Ultimately, total 
climate projection uncertainty rises again, due 
to rapidly increasing scenario uncertainty (about 
GHG emissions, land-use change, socio-economic 
development). This should be kept in mind 
when interpreting the various impact projections 
presented in Sections 3.2-3.4. The robustness 
and level of certainty of impact models also varies, 
and decreases with increasing distance from the 
present situation – i.e. with more deviation from 
conditions for which they were initially built and 
evaluated. This is self-evident for the empirical-
statistical crop-weather models (Lobell and Burke, 
2010), but has been found for process-based 
crop simulation models as well – e.g. in a model 
intercomparison with the largest ensemble of 
wheat models to date (Asseng et al., 2013). 

In order to provide an indication of the 
effects and relative importance of CC, CO

2, and 
technological progress on crop production in 
Europe, we synthesized the results from various 
European-wide studies for wheat yields by mid-
century (Figure 7). Considering CC only, impacts 
are slightly negative to neutral; including CO2 

effects turns the picture slightly positive (around 
+10% for most studies). Considering technological 
progress/adaptation makes the biggest difference, 
resulting in high yield gains, although with a huge 
range of uncertainty. In the following section we 
illustrate the influence of different change variables, 
as well as that of using different climate models on 
the projected impacts. 

Europe and its subregions 

Effects of climate variables only
For Europe, yield projections are slightly negative 
if only CC impacts are considered (see Figures 
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7 and 8) but, as shown for wheat in Figure 7, 
the magnitude of yield losses, ranging from 
0 to 10 percent, is not as severe as for other 
world regions. Nevertheless, there are areas 
in Europe where the impacts of CC can have 
significant negative yield effects, as can partly be 
seen in southern Europe (Figure 8a). Increased 
temperatures and drier conditions can reduce 
rainfed wheat yields in those areas by up to 
30 percent, as reported for southern Spain and the 
central regions of France. Projections for regions 
in Italy and Greece are also negative and yields 
are expected to decrease by 10 to 20 percent. 
On the other hand, beneficial effects of CC are 
expected in central, eastern and northern Europe, 
where wheat yields in most areas are likely to 
increase by 10 to 30 percent. Similar geographical 
patterns of projected yield reductions and gains 
can be observed for potato (Figure 8d) and grass 
(Figure 8g), with expected increases in northern 
Europe (just for potatoes), central and eastern 
Europe (for potatoes and grass) and reductions in 
western and southern Europe. 

Effects of climate variables and CO
2. 

When the fertilization effect of CO2 is added to 
the projections, net impacts become positive at 
European scale, as shown for wheat in Figure 7. 
Ewert et al. (2005), for example, projected 
increases in wheat yields of 9 to 14 percent 
(EU15+2) by 2050, assuming a relative yield 
increase of 0.08 percent per unit ppm increase 
in CO2 concentration. Simulations at country 
scale (Supit et al., 2012) support those findings 
(Figure 9a-c). However, there are areas in 
southern Spain (Iglesias and Minguez, 1997; 
Iglesias et al., 2011), France (Hermans et al., 
2010) and Italy (Tubiello et al., 2000; Farina et al., 
2010; Ferrise et al., 2011) where elevated CO2 
concentration cannot compensate for the yield 
reductions caused by CC (see Figure 8b, e, h). 
Projections for rainfed maize show higher variability 
and are more dependent on the CC scenario under 
consideration. Degree and spatial patterns of yield 
changes (Figure 9d-f) differ strongly according to 
choice of climate model and the resultant climate 

projection. While the average yield projections 
for rainfed maize, based on the output from 
three different climate models, indicate either no 
significant change or yield reduction in most parts 
of western, central and eastern Europe, they 
show increases in southern Europe (Figure 9d). 
Yield projections based on GCM mpi_echam5 are 
positive for southern and western Europe and for 
Poland (Figure 9e). On the other hand, projections 
based on GCM ipsl_cm4 (Figure 9h) turn sharply 
negative for nearly all of Europe, showing yield 
declines of more than 30 percent for Spain, France 
and southeastern Europe. Exceptions are Italy 
and the United Kingdom, where yields are likely 
to increase by 10 to 20 percent. It is important to 
keep in mind that for mid-century projections, as 
presented in Figures 8 and 9, the effect of climate 
model uncertainty exceeds the uncertainty of 
emissions scenarios (SRES A1 and B1).

Effects of climate variables, CO
2 and 

technology
A sharp increase in crop yields can be observed 
when also taking the effects of technical 
improvements into consideration (see Figure 7 and 
Figure 8c, f, i). According to a study on European 
wheat yields conducted by Ewert et al. (2005), 
which incorporates the effects of technology 
development, wheat yields (in EU15+2) are likely 
to increase between 37 and 100 percent around 
2050, depending on the scenario-specific pace of 
progress in agrotechnology development (Figure 7). 
Ewert et al. (2005) define the latter as comprising 
improvements in crop management (e.g. improved 
machinery, pesticides, knowledge of farmers) 
and plant breeding. The results of Hermans et al. 
(2010) indicate that incorporation of technological 
progress clearly overrules the influence of all other 
factors (Figure 8c, f, i).

Finally, we present results from regional impact 
studies, to illustrate similarities and discrepancies 
in impact projections for some main commodities 
(Table 1).

The regional CC impact projections for 
wheat underline the general picture drawn for 
Europe: Higher yields are reported for regions in 
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figure 8  
Impact of climate change on European wheat (a-c), potato (d-f) and grass (g-i)  

yields, expressed as percentage difference relative to current yields (2005) for the  
year 2050 with climate change projected by the ukmo_hadcm3 climate model under 

the A1 scenario taking into consideration climate change (a,d,g), climate change and elevated CO2 
concentration (b,e,h) and climate change, elevated CO2 concentration  

and technical progress (c,f,i). (Illustration based on data from Hermans et al., 2010;  
source: Supplementary data, Appendix C)
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figure 9
Changes in wheat (a-c) and rainfed maize (d-f) dry matter yields relative to the  
baseline period (1990-2008) for three climate change projections under the  

B1 emission scenario in EU-27: Multi-model mean (MMM) of climate models ipsl_cm4,  
miroc3.2 (medium resolution), mpi_echam5 (a,d,g), mpi_echam5 (b,e,h) and ipsl_cm4 (c,f,i).  

Future yields are centred around 2050 (2040-2060) and CO2 effects are taken into account as described in Supit et al. 
(2012). (Illustration based on data from Supit et al., 2012; Source: Supplementary data, Tables S1-S12)
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northern Europe (Denmark) and western Europe 
(United Kingdom), with increases of between 9 
to 19 percent and 17 to 29 percent, respectively. 
In addition, the remarkable increase in projected 
yields for locations in Bulgaria (up to 45%) 
corresponds with the results of studies conducted 
at coarser scale (see Figure 8b, 9a-c); so does the 
decrease reported for an area in northern Italy. 

Regional projections for barley and maize are 
predominantly negative across Europe. Barley 
yields are likely to decrease in Austria, Denmark 
and Italy, although the upper (positive) end of the 
yield range in Italy was simulated for late-maturing 
cultivars. Such cultivars can counterbalance 
the risk of potential crop yield reduction caused 
by accelerated phenological development in 
a warmer climate (Tubiello et al., 2000) if they 
are not exposed to increased drought risk. 
The projected decreases in maize yields were 
primarily caused by a shorter growing period, 
due to accelerated phenological development 
under increased air temperatures (Alexandrov 
and Hoogenbaum, 2000; Tubiello et al., 2000). It 
should be borne in mind that the projected yields 
for Italy and Bulgaria correspond to irrigated 

maize and thus are not directly comparable 
with the rainfed maize projections presented in 
Figure 9d-f.

3.4 	Projections of future crop 
production potential (yields and 
suitability)

Based on the results from assessing shifts in 
biophysical land suitability for the cultivation of 
arable crops and grassland, in combination with 
crop yield simulations and other crop yield models, 
we can conclude that, for Europe as a whole, 
future crop production potential would increase 
under CC. Positive changes prevail for northern 
and central Europe, but there are some risks for 
reduced production potential in the Mediterranean. 
There is considerable agreement that climatic 
suitability will improve for crop cultivation under 
CC in many parts of Europe, regardless of the 
assessment method. Overall, improved cultivation 
conditions are projected based on simple 
agroclimatic indices and phenology models, or 
by using more complex biophysical classification 

table 1
Relative yield changes derived from regional impact studies for selected crops and countries representing  

northern (Denmark), western (United Kingdom), central (Austria), eastern (Bulgaria) and southern (Italy) Europe,  
taking the effects of climate change and elevated CO2 concentration into consideration

Country Projected 
time 

horizon

Wheat Barley Maize Source

Reference 
yield 
(t/ha)

yield 
change 

(%)

Reference 
yield 
(t/ha)

yield 
change 

(%)

Reference 
yield  
(t/ha)

yield 
change 

(%)

Denmark 2051 - 2070 5.8  9 - 19 4.1 1 -35 - 24 n.a. n.a. (a)

UK 2041 - 2070 9.7 17 - 29 5.9 1 -3 - 10 n.a. n.a. (b)

Austria 2007 - 2038 6.3 -5 4.9 1 -10 10.9 -4 (c)

Bulgaria 2040 - 2069 6 14 - 45 n.a. n.a. 7 3 -21 - 6 (d)

Italy End of the 
century

5.2 -15 - 0 4.6 2 -33 - 11 9.2 3 -24 - -9 (e)

1) spring barley, 2) winter barley, 3) irrigated, n.a. not available
(a) Doltra et al. (2012), (b) Gibbons & Ramsden (2008), (c) Strauss et al. (2012), (d) Alexandrov & Hoogenbaum (2000),  
(e) Tubiello et al. (2000)
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systems, (Section 3.2; Carter et al., 1991; 
Metzger et al., 2008; Elsgaard et al., 2012). The 
same projections apply for combined approaches 
with crop simulation or other crop yield estimation 
models (e.g. Rötter et al., 1995; Ewert et al., 2005; 
Hermans et al., 2010). Recently, however, this 
generally positive picture has been questioned 
by some studies that explicitly consider climate 
scenarios which include anticipated changes 
in variability and more frequent (and at times 
more severe) extreme events (e.g. Gibbons 
and Ramsden, 2008; Trnka et al., 2011, 2014; 
Semenov and Shewry, 2011; Rötter et al., 2011b, 
2013a). Results from such studies suggest 
considerable challenges for adapting agricultural 
systems to CC in many parts of Europe. 

Working Group II of IPCC concluded in AR4 
that agricultural production will be reduced in 
developing countries primarily if global warming 
remains below 3o C (Easterling et al., 2007). 
However, later studies have suggested higher 
risks. For instance, it has been suggested that 
the trends already observed, of increased climatic 
variability along with more frequent and severe 
extreme weather events (Field et al., 2012), 
will continue or even become stronger under 
progressive CC. This would lead to faster and 
more severe yield reductions across the world 
than previously anticipated (Lobell et al., 2011). 
Some of these yield reductions are related to the 
sensitivity of crops when certain upper temperature 
thresholds are exceeded (see Section 2.4). In 
reality, often both severe heat and drought (e.g. 
during certain times of the day) are responsible for 
non-linear, negative impacts on yield. Apart from 
heat and drought, effects of intensive precipitation 
and flooding on plant physiological processes (e.g. 
oxygen stress) and soil processes (e.g. nitrate 
leaching, soil erosion) may significantly reduce 
crop yields. All these effects, which are induced 
by increased climatic variability, are not adequately 
captured by most current crop simulation models, 
although they are usually taken into account by 
statistical crop yield models. A higher proportion 
of statistical modelling in CC impact assessments 
may be one reason for more pessimistic 

projections in recent years; other reasons include 
gradual improvement of crop simulation models 
towards more sensitivity with regard to extremes.

3.5 	Potential implications for trade 
and food security

Food price crises in the last years have made it 
clear that food security cannot be solved solely by 
more equitable food distribution; accelerating the 
rate of gains in crop yields and food production 
capacity is needed simultaneously (Soussana et al., 
2012). Currently, at global scale, primary food 
produced is sufficient and a high percentage of 
food is wasted, but expected dietary changes and 
population growth call for substantial increases in 
food production. Of course, one major cause of 
hunger and insufficient access to food is poverty, 
which means that people in low-income countries 
are particularly vulnerable to CC risks. Generally, 
questions regarding the impacts of global CC 
on agricultural production and the capacity of 
agriculture to adapt (Howden et al., 2007) and to 
effectively contribute to mitigation through “climate-
smart agriculture” (Smith and Olesen, 2010) have 
become increasingly important as the window 
of opportunity for an effective response to CC is 
closing.

When comparing CC impacts on crop 
production from a global perspective to a 
European perspective, it is clear that Europe will 
remain relatively well-off under CC in terms of 
production and yield potential for most food crops. 
Given the favourable current cultivation conditions 
in many of the temperate climatic zones of Europe, 
in conjunction with the high adaptive capacity of 
European farmers – as compared with the risky 
production environments of many agricultural 
regions of the tropics and subtropics (Hillel and 
Rosenzweig, 2013) – it is expected that the 
projected future production potential (especially in 
northwestern Europe) is likely to increase.

Furthermore, given projections regarding 
Europe’s demographic development and availability 
of agricultural land reserves (admittedly unequally 
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distributed within Europe), compared with many 
other parts of the world, it would be relatively easy 
to take additional land into cultivation (at lower 
environmental cost than anywhere else) if the need 
should arise (see Rötter et al., 1995; Rabbinge 
and van Diepen, 2000; Eijckhout et al., 2007). The 
question remains whether the good indications 
for future agricultural production potential could 
serve as “buffer capacity,” enabling Europe to 
substantially increase its contribution to global 
food security under CC. Good and up-to-date 
information on this issue is scarce, and a thorough 
investigation and sound discussion of this question 
is urgently needed. However, this goes far beyond 
the scope of the current review.

It is expected that the total domestic demand 
for cereals is likely to grow in the European Union 
(Msangi and Rosegrant, 2011; Bruinsma, 2012) 
mainly as the result of increased demand for 
cereals as feedstock for bioenergy production and 
animal use. At the same time, various projections 
also indicate that the increased production 
potential, if fully utilized, could overcompensate the 
growth in domestic demand. As a rough guide, 
the bottom line in these future scenarios for 2050 
is that Europe could have a higher share in global 
cereal trade. Figure 10 schematically illustrates 
the actual European cereal net trade and one 
rough projection of the future potential (2050), 
by comparing the total domestic production and 
demand for cereals. 

One important issue relevant for future food 
security is the likely increasing instability of agrifood 
systems and the short-term variability of the food 
supply (Lobell and Gourdji, 2012; Wheeler and 
von Braun, 2013). To a large extent, this can 
be attributed to a gradual increase in climate-
induced adverse events and risks for agriculture 
(Rötter et al., 2012a). This issue has not yet been 
properly addressed in any biophysical or bio-
economic CC impact assessments, not even in 
the most recent global studies (e.g. Nelson et al., 
2014; and various chapters in this volume). As 
shown by observed weather data, global warming 
is already causing changes in rainfall patterns and 
increasing the frequency and severity of extreme 

events (Trenberth, 2011; Coumou and Rahmstorf, 
2012; Field et al., 2012; WMO, 2013), and climate 
model projections suggest that such changes 
will continue in the future (Meehl et al., 2007; 
Rummukainen 2012, 2014). 

Most critical in terms of enhanced short-
term climatic variability for agriculture and global 
food security are those periods in which food 
supply shortages occur simultaneously in several 
important agricultural regions, as has been the 
case in recent years – such as 2007 and 2010 
(Williams, 2012; Willenbockel et al., 2012; Lobell 
and Gourdij, 2012; Iizumi et al., 2013). 

The ways in which conditions of food supply 
and demand and commodity prices change at the 
global level is essential information for all farmers; 
the crucial level for CC adaptation and mitigation is 
the farm, where the final decisions on agricultural 
production and resource management are taken 
(Lehtonen et al., 2010; Mandryk et al., 2012; 
Rötter et al., 2013b). 

Realizing sustainable agriculture at both 
farm and regional levels requires new integrative 
assessment approaches and tools that link 
analyses between global and local scales 
(Figure 11). According to a recent review of 
research gaps in CC risk and agricultural impact 
assessment in Europe (FACCE-MACSUR6), missing 
elements are robust agro-ecosystem models 
(AEMs) and farming system models (FSMs) that 
can be combined with sound socio-economic data 
and meaningful future scenarios to model farmers’ 
decisions on adaptation and mitigation strategies 
(Bezlepkina et al., 2011; Rivington et al., 2007).

In addition to improving methodologies and 
tools for informing adaptation, it is important 
that analyses of possible effects of the most 
promising adaptation strategies and supportive 
policy responses for global trade and food security 
also take into account the various uncertainties 
that cannot be attributed to biophysical and bio-
economic modelling of CC impacts, but are related 
to the various assumptions underlying scenarios of 
socio-economic development.

6	  http://www.macsur.eu/

http://www.macsur.eu
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figure 10  
Current European (EU-27) total demand and production of cereals (FAOSTAT, 2014)  

and projected potential future cereal demand and production (by 2050) illustrating production surpluses and export 
potential. Future demand is projected to increase by 35% relative to the year 2000 (see von Braun, 2008;  

Msangi and Rosegrant, 2011) and future production is projected to increase by 50% until 2050

4. 	Discussion of uncertainties 

In this section we first provide an overview of 
the various uncertainties involved in CC impact 
projections. This is followed by a discussion of their 
relative importance, and examination of uncertainty 
that is numerical and can be quantified, with a 
couple of known “unknowns”.

Figure 1b attempts to illustrate schematically 
the propagation of uncertainties and errors in CC 
impacts along the impact modelling chain. Figure 1 
does not explicitly include “socio-economic 
scenario uncertainty,” which is usually large and 
increases more rapidly into the future the longer 
the time horizon. Such scenario uncertainty in turn 
results in uncertainty in GHG emission scenarios, 
which are used in GCMs that have their own 
inherent uncertainties (Räisänen and Räty, 2012; 
Rummukainen, 2012, 2014). As GCMs (usually 
with grid boxes of 150 to 200 km resolution) are 
too coarse for agricultural impact assessments, 
statistical or dynamic downscaling methods (e.g. 
RCMs) must be applied in order to produce climate 

scenario data as input for impact models such 
as crop simulation models or other techniques 
for estimating suitability and productivity for 
agricultural crops and livestock. However, these 
impact models come with their own uncertainties 
(Walker et al. 2003; Palosuo et al., 2011; 
Asseng et al., 2013). Eventually, results from 
biophysical impact models are fed into global/
regional economic and trade models or bio-
economic farm type or regional land use models, 
creating a further dimension of uncertainty, finally 
resulting in a considerable uncertainty range. 
This has previously been labelled the “uncertainty 
cascade” (Jones, 2000). 

Summarizing the scientific-technical challenges 
for crop modelling, Rötter et al. (2011a) identified 
impact uncertainty analysis as one of four research 
areas that should be addressed to overcome 
deficiencies of current impact assessment 
methodologies. One of the main goals of CC 
impact assessments is to give a thorough account 
to decision-makers (risk managers) of the level 
of certainty of model-based impact simulations. 
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In addition to quantifying uncertainties in climate 
projections and downscaling (see above, and 
Sections 1.2 and 2.2; Rötter et al., 2012a), 
several other sources of uncertainty must be 
acknowledged, including discrepancies in 
simulating climate impacts by different impact 
models. Such impact model-related uncertainty 
has been shown to constitute a considerable 
share of overall uncertainty in projections of 
CC impacts on crop production (Palosuo et al., 
2011; Rötter et al., 2012a; Asseng et al., 2013; 
Eitzinger et al., 2013). Asseng et al. (2013) even 
found that crop model uncertainty exceeded 
climate model uncertainty for the climate scenarios 
considered in that study. Earlier studies (e.g. 
Mearns et al., 1999) also highlighted the relatively 
high importance of crop model uncertainty. On 
the other hand, other studies have found that 
uncertainties in climate projections have even 
greater importance (e.g. Iizumi et al., 2011). 

There are basically three ways of evaluating 
uncertainty in models, including crop models: 

1.	 The first approach – the traditional one – 
is through comparison of simulated and 
observed values, with the assumption 
that past errors are representative of 
the uncertainty in future simulations; 
this commonly done for crop models 
(Wallach et al., 2013). A major difficulty with 
this approach in the context of IAM of future 
climate effects is that past errors may not be 
representative of future errors.  

2.	 A second approach is to evaluate the 
contribution of specific sources of error 
to model uncertainty (Walker et al., 2003; 
Palosuo et al., 2011). The major effort in this 
respect has been to evaluate the effects of 
uncertainty in model parameter values on 
uncertainty in predictions, through sensitivity 
analysis or by using a Bayesian approach 
(deductive reasoning based on probabilistic 
outcomes) (for example, Wallach et al., 2012). 
While this approach makes it possible to 
evaluate errors for new conditions, it does 

not take into account uncertainties in model 
formulation.  

3.	 The third approach is through the use of 
ensembles of models (Rötter et al., 2011; 
Asseng et al., 2013). Renewed efforts have 
been made recently to use crop model 
intercomparisons to reveal uncertainties (e.g. 
in COST action 7347, AgMIP and MACSUR 
projects). Discrepancies between models 
can be assumed to represent uncertainty in 
both model formulation and parameterization, 
specific to each context simulated. This 
approach is easily extended to cascades of 
models (for example, climate models feeding 
climate projections into crop models, and 
the latter feeding relative yield changes into 
economic models), and therefore is particularly 
well suited to IAM. For example, Asseng et al. 
(2013) used ensembles of both GCMs and 
crop models to evaluate the uncertainty in 
future yields, and to apportion the overall 
uncertainty to contributions from uncertainty in 
GCMs and uncertainty in crop models. Recent 
studies by Tao et al. (2009) and Iizumi et al. 
(2011) combined an ensemble of GCMs with a 
Bayesian approach to model parameterization, 
in order to obtain multiple climate scenarios 
and model parameter combinations. This 
was done in an attempt to determine the 
relative importance of uncertainties in CC 
impact assessments stemming from climate 
projections and crop models, respectively, 
and to analyze probabilities of yield outputs. 
Iizumi et al. (2011) found that the uncertainties 
of projected yield impacts for rice grown in 
different regions of Japan stemmed, in most 
cases, from climate projections, but that the 
relationship between crop model and climate 
projection uncertainty also varied considerably 
among regions.

7	 The European Cooperation in Science and 
Technology (COST) Action 734 ’Impacts of Climate 
change and Variability on European Agriculture’, 
http://www.cost734.eu
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figure 11  
Scales and levels of organization and their interactions in integrated assessments of climate change impacts on 

agricultural production and food security

5.	 Recommendations 
for improving impact 
assessment methodology

The presentation of outcomes from various 
studies on key impacts for selected key crops 
and agricultural regions in Europe has shown 
that, while there is often good agreement on the 
direction of impact, there are also considerable 
discrepancies regarding the magnitude of impact 
and the spatiotemporal patterns of change. The 
crop modelling component of FACCE MACSUR 
recently launched a study with the objective of 
examining the present state of crop modelling for 
assessing CC risks to food production. The study’s 
emphasis is on the use of crop models as part of 
IAM (Ewert et al., forthcoming. 

Preliminary results of that investigation indicate 
that, while there has been considerable progress 
in modelling CC impacts on crops, this largely 
reflects the improved sensitivity of crop models 

to CC factors, in particular to climate extremes 
and their interaction with various crop growth and 
development processes (e.g. Asseng et al., 2013; 
Lobell et al., 2013). Many other aspects required 
for a detailed CC risk assessment for European 
agriculture and food security (see www.macsur.eu; 
Rötter et al., 2013b) are less well represented. 
Considerable gaps still exist between the variety of 
data and information demanded by IAM and what 
crop models can offer. 

The lesson to be learned from this and other 
reviews is that it is necessary to put substantial 
efforts into improving crop simulation and other 
biophysical and bio-economic impact assessment 
techniques concurrently (see also other chapters 
in this volume). It is highly unlikely that such 
challenges can be met by individual research 
groups. Rather, concerted international efforts are 
required to guide the process of improving crop 
models and other biophyscial impact assessment 
techniques for further use in bio-economic 

http://www.macsur.eu
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modelling, for integrated assessments at farm level, 
and through regional, national and global IAMs.

The current approach of using process-
based biophysical impact models across scales, 
assessment variables and crop management 
options needs further study and possibly revision. 
Alternative methods, such as agroclimatic indices 
approaches (Trnka et al., 2011) combined 
with crop modelling (Rötter et al., 2013a), or a 
combination of empirical-statistical and crop 
simulation modelling (van Oort et al., 2012; 
Rötter et al., 2013b), may be promising and should 
be explored further. 

Finally, for some reason, methodologies for 
assessing CC impacts on global and regional food 
supply have paid little attention to capturing short-
term variability occurring simultaneously at different 
locations, nor have crop simulation models and 
other assessment tools been made sufficiently fit 
to reliably capture climate variability and extremes, 
and their impact on food production at regional 
and global scale (Wheeler et al., 2000; Rötter et al., 
2011b; Lobell and Gourdij, 2012; Lobell et al., 
2013; Wheeler and von Braun, 2013). Biophysical 
and bio-economic CC impact assessment 
methodologies and tools need to be further 
developed, to allow integrated studies of such 
situations at multiple scales, from farm to global 
level and back, for ex ante evaluation of alternative 
adaptation responses in various iterations (as 
indicated schematically in Figure 11). 

Such information is needed to guide 
formulation of trade and climate policies and 
inform decision-making on adaptation strategies 
at different levels of organization and spatial scales 
(farm household, district, country, etc.). 
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■	 By examining the detailed climate productivity 
change maps, it is possible to identify climate 
hotspots (areas with future significant losses) 
and climate opportunities (areas with future 
gains).

■ 	 On average, climate change across the globe 
will have negative effects on productivity 
which, together with increasing global 
demand, will drive prices higher. In response to 
the higher prices, farmers will spend more on 
inputs and investments to increase 
productivity. This second-order effect will then 
lead to some crops to increase in yield 
sufficiently well to have higher yields than 
without climate change.

■ 	 Because there is reasonable uncertainty as to 
the impact of climate change on temperature 
and rainfall in any specific location, policies will 
need to be flexible and adaptable, so as not to 
overcommit to any one solution.

■ 	 For successful agricultural adaptation to climate 
change, researchers will need to work together 
with farmers to develop new crop varieties and 
livestock breeds – along with supporting 
agronomic and husbandry methods, extension 
services and mechanisms for scaling up and 
out.

main chapter messages
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1.	 Introduction

As global emissions of anthropogenic 
greenhouse gases (GHGs) continue relatively 
unabated, their impact on climate is already being 
felt. Furthermore, the acceleration of climate 
change in coming years is virtually assured, due at 
least in part to the long half-lives of most GHGs. 
While many of the impacts on people are projected 
to be modest in the short run (with the exception 
of increased frequency and intensity of extreme 
weather events), the adverse consequences 
are expected to accelerate as climate change 
accelerates. 

Climate change is likely to affect the agricultural 
sector more than any other sector, which means 
that populations that depend most on agriculture 
could be the ones most adversely affected. This is 
especially true in most African countries. Many of 
these countries have limited resources to prepare 
for and adapt to climate change, or to recover from 
adverse climate shocks.

In order to help African policy-makers, 
researchers, non-governmental organizations 
(NGOs) and donors to better plan and prepare 
for climate change impacts, national level studies 
were recently undertaken2. These studies provide 
spatially-refined analyses of the impacts of climate 
on key crops, along with additional analysis that 

2	 These national level studies were published by the 
International Food Policy Research Institute (IFPRI) 
in the form of three monographs on agricultural 
adaptation to climate change in Africa: one for 
West Africa (Jalloh et al., 2013); one for East Africa 
(Waithaka et al., 2013); and one for Southern Africa 
(Hachigonta et al., 2013). These were produced 
in partnership with several regional institutes: 
Conference des Responsables de Recherche 
Agronomique Africains (CORAF – Conference of the 
Agricultural Research Leaders in West and Central 
Africa), Association for Strengthening Agricultural 
Research in Eastern and Central Africa (ASARECA), 
and Food, Agriculture and Natural Resources Policy 
Analysis Network (FANRPAN), and with support from 
the Consultative Group on International Agricultural 
Research (CGIAR) research programme on Climate 
Change, Agriculture and Food Security (CCAFS) and 
the Federal Ministry for Economic Cooperation and 
Development, Germany. 

examines global trends and other factors that 
are changing with the climate, including gross 
domestic products (GDP), populations, and 
agricultural technology development and use. 
These studies were reported separately for West, 
East, and Southern Africa. Figure 1 shows the 
regions covered in this chapter, along with other 
regions of Africa.

Each study analyzed the range of plausible 
impacts of climate change by the year 2050, 
focusing almost entirely on annual crops. Studies 
used both crop models and global partial 
equilibrium models, informed by four different 
climate models and three socio-economic 
scenarios. In some of the studies on countries in 
which the livestock sector is important, authors 
highlighted some key aspects of this sector, using 
secondary literature. 

Two approaches were used to study the 
impact of climate change on agriculture. The first 
was to apply the Decision Support System for 
Agrotechnology Transfer (DSSAT) crop modelling 
software (Jones et al., 2003) to climate model 
data, to see how crop yields of major crops would 
be affected by climate change, not accounting 
for market effects, technological changes or 
adaptation. The second was to use a large global 
partial equilibrium model focusing on food and 
agriculture, the International Model for Policy 
Analysis of Agricultural Commodities and Trade 
(IMPACT), to account for population growth and 
GDP growth in demand, as well as to consider 
the supply response, as affected by both climate 
change and technological change.

For the DSSAT crop models, the goal was to 
compare crops grown in the typical weather of the 
period 1950 to 2000 with crops grown in weather 
expected to be typical in 2050. The studies used 
climate data from four different general circulation 
models (GCMs – also referred to as “climate 
models”) so that conclusions would be drawn 
from a range of scientifically validated possibilities. 
These models were among those recognized by 
the Intergovernmental Panel on Climate Change 
(IPCC) in their Fourth Assessment Report (AR4). 
These analyses used downscaled climate data 
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(Jones et al., 2009), with climate data taken 
approximately every ten kilometres. 

The second approach used in these studies 
worked with IMPACT, a global partial equilibrium 
food and agricultural model. The authors used 
estimates for three different GDP and population 
scenarios (optimistic, pessimistic, and baseline) 
and four different climate models. The IMPACT 
model incorporates assumptions about exogenous 
technological change for agricultural production, so 
the predictions for yields are much more optimistic 
than with the crop model approach, which does 
not allow for technological change. The biophysical 
impacts of climate change on crop yield from the 
DSSAT model are incorporated into alternative 
scenarios in the IMPACT model, in order to 
assess the effect of climate change when market 
adjustments are also included. 

figure 1  
Regions used in completed monographs, potential  

monographs and omitted countries of Africa

Source: Authors

This paper draws heavily on material presented 
in the three regional overview chapters of the 
monographs (Jalloh et al., 2013; Waithaka, et al., 
2013; Hachigonta et al., 2013), along with material 
generated in support of the monographs but which 
may not have appeared in the final publications. 
For those wishing to gain a deeper understanding 
of the methodology used in the studies (and thus 
of the results presented here), please see the 
methodology chapter in one of the monographs, 
such as Nelson et al. (2013).

Although national and subnational results are 
not entirely ignored in this chapter, its focus is 
primarily on regional statistics (i.e. for East Africa, 
West Africa, and Southern Africa).

The chapter is organized as follows: First, key 
trends are reviewed in order to better understand 
the forces of change that influence the projections 
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Southern Africa (tabulations)
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West Africa (tabulations)
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and conclusions for 2050. In particular, projections 
for population, GDP and levels of agricultural 
production are presented. Then methodologies 
for climate models are presented, followed 
by the crop model results for climate change 
impacts and IMPACT model results. Key policy 
recommendations are then briefly presented in the 
conclusions.

1.1	 Population

Table 1 presents regional summaries of population 
growth, which is one of the leading drivers of food 
demand, along with data for leading countries in 
each region. 

East Africa is projected to have the fastest 
population growth, with the median variant 
projected to grow at around 2.0 percent annually. 
This is followed by West Africa, with the median 
variant projected to grow at around 1.8 percent 
annually, and Southern Africa, projected to grow at 
1.4 percent annually.

The reason Southern Africa is projected 
to grow more slowly is largely because South 
Africa, which in 2008 made up slightly more than 
one-third of the region in terms of population, is 
projected to grow at only 0.4 percent annually. Its 
low variant scenario actually projects a negative 
population growth rate.

Nigeria’s population represents more than half 
of the population of West Africa, and almost 20 
percent of the population of all three regions, so it 
has a large influence on all of the regional statistics 
presented for West Africa.

With such large population growth rates 
projected across the three regions, demographic 
changes will present formidable challenges 
to policy-makers in the areas of employment, 
housing, water, health and issues of food security. 
These challenges will be in addition to any 
challenges presented by climate change.

1.2	 Income

The second key driver of food demand is 
measured as GDP per capita. Table 2 shows 
that the GDP per capita for Southern Africa is 
approximately six times higher than West Africa. 
East Africa and West Africa have similar GDP per 
capita values, though West Africa’s is around 13 
percent higher than in East Africa. However, the 
projected growth rates of GDP per capita suggest 
that they will even out, with West Africa having the 
highest projected growth, followed by East Africa 
and then Southern Africa. 

1.3	 Agriculture

The most important crops for each region, based 
on crop area harvested, are presented in Table 3. 
Maize, sorghum and millet occupy the highest 
crop areas for all of Africa, but with considerable 
variation across regions. Maize is the most 
significant crop in Southern Africa, and ranks fourth 
in West Africa. Sorghum ranks a close second, 
although it is of relatively low importance (fifth) in 
Southern Africa. Millet is ranked third – in first place 
in West Africa but fourth in Southern Africa.

Only Southern Africa is dominated by a single 
crop, maize, which occupies almost twice the area 
as the second through fifth ranked crops. Both 
East Africa and West Africa have more diverse 
cropping areas, although maize and sorghum 
together form a significant portion of crop area for 
East Africa.

2.	 Climate and climate 
models

2.1	 Precipitation

Figure 2 shows mean annual precipitation for 
the 1950 to 2000 period. Steep declines in 
precipitation are seen moving northwards through 
the Sahelian zone towards the Sahara in North 
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table 1
Population in 2008, and projected population in 2050 (millions)

Name 2008 2050

Low Median High

WDI United Nations
West Africa 287 604 545 233 618 835 697 456

Benin 8 662 19 402 21 982 24 744

Burkina Faso 15 209 36 189 40 830 45 757

Cote d’Ivoire 20 591 37 845 43 373 49 350

Gambia, The 1 660 3 292 3 763 4 270

Ghana 23 351 39 660 45,213 51 163

Guinea 9 833 21 131 23 975 27 025

Guinea-Bissau 1 575 3 147 3 555 3 990

Liberia 3 793 7 730 8 841 10 040

Mali 12 711 24 941 28 260 31 792

Niger 14 669 52 568 58 216 64 156

Nigeria 151 319 254 129 289 083 326 395

Senegal 12 211 22 814 26 102 29 620

Sierra Leone 5 560 10 904 12 446 14 100

Togo 6 459 11 481 13 196 15 054

Southern Africa 135 054 208 209 241 513 277 655

Angola 18 021 37 224 42 267 47 675

Botswana 1 905 2 335 2 758 3 220

Lesotho 2 017 2 056 2 491 2 970

Malawi 14 278 32 019 36 575 41 456

Mozambique 21 781 38 268 44 148 50 480

Namibia 2 114 3 076 3 588 4 141

South Africa 48 687 47 536 56 802 67 051

Swaziland 1 168 1 463 1 749 2 061

Zambia 12 620 25 302 28 957 32 870

Zimbabwe 12 463 18 930 22 178 25 731

East Africa 340 843 678 634 773 746 875 639

Burundi 8 074 13 006 14 846 16 814

Congo, DR 64 205 130 013 147 512 166 249

Eritrea 4 996 9 458 10 787 12 198

Ethiopia 80 713 152 720 173 811 196 245

Kenya 38 534 74 187 85 410 97 541

Madagascar 19 111 37 155 42 693 48 694

Rwanda 9 721 19 498 22 082 24 829

Sudan 41 348 66 140 75 884 86 371

Tanzania 42 484 95 884 109 450 124 020

Uganda 31 657 80 573 91 271 102 678

Source: World Development Indicators (WDI) from World Bank (2009); United Nations from UNPOP (2009)
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table 2
GDP per capita in 2008, and projected for 2050 (constant 2000 US dollars)

Name 2008 2050
Low Median High

WDI Projections
West Africa 324 808 1 697 3 174
Benin 359 149 1 397 2 539
Burkina Faso 263 791 1 428 2 579
Cote d’Ivoire 530 1 536 3 401 6 265
Gambia, The 374 750 1 724 3 162
Ghana 327 988 2 724 4 975
Guinea 417 1 456 2 876 5 234
Guinea-Bissau 128 683 835 2 140
Liberia 148 347 394 1 594
Mali 295 1 122 2 108 3 818
Niger 180 559 637 1 671

Nigeria 487 684 1 364 2 491
Senegal 530 1 362 3 055 5 602
Sierra Leone 262 378 1 410 2 566
Togo 245 660 1 438 2 653
Southern Africa 1 957 2 682 5 892 11 852
Angola 1 357 3 548 4 002 8 378
Botswana 4 440 3686 25 628 48 646
Lesotho 525 1 850 3 166 6 279
Malawi 165 656 744 2 488
Mozambique 365 1 186 1 812 2 885
Namibia 2 692 4 082 14 239 26 654
South Africa 3 764 5 409 15 473 29 941
Swaziland 1 559 2 709 8 026 15 455
Zambia 387 1 791 2 454 4 254
Zimbabwe NA 1 326 1 539 5 296
East Africa 287 565 1 161 1 780
Burundi 111 569 973 1 450
Congo, DR 99 277 440 715
Eritrea 147 505 955 1 379
Ethiopia 190 323 720 1 037
Kenya 464 543 2255 3 286
Madagascar 271 654 1 195 1 741
Rwanda 313 468 1 583 2 268
Sudan 532 320 372 680
Tanzania 362 1 013 1 310 2 416
Uganda 348 1 156 2 563 3 667
Source: WDI from World Bank (2009). Projections are computed using GDP data from the World Bank Economic 
Adaptation to Climate Change project (World Bank, 2010), Millennium Ecosystem Assessment (2005) reports and 
population data from the United Nations (UNPOP, 2009)
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Africa as well as moving towards the coast of 
Botswana. High rainfall areas are noted among 
the tropical forests of the Democratic Republic 
of Congo, the eastern coast of Madagascar, and 
several coastal locations in Central Africa and West 
Africa.

  In the three monographs on agriculture and 
climate change in Africa, the authors used climate 
data from GCMs that had been produced for the 
IPCC AR4. Figure 3 shows changes in annual 
precipitation as projected by the four GCMs used 
in these studies (CNRM, CSIRO, ECHAM, and 
MIROC). These GCMs reflect assumptions of the 
IPCC’s A1B scenario for GHG emissions (see 
notes for Figure).Table 4 augments the maps in 
Figure 3, tabulating the mean changes for each 
country and region by GCM.

    According to the CNRM GCM, a few 
locations should expect a significant reduction in 
rainfall (a noteworthy exception being the southern 
half of Madagascar) but the Horn of Africa and 
much of coastal Central Africa should anticipate 
significant increases in rainfall. This is in contrast to 
the CSIRO GCM, which shows very few locations 
experiencing significant increases in rainfall. Much 
of the Atlantic coast of Africa is projected to 
become significantly drier.

The ECHAM GCM projects that most of 
Southern Africa will become significantly drier 
under climate change. At the same time, much 
of Central Africa and parts of the interior of East 
Africa are projected to become wetter. Some of 

the steepest declines in rainfall are projected by 
the MIROC GCM. These occur in coastal portions 
of central Africa and the southern coast of West 
Africa.

figure 2  
Mean annual precipitation (mm),  

1950-2000

table 3
Top five crops per region, ranked by harvested area (ha), mean 2006-2008

East Africa Southern Africa West Africa

Crop Hectares Crop Hectares Crop Hectares

Sorghum 9 893 208 Maize 9 199 950 Millet 16 002 237

Maize 9 367 883 Cassava 2 015 384 Sorghum 14 288 715

Millet 3 622 654 Groundnuts 1 073 603 Cow peas 10 297 759

Beans 3 512 688 Millet 988 690 Maize 7 747 435

Cassava 3 474 208 Sorghum 848 518 Rice 5 725 947

Source: FAOSTAT (FAO 2010)

Source: WorldClim version 1.4 (Hijmans et al., 2005)
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Source: Authors’ calculations based on Jones, Thornton and Heinke (2009)
Notes: Model predictions for A1B scenario and 4 AR4 GCMs: CNRM (top left); CSIRO (top right); 
ECHAM (bottom left; and MIROC (bottom right). A1B = greenhouse gas emissions scenario that 
assumes fast economic growth, a population that peaks mid-century, and the development of new 
and efficient technologies, along with a balanced use of energy sources; CNRM-CM3 = National 
Meteorological Research Centre–Climate Model 3; CSIRO = climate model developed at the Australia 
Commonwealth Scientific and Industrial Research Organisation; ECHAM 5 = fifth-generation climate 
model developed at the Max Planck Institute for Meteorology (Hamburg); GCM = general circulation 
model; MIROC = Model for Interdisciplinary Research on Climate, developed by the University of Tokyo 
Center for Climate System Research

figure 3
Change in mean annual rainfall (mm), from 1950 2000 climate to 2050 climate 
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table 4  
Average change in annual rainfall (mm), climate of 2000-2050 

Country/Region CNR CSI ECH MIR Country/Region CNR CSI ECH MIR
East Africa 32 -7 39 100 West Africa 30 -23 -1 22
Sudan 20 10 37 70 Benin 11 -89 45 49
Ethiopia 72 -35 41 141 Cape Verde -3 -4 -12 12
Eritrea 37 3 38 67 Gambia 24 -20 -33 67
Kenya 64 26 47 184 Mauritania 2 -7 -12 6
Tanzania 25 31 11 214 Burkina Faso 46 -46 -16 114
Uganda -53 -20 64 153 Cote d’Ivoire 31 -38 25 -127
D. R. Congo 55 -43 64 61 Ghana 2 -103 25 -54
Rwanda 2 -63 10 197 Guinea 46 -45 -44 -12
Burundi -20 -57 1 209 Guinea-Bissau 48 -35 -29 83
Madagascar -62 20 -22 14 Liberia 14 72 22 -236
Southern Africa 24 -28 -82 -2 Mali 28 -12 -18 39
South Africa 9 -57 -81 -89 Niger 47 5 -2 75
Botswana 19 -17 -104 -9 Nigeria 50 -57 35 28
Lesotho -15 -53 -54 -161 Senegal 14 -20 -46 36
Swaziland -9 51 -94 -54 Sierra Leone 28 12 17 -84
Namibia 32 -54 -88 -10 Togo -10 -120 48 -21
Angola 48 -57 -74 -28
Malawi 29 12 -56 191
Zambia 40 12 -68 123
Zimbabwe -3 22 -112 28
Mozambique 5 18 -74 49

Generally, the models suggest that East 
Africa will become wetter and Southern Africa will 
become drier, while the results for West Africa are 
mixed.

2.2	 Temperature

In all the models, temperature is projected to 
increase, but by different amounts across models. 
The distribution of temperature in the climate of 
1950-2000 is shown in Figure 4, which indicates 
the mean daily maximum temperature for the 

Source: Authors’ calculations based on Jones, Thornton, and Heinke (2009)
Notes: All values are based on the A1B SRES scenerio, which is a greenhouse gas emissions scenario that assumes fast 
economic growth, a population that peaks mid-century and the development of new and efficient technologies, along with 
a balanced use of energy sources; CNR is an abbreviation for CNRM-CM3, which is a GCM from the National Meteoro-
logical Research Centre–Climate Model 3; CSI is an abbreviation for CSIRO, which is a climate model developed at the 
Australia Commonwealth Scientific and Industrial Research Organisation; ECH is an abbreviation for ECHAM 5, which is a 
fifth-generation climate model developed at the Max Planck Institute for Meteorology (Hamburg); GCM = general circulation 
model; MIR is an abbreviation for MIROC, which is a GCM and is short for the Model for Interdisciplinary Research on 
Climate, developed bythe University of Tokyo Center for Climate System Research.

warmest month. As expected, temperatures are 
higher moving northwards across the Sahelian 
zone towards the Sahara. Coastal areas tend to 
be cooler, especially along the Mediterranean Sea, 
but also quite noticeably along the Atlantic Coast 
from Southern Africa through Central Africa to 
the southern coast of West Africa. Highlands are 
noticeably cooler.

Figure 5 shows the changes in mean daily 
maximum temperature for the warmest month 
according to each of the four GCMs used in the 
analysis. Temperature changes by country and 
region are shown in Table 5.
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figure 4
Mean daily maximum temperature (oC)  

for the warmest month, 1950-2000

Source: WorldClim version 1.4 (Hijmans et al., 2005)

Some of the most extreme temperature 
increases are found in the ECHAM GCM. When 
averaged by region, this always proves to be the 
hottest model but the increases are particularly 
strong in this GCM for Southern Africa. When 
combined with the drying trend that was shown 
previously, this suggests that if the ECHAM model 
proves to be accurate, Southern Africa may be the 
hardest hit in terms of rainfed crop production.

MIROC also shows some extreme temperature 
increases, but these tend to be focused in North 
Africa, and in the northern portions of West Africa. 
While the calculations for West Africa according 
to this GCM appear to present challenges for 
cropping, much of the extreme temperature 
increase appears in parts of the region which 
are already too dry for rainfed crops. This is a 
mitigating factor, as well, for Southern Africa in the 
ECHAM model, because the highest temperature 
increases are also in very dry areas.

The CSIRO GCM generally predicts relatively 
modest temperature increases. This is especially 
the case for East Africa and large portions of West 
Africa.

Finally, the CNRM GCM resembles the ECHAM 
GCM, except in Southern Africa, where it is 

more moderate in its projections for temperature 
increases.

Considering all the models together, Southern 
Africa is projected generally to be the hardest hit in 
terms of temperature increases.

3.	 DSSAT Crop Model results

DSSAT is a crop modelling software package that 
was used in the three monographs on climate 
change impacts on agriculture in Africa on which 
this chapter is based. The crops analysed in those 
monographs using DSSAT are maize, wheat, rice, 
soybeans, groundnuts and sorghum. DSSAT takes 
into account soil characteristics and weather, as 
well as crop variety and farming practices.

DSSAT has its own daily weather data generator, 
which was applied in the study. For each month, 
climate data were provided, consisting of mean 
precipitation, number of rainy days, solar radiation, 
mean daily high temperature, and mean daily 
low temperature. From these data, the software 
programme stochastically generates daily weather 
data that are based on the monthly statistics.

Using the daily data for the climate of 1950 to 
2000, thirty years of weather were simulated, and 
yields were computed for each of those years, 
taking the average of weather outcomes. The 
same procedure was applied for each GCM, to 
generate climate assumptions for the year 2050. 
The mean yield results were compared, gridcell-
by-gridcell, to determine how yields would change 
between 2000 and 2050 as a result of climate 
change.

In this particular analysis, it was assumed that 
there would be no adaptation. This implies that 
the model did not allow for changing cultivars 
or fertilizer regimens or, in the case of rainfed 
crops, for switching to some kind of water 
supplementation, such as irrigation.

The analysis focused on 10 kilometre gridcells 
for East and Southern Africa, and 30 kilometre 
gridcells for West Africa (except for sorghum, 
which was done at 10 kilometre resolution). 
In the case of East Africa, a grid was overlaid 
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figure 5  
Change (oC) in mean daily maximum temperature for the warmest month,  

2000-2050

Source: Authors’ calculations based on Jones, Thornton, and Heinke (2009)
Notes: Model predictions for A1B scenario and 4 AR4 GCMs: CNRM (top left); CSIRO (top right);  
ECHAM (bottom left; and MIROC (bottom right). A1B = greenhouse gas emissions scenario that  
assumes fast economic growth, a population that peaks mid-century and the development of  
new and efficient technologies, along with a balanced use of energy sources; CNRM-CM3 =  
National Meteorological Research Centre–Climate Model 3; CSIRO = climate model developed  
at the Australia Commonwealth Scientific and Industrial Research Organisation;  
ECHAM 5 = fifth-generation climate model developed at the Max Planck Institute for  
Meteorology (Hamburg); GCM = general circulation model; MIROC = Model for Interdisciplinary  
Research on Climate, developed by the University of Tokyo Center for Climate System Research. 
Results for the CNRM (top left), CSIRO (top right), ECHAM (bottom left), and MIROC (bottom right) 
GCMs 
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table 5
Average change (oC) in mean daily maximum temperature for the warmest month,  

2000-2050 

Country/Region CNR CSI ECH MIR Country/Region CNR CSI ECH MIR
East Africa 2.1 1.3 2.1 1.5 West Africa 2.2 1.5 2.3 2.0
Sudan 2.2 1.2 2.2 1.7 Benin 2.1 1.6 2.0 1.4
Ethiopia 1.9 1.4 2.0 1.3 Cape Verde 1.8 0.8 1.6 1.8
Eritrea 2.1 1.2 2.1 1.4 Gambia 2.0 1.3 2.1 1.6
Kenya 1.8 1.2 1.9 1.1 Mauritania 2.4 1.5 2.4 2.8
Tanzania 2.1 1.1 2.1 1.2 Burkina Faso 2.1 1.6 2.4 1.4
Uganda 2.1 1.3 2.1 1.1 Cote d’Ivoire 2.2 1.4 2.0 1.1
D. R. Congo 2.0 1.4 2.2 1.6 Ghana 2.2 1.5 1.9 1.2
Rwanda 2.1 1.3 2.1 1.5 Guinea 2.2 1.5 2.4 1.4
Burundi 2.2 1.3 2.2 1.5 Guinea-Bissau 2.0 1.4 2.1 1.4
Madagascar 2.0 1.3 1.7 2.1 Liberia 2.2 1.2 1.8 1.4
Southern Africa 2.2 1.7 2.7 1.9 Mali 2.3 1.7 2.6 2.4
South Africa 2.0 1.8 2.4 2.0 Niger 2.2 1.5 2.4 2.3
Botswana 2.4 2.0 3.2 2.0 Nigeria 2.1 1.4 2.0 1.3
Lesotho 2.1 1.6 2.3 1.8 Senegal 2.1 1.4 2.3 1.7
Swaziland 1.8 1.3 2.0 1.5 Sierra Leone 2.2 1.3 2.0 1.4
Namibia 2.3 1.9 2.8 2.2 Togo 2.2 1.6 1.9 1.4
Angola 2.2 1.6 2.7 2.1
Malawi 2.1 1.4 2.5 1.6
Zambia 2.2 1.4 2.9 1.6
Zimbabwe 2.3 1.7 2.8 1.7
Mozambique 2.0 1.4 2.2 1.7

Source: Authors’ calculations based on Jones, Thornton, and Heinke (2009)
Notes: All values are based on the A1B SRES scenerio, which is a greenhouse gas emissions scenario that assumes 
fast economic growth, a population that peaks mid-century and the development of new and efficient technologies, 
along with a balanced use of energy sources; CNR is an abbreviation for CNRM-CM3, which is a GCM from the National 
Meteorological Research Centre–Climate Model 3; CSI is an abbreviation for CSIRO, which is a climate model developed 
at the Australia Commonwealth Scientific and Industrial Research Organisation; ECH is an abbreviation for ECHAM 5, 
which is a fifth-generation climate model developed at the Max Planck Institute for Meteorology (Hamburg); GCM = 
general circulation model; MIR is an abbreviation for MIROC, which is a GCM and is short for the Model for Interdisciplinary 
Research on Climate, developed by the University of Tokyo Center for Climate System Research

onto the map forming a collection of squares of 
10 x 10 kilometres. Yield was computed for the 
values at the centre of each square.

3.1	 Rainfed maize

Rainfed maize is one of the crops grown widely 
across all three regions of Africa that were 
considered in the monographs. It will be the main 
focus of this paper.

East Africa
Figure 6 shows the rainfed maize areas in East Africa, 
using IFPRI’s Spatial Production Allocation Model 
(SPAM) dataset for 2000. SPAM takes agricultural 
statistical information from national datasets, using 
provinces, districts, or any other level of aggregation 
that is available. It then uses geographic datasets 
on land cover, irrigation, roads and cities, along 
with national expert information on production 
technologies, to distribute agricultural activities, 
including estimates of yields and areas harvested. 
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Figure 6 indicates where rainfed maize is 
currently cultivated, and where crop model analysis 
was utilized. The DSSAT crop model was applied 
to cells containing at least 30 ha of a crop, out 
of a total of approximately 8 500 ha per gridcell. 
Analysis was likewise applied within a few pixels of 
the gridcells that were selected for analysis by the 
“30 hectare” rule. Note the areas of no data (<1 ha) 
where maize is no longer cultivated, which will 
most likely remain the case in the future.

Figure 7 shows the results of this analysis 
using crop models combined with climate models. 
This Figure focuses on the areas of East Africa 
where maize is mostly grown. Significant regional 
variations as well as variations between GCMs 
were observed, as shown in Figure 7. Overall, 
the models suggest a slight positive change in 
production of rainfed maize due to climate change 
in East Africa, although certain countries will do 
better than others. Generally, Uganda appears 
to be consistently adversely affected in terms of 
maize production, while the impact in Ethiopia is 
mostly positive.

The ECHAM model seems to be the most 
pessimistic of the four in terms of rainfed maize 
productivity, with significant yield reduction visible 
across southern Tanzania and the central parts of 
Ethiopia.

Understanding and interpreting Crop Model 
Maps (an application to rainfed maize in East 
Africa)
By examining the detailed climate productivity 
change maps, it is possible to identify climate 
hotspots (areas which are projected to suffer large 
losses) and climate opportunities (areas which 
may have large gains or areas that were previously 
unsuitable but can become suitable for crop 
production at some point).

Climate hotspots are areas that will become 
unproductive (shown in red) or have high yield 
losses (shown in dark orange) as a result of climate 
change. These only qualify as “hotspots” if they are 
the main crop in terms of income or consumption 
for those growing them. One GCM, the CNRM 
model, concludes that the area in western Kenya 
is one of those hotspots. Because the other 
GCMs are more optimistic about production in that 
location, the area is considered to be a possible 
hotspot. But if the CNRM GCM proved, over time, 
to be accurate, then farmers in that location would 
be under severe hardship, which would make that 
particular region of Kenya a legitimate hotspot.

Climate hotspots require special attention, 
because unless farmers find tools with which 
to adapt, they will likely become impoverished, 
possibly inducing climate migration – either to 
towns and cities, or to areas seen to present 
climate opportunities.

Climate opportunities are those areas that 
could come into production (shown in blue) or have 
significant yield increases (shown in dark green) 
as a result of climate change. The models appear 
to be generally in agreement in the central part 
of Kenya, with the appearance of new areas for 
producing rainfed maize. Climate opportunities are 
generally the result of one of two possibilities: first, 
that rainfall has increased in an area where rainfall 
had been too low to sustain production; or second, 

figure 6
Rainfed maize areas (ha) for East Africa, 2000

Sources: SPAM (Spatial Production Allocation 
Model) (You and Wood, 2006; You, Wood, and 
Wood-Sichra, 2006, 2009)
Note: ha = hectare
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that temperature has risen to a point that an area 
that might have been too cold to produce the crop 
will now be sufficiently warm. This latter possibility 
is generally found in higher elevations.

While climate opportunities may present truly 
good opportunities, both to farmers and to society, 
some of these areas may not be without additional 
challenges. For example, some of these areas 
may be in protected forests or game reserves or 
on slopes of hills or mountains, and what might 
be a climate opportunity could also be a potential 
tourism or environmental disaster.

These areas may also present fresh avenues 
for social conflict if climate migration induces 
people of one ethnicity to move into an area 
traditionally occupied by people of another ethnicity. 
Furthermore, ethnicity aside, these areas might 
previously have been considered commons, or even 
privately owned but unused land, and new settlers 
might cause property rights conflicts to arise in 
cases where laws are not explicit or easily enforced.

All of the possibilities demonstrated in the 
climate productivity change maps developed 
from crop modelling suggest several avenues for 
policy-makers to consider, depending on what the 

analysis shows and on existing legal and social 
structures.

If climate hotspots are identified, some kind of 
intervention would likely improve the outcome for 
the people living in those areas. Some possibilities 
include:

•	 Investment in agricultural research, to develop 
new varieties of crops currently grown, identify 
alternative crops that are acceptable to the 
farmers and their families or develop new 
farming techniques for the area that will help 
farmers to continue to grow their current crop 
(e.g., small-scale water harvesting in areas 
that will be affected by declining precipitation).

•	 Coordination between agricultural research 
and extension and advisory services, to help 
make farmers aware of any technological 
solutions developed.

•	 Support for developing rural enterprises in 
the affected area to engage farmers in new 
approaches for income-generating activities.

•	 Assistance to farmers moving to a more 
suitable location;

•	 And, in some cases, investment in irrigation.

figure 7
Change (%) in rainfed maize yield for East Africa due to climate change, 2050, A1B scenario

Source: Authors
Notes: Left to right: results for the CNRM, CSIRO, ECHAM, and MIROC GCMs

Baseline area lost
Yield lost > 25% of baseline
Yield lost 5% to 25% of baseline

Yield change within 5% of baseline

Yield gain 5% to 25% of baseline
Yield gain > 25% of baseline
New area gained
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If climate opportunity areas are identified, 
further analysis need to be performed to determine 
any additional concerns about impacts on 
environmentally sensitive areas. Points to consider 
are a) strengthening protection for environmentally 
sensitive areas; and b) strengthening or clarifying 
property rights issues.

Southern Africa
Figure 8 shows areas where rainfed maize 
is grown in Southern Africa. Much of the 
western portion of South Africa and all but the 
northernmost part of Namibia do not currently 
cultivate maize, but it is otherwise grown 
throughout most of the region.

Figure 9 shows yield change maps for rainfed 
maize for the areas of highest maize concentration 
in Southern Africa. Analysis across all the models 
indicates that yields will be adversely affected in 
most of South Africa, but the expected impacts 
are more positive than negative in Zambia and 
Zimbabwe.

The results from the ECHAM model appear 
to be more negative in their outlook than results 
for the other models – most notably in northern 
Mozambique, but also in South Africa.

In both the ECHAM and MIROC models, areas 
will become unproductive in Botswana and Angola, 
and also in northern Namibia according to the 
ECHAM model.

Potential new areas that might become 
productive, which are found across all models, 
include parts of Lesotho and part of South Africa 
just northeast of Lesotho. These all appear to be 
elevated areas.

West Africa
Figure 10 shows estimated areas of rainfed maize 
for West Africa from the SPAM model. Most of the 
maize is grown south of the Sahel although it is not 
grown on the western coast of the region, except 
in and around Gambia.

Figure 11 shows productivity changes of 
rainfed maize resulting from the crop model 
analysis of the climate models. These results 
are focused on the areas of highest maize 
concentration in West Africa. 

With the possible exception of the CNRM 
GCM, the models show productivity losses 
across the entire southern coastal area of 
West Africa (Figure 11). The maps in this 
Figure indicate some areas of yield increase 
across Burkina Faso and southern Mali, and a 
slight amount in northern Nigeria. Finally, there 
appears to be a band in the north of Sudano-
Sahel zone  (shown in red) in which cultivation 
of rainfed maize will probably cease to be 
feasible. It is likely that temperature increase 
will be the main driver of this change, making 
it too warm to cultivate maize.

3.2	 All crops

East Africa
Table 6 presents productivity changes from climate 
change, based on the crop model analysis in East 
Africa. Computations were done using weighted 
averages and applying harvested areas of the 
respective crops from the SPAM model as weights.

Rainfed sorghum, wheat, and soybeans, along 
with irrigated rice, are unequivocal losers under 

figure 8  
Rainfed maize areas for Southern Africa, 2000

Sources: SPAM (Spatial Production Allocation Model)  
(You and Wood 2006; You, Wood, and Wood-Sichra 2006, 
2009)
Note: ha = hectare
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figure 9
Change (%) in rainfed maize yield for Southern Africa due to climate change, 2050, A1B scenario

Source: Authors
Notes: Results for the CNRM (top left), CSIRO (top right),  
ECHAM (bottom left), and MIROC (bottom right) GCMs

table 6
Yield changes (%) for various crops in East Africa as a result of climate change, 2000 - 2050

Water Crop CNRM CSIRO ECHAM MIROC
Rainfed Groundnuts -8.3 1.9 2.4 11.6

Rainfed Maize 1.5 2.5 -1.7 6.3

Irrigated Rice -19.7 -10.4 -17.3 -18.7

Rainfed Rice 2.2 2.8 3.4 6.7

Rainfed Sorghum -15.5 -6.0 -7.4 -0.5

Rainfed Soybeans -21.4 -10.0 -15.9 -10.6

Irrigated Wheat 1.7 -12.9 -16.1 -10.1

Rainfed Wheat -6.2 -5.4 -13.8 -7.9

Source: Authors

Baseline area lost
Yield lost > 25% of baseline
Yield lost 5% to 25% of baseline
Yield change within 5% of baseline
Yield gain 5% to 25% of baseline
Yield gain > 25% of baseline
New area gained
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figure 10
Rainfed maize areas (ha) for West Africa, 2000

Sources: SPAM (Spatial Production Allocation Model)  
(You and Wood, 2006; You, Wood, and Wood-Sichra, 2006, 
2009)
Note: ha = hectare

climate change in the region. All models confirm 
that rainfed rice will improve in productivity. Results 
for all other crops are mixed; rainfed maize and 
groundnuts will increase in productivity under 
climate change, while irrigated wheat will decline in 
productivity.

Any negative impact of climate change on 
irrigated crops is attributable to temperature 
increases. Yield reductions for rainfed crops could 
be attributed, depending upon the particular 
crop, to either rainfall reductions or temperature 
increases. For East Africa, most models show 
steady or increased annual rainfall; however, in 
some areas, growing season rainfall might decline 
despite rising annual rainfall.
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figure 11
Change (%) in rainfed maize yield for West Africa due to climate change, 2050, A1B Scenario

Source: Authors
Notes: Top to bottom: results for the CNRM, CSIRO, 
ECHAM, and MIROC GCMs
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Yield lost > 25% of baseline
Yield lost 5% to 25% of baseline
Yield change within 5% of baseline
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Yield gain > 25% of baseline
New area gained
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table 8  
Yield changes (%) for various crops in West Africa as a result of climate change, 2000-2050

Water Crop CNRM CSIRO ECHAM MIROC
Rainfed Groundnuts -5.8 -7.7 -9.2 0.3

Rainfed Maize -2.3 -8.1 -6.0 -4.9

Irrigated Rice -19.9 -12.4 -20.0 -18.2

Rainfed Rice 4.4 0.5 0.9 1.0

Rainfed Sorghum -15.9 -9.5 -14.8 -13.0

Rainfed Soybeans -1.5 -8.4 -1.6 -14.2

Irrigated Wheat -37.8 -10.9 -28.5 -14.3

Source: Authors

table 7  
Yield changes (%) for various crops in Southern Africa as a result of climate change, 2000-2050

Water Crop CNRM CSIRO ECHAM MIROC
Rainfed Groundnuts 1.7 3.3 -5.7 2.1

Irrigated Maize -5.6 -3.1 -2.8 -4.0

Rainfed Maize -1.6 -2.8 -12.9 -4.0

Rainfed Rice -0.6 0.1 -0.4 -1.6

Rainfed Sorghum -5.8 -4.6 -10.4 -4.8

Rainfed Soybeans -15.4 -12.8 -24.7 -7.3

Irrigated Wheat -5.1 -5.1 -7.1 -3.8

Rainfed Wheat 18.5 18.3 11.0 -6.1

Source: Authors

table 9
World price changes (%), 2000-2050

Crop MIROC  
A1B

MIROC  
B1

CSIRO  
A1B

CSIRO  
B1

No climate 
change

Rice  83   87   85   82  54

Wheat 121 106   99   93  66

Maize 209 165 156 145 103

Sweet potatoes & yams 141  96 156 120  60

Cassava  78  50   64   42  18

Sugar cane 125 113 108 103  77

Sorghum 115 104 110 104  82

Millet    8    8   14   13   8

Groundnuts  35  33   37   33  13

Source: Based on analysis conducted for Nelson et al. (2010)
Note: The price changes are from the baseline economic-demographic scenario 
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Southern Africa
Table 7 shows regional tabulations of productivity 
changes for various crops based on the crop 
model results for Southern Africa. Rainfed rice 
is generally predicted to be unchanged. Rainfed 
maize is mostly negatively affected, though 
moderately so, except in the ECHAM model. 
ECHAM was the model which predicted the largest 
temperature increases.

Rainfed wheat shows yield increases because it 
is grown mostly in colder areas, and a temperature 
increase under such circumstances could boost 
productivity (Table 7). Rainfed soybeans and 
rainfed sorghum both show yield losses, probably 
as a result of temperature increases stressing 
these crops in the currently cultivated areas.

West Africa
Table 8 shows the weighted tabulations of 
productivity change for crops grown in West Africa, 
based on the crop model analysis. Only rainfed rice 
shows positive change. Yield reductions for rainfed 
maize and groundnuts are less than 10 percent, 
with an average of around 5 percent, and rainfed 
soybeans show around 6 percent reduction.

Overall, rainfed sorghum shows large yield 
reductions in all regions of Africa. Irrigated rice and 
irrigated wheat have large yield reductions, with 
wheat having larger reductions than rice. Yield 
productivity losses for irrigated crops are the result 
of temperature increases.

4.	 IMPACT model results

The IMPACT model is a global partial equilibrium 
food and agricultural model. Three different 
economic-demographic scenarios were examined 
using the IMPACT model: 1) pessimistic, with high 
population growth and low GDP per capita growth 
scenario for the world; 2) optimistic, with low 
population growth, high income scenario; and 3) 
baseline, which is between the two.

Yield results from four climate model/ 
Special Report on Emissions Scenarios (SRES)  
combinations: CSIRO A1B, CSIRO B1, MIROC 

A1B, and MIROC B1 were incorporated. SRES 
scenarios are IPCC predictions for how the world 
might evolve in terms of technology, governance 
and responsiveness to curbing emissions of GHGs. 
B1 is a lower emission scenario than A1B.

The units in IMPACT are countries, rather than 
the gridcells used in the crop models. The IMPACT 
model works by solving global supply and demand 
equations. One of the important questions that the 
IMPACT modelling approach attempts to answer 
is whether the world will produce sufficient food to 
feed the growing population, which will generally 
earn greater incomes. The results indicate that it 
will, but the demand for food will drive food prices 
higher relative to the price of other goods.

Table 9 shows the price changes projected by 
the IMPACT model between 2000 and 2050. Of all 
the food commodities, the world price of maize is 
projected to have the highest increase, doubling 
without climate change, and tripling according to 
one of the climate models. Millet prices will have 
the most minimal change, rising only 8 percent in 
three of the five climate scenarios evaluated.

Depending on which scenario is analysed, the 
maize price increase is followed by sweet potatoes 
and yams for MIROC A1B and CSIRO B1; sugar 
cane for MIROC B1; sweet potatoes and maize 
show the same level of price change under CSIRO 
A1B.  Under no climate change scenario, sorghum 
top the price increase (Table 9).

4.1	 Maize

In most of the graphs presented in this section, the 
economic-demographic scenarios are represented 
by three different colours. In each bar on the 
graph, we include only the results expected with 
climate change; the X’s indicate the cases in 
which we have assumed no climate change. As 
in Table 9, the four climate model/SRES scenario 
combinations are CSIRO A1B, CSIRO B1, MIROC 
A1B, and MIROC B1.

Important issues to note are: whether there 
is much variation between climate models 
(sometimes the bars are very flat, indicating little 
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variation); where the “no climate change” results 
are relative to the “climate change” results; whether 
there is great variation between economic-
demographic scenarios; and whether values 
change very much through time.

East Africa
Figure 12 shows that, on average, maize yield 
will increase by around 60 percent between 2010 
and 2050, although there is fairly large variation 
between the “good” climate model and the “bad” 
climate model. Very little variation is seen between 
economic-demographic scenarios. Climate change 
seems to be mostly favourable for yields of maize 
in East Africa, given that the X’s for the no climate 
change scenario are located at the bottom range 
of the bars on the yield graph.

Harvested areas appear to rise slightly and then 
fall slightly, denoting that the impact on production 
is predictable – that is, with production increasing 
rapidly in the early years, then tapering off.

Southern Africa
Yield is projected to increase by around 
50 percent between 2010 and 2050 in 
Southern Africa (Figure 13), which is not 
significantly different than the 60 percent 
projected for East Africa. However, the range 
of yields over all climate models is very small 
compared to those observed for East Africa. A 
slightly steeper decline in harvested area devoted 
to maize was also noted, which would result in 
production actually falling slightly, on average, 
after 2040.

West Africa
Figure 14 shows the projections for maize 
production in West Africa. Yield changes are 
remarkably similar to those of the other two 
regions, with yields over the period growing 
between 50 and 60 percent. Similar to the case 
for East Africa, the harvested area appears to rise 
and then fall, both ever so slightly. This results in a 
production level that is relatively flat after 2040.

4.2	 Sorghum

For sorghum, biophysical changes in yield and 
area attributable to climate change are based on 
the percentage changes for maize, since sorghum 
and maize are very similar crops, and since the 
sorghum model in DSSAT had not been run 
globally in time for the results to be included in 
IMPACT. 

East Africa
In Figure 15, sorghum yields under climate change 
are projected to rise around 90 percent between 
2010 and 2050. Unlike in the case of maize, the 
areas expand steadily by around 30 percent. The 
yields and area changes will result in sorghum 
production changes of around 150 percent.

Sorghum prices, unlike those for maize, are 
projected to be relatively flat, with a modest 
increase of 20 percent. Still, the climate-impacted 
prices will be higher than the prices without climate 
change.

Southern Africa
Sorghum yields more than doubled in Southern 
Africa which is even greater than the gains 
expected in East Africa. There is little variation in 
yield among climate models and between models 
with or without climate change in Southern Africa. 
On the other hand, a fairly high variation in yield 
was noted between climate models in East Africa.

Harvested area is projected to rise by around 
30 percent in Southern Africa. The end result 
would be almost a tripling in production between 
2010 and 2050.

West Africa
In Figure 17, sorghum in West Africa is between 
the projected levels for East Africa and Southern 
Africa. The yield almost doubles, with a small 
to moderate variation between climate models. 
Harvested area expands by around 20 percent, 
with total production rising by close to 150 
percent.
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figure 12
Projections for maize production in East Africa, 2010-2050

Source: Based on analysis conducted for Nelson et al. (2010)
Notes: Yield (top left); area (top right); production (bottom left); price (bottom right)

Pessimistic, with climate change
x Wthout climate change

Baseline, with climate change
x Wthout climate change

Optimistic, with climate change
x Wthout climate change

Pessimistic, with climate change
x Wthout climate change

Baseline, with climate change
x Wthout climate change

Optimistic, with climate change
x Wthout climate change

figure 13
Projections for maize production in Southern Africa, 2010-2050

Source: Based on analysis conducted for Nelson et al. (2010)
Notes: Yield (top left); area (top right); production (bottom left); price (bottom right)
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figure 14
Projections for maize production in West Africa, 2010-2050

Source: Based on analysis conducted for Nelson et al. (2010)
Notes: Yield (top left); area (top right); production (bottom left); price (bottom right)

Source: Based on analysis conducted for Nelson et al. (2010)
Notes: Yield (top left); area (top right); production (bottom left); price (bottom right)

figure 15
Projections for sorghum production in East Africa, 2010-2050
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figure 16
Projections for sorghum production in Southern Africa, 2010-2050

figure 17  
Projections for sorghum production in West Africa, 2010-2050

Source: Based on analysis conducted for Nelson et al. (2010)
Notes: Yield (top left); area (top right); production (bottom left); price (bottom right)

Source: Based on analysis conducted for Nelson et al. (2010)
Notes: Yield (top left); area (top right); production (bottom left); price (bottom right)
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4.3	 All crops

Table 10 summarizes the productivity changes for 
a number of crops analysed for East Africa, based 
on the IMPACT model. It includes the no climate 
change scenario as well as four climate change 
scenarios. 

The highest productivity gains were observed 
for sweet potatoes and yams, with more than a 
160 percent increase expected between 2010 and 
2050 (Table 10). This is followed by millet and rice. 
The lowest productivity gains are anticipated for 
groundnuts, followed by cassava and maize.

Averaging the results across climate models, 
it appears that productivity for many crops in East 
Africa will be higher with climate change than 
without. This is not attributable to direct impacts of 
climate on yields, at least not in some of the cases. 
The direct impacts of climate change on some 
crops in East Africa are presented in Table 6. 

On average, climate change across the globe 
will have negative effects on productivity, which 
will drive prices higher (Table 9). In response to the 
higher prices, farmers will endeavor to increase 
productivity – for example, through increased 
use of fertilizers. This second-order effect will 
then lead to some crops that were adversely 

affected by climate change to increase in yield 
sufficiently well to have higher yields than without 
climate change. We would not expect this to be 
universally true – it would be unrealistic to expect 
that all farmers across the globe would be able 
to increase their yields to that degree in response 
to a price rise. But in Africa, where fertilizer use is 
low, it is plausible that a significant and sustained 
price rise could lead to farmers spending more 
on inputs such as fertilizer, leading to a rise in 
productivity. 

In Table 10, productivity is projected to be 
higher in East Africa under climate change for 
groundnuts, maize, millet, rice, sorghum, and 
sweet potatoes and yams; however, climate 
change is anticipated to have a negative impact on 
cassava and wheat.

Table 11 shows the same type of results 
found in Table 10, except the projections are for 
Southern Africa. Millet is anticipated to have by 
far the largest productivity gains between 2010 
and 2050, increasing by almost 250 percent. This 
is followed, in a distant second place, by cotton, 
which is projected to increase by more than 150 
percent. Cassava is projected to have the lowest 
productivity gains among the crops for Southern 
Africa.

table 10  
Change (%) in productivity, East Africa, 2010-2050, IMPACT model

Crop No Climate 
Change

CSIRO  
A1B

MIROC A1B CSIRO 
 B1

MIROC  
B1

Cassava  54.7 46.1  51.4  53.0  47.7

Groundnuts  12.9  15.8  23.5  16.5  21.6

Maize  54.0  51.1  73.5  54.7  62.7

Millet 137.7 139.9 163.8 134.4 147.0

Rice 120.1 136.6 140.3 136.5 137.4

Sorghum  77.4  83.0 111.6  75.5  90.7

Sweet potatoes 
and yams

161.3 145.0 188.2 162.9 179.2

Wheat 128.6 119.1 127.2 123.3 118.9

Source: Based on analysis conducted for Nelson et al. (2010)
Note: Values are for the baseline economic-demographic scenario
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Comparing the no climate change scenario 
to the average productivity changes of the four 
climate models, it appears that climate change 
will be beneficial, on average, to cassava, cotton, 
groundnuts, maize, millet, potatoes, sorghum, and 
sugar cane, but will be detrimental, on average, to 
rice and soybeans. In the East African case study 
model, higher prices resulting from the projected 
negative impact of climate change on yields 
stimulates increased use of fertilizer, which then 
leads to higher yields.

For most of the crops shown in Table 11, yields 
are higher under the MIROC climate model than 
under the CSIRO climate model. Since this was 
not always the case – as in Table 7, which shows 
the results of the crop models – it may be that this 
phenomenon is the result of global impacts of climate 
change on prices. We see from the price changes 
shown in Table 9 that global prices tend to be higher 
in the MIROC model than in the CSIRO model.

Table 12 shows the same type of results as 
in Tables 10 and 11, with a focus on West Africa. 
The B1 scenario (a lower GHG emissions scenario) 
generally predicts much higher yields than results 
based on the A1B scenarios (Table 12). As is often 
the case, the yields in the A1B scenario are lower 

than the no climate change scenario, while the 
yields in the B1 scenario are higher than the no 
climate change scenario. This is seen for cassava, 
cotton, groundnuts, soybeans, and sweet potatoes 
and yams.

In some cases, we also note the price-stimulus 
effect, reflected in the MIROC yields being higher 
than CSIRO yields (with the exception of soybeans).

4.4	 Malnutrition

Table 13 shows calculations from the IMPACT 
model for the number of malnourished children 
under five years of age, and their share in all 
children under five years of age. In all regions, 
the number and share of children who are 
malnourished will be higher with climate change 
than without climate change. 

Both the number and share of malnourished 
children should fall in each region between 2010 
and 2050. This appears to be primarily an income 
effect, with increased incomes enabling people to 
more than compensate for food price increases. 
However, despite the drop in malnutrition rates 
through time, the projected malnutrition shares 

table 11
Change (%) in productivity, Southern Africa, 2010-2050, IMPACT model

Crop No Climate 
Change

CSIRO  
A1B

MIROC  
A1B

CSIRO  
B1

MIROC B1

Cassava    26.9 27.9 42.0 29.0 39.5

Cotton 155.3 165.3 175.1 155.6 176.5

Groundnuts   47.2 51.6 51.6 50.6 55.4

Maize  46.3 48.6 53.3 44.2 52.5

Millet 243.4 243.1 255.6 247.5 248.5

Potatoes  49.4 53.1 53.4 53.7 52.4

Rice 119.8 109.7 115.2 114.1 102.6

Sorghum 107.0 108.7 109.9 107.8 108.7

Soybeans 61.6 48.9 58.1 47.7 64.3

Sugar cane 60.2 62.3 66.5 63.2 66.5

Source: Based on analysis conducted for Nelson et al. (2010)
Note: Values are for the baseline economic-demographic scenario
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table 12  
Change (%) in productivity, West Africa, 2010-2050, IMPACT model

Crop No Climate 
Change

CSIRO A1B MIROC A1B CSIRO  
B1

MIROC  
B1

Cassava 49.5 35.5 37.2 55.5 62.5

Cotton 90.9 71.4 76.5 89.1 85.2

Groundnuts 42.0 35.4 43.9 41.1 47.3

Maize  57.4 53.0 59.8 55.9 58.7

Millet 147.2 151.9 176.2 147.5 156.2

Rice 89.3 87.5 89.1 89.1 89.7

Sorghum 94.1 95.5 106.3 95.2 99.4

Soybeans 81.5 80.0 77.7 84.6 78.5

Sweet potatoes 
and yams

73.5 48.1 49.1 72.3 84.0

Source: Based on analysis conducted for Nelson et al. (2010)
Note: Values are for the baseline economic-demographic scenario

in 2050 still appear to be high in the baseline 
economic-demographic scenario, and even for the 
optimistic scenario in East Africa.

5.	 Conclusions

This paper summarizes key results at a regional 
level from three recently published monographs 

table 13  
Number and percent of malnourished children under five in Africa, 2010 and 2050, IMPACT model

Region Scenario 2010 2050

No climate  
change

Average of max and 
min of 4 GCM –SRES 

scenarios

Number Percent Number Percent Number Percent

East Africa Baseline 20 991 34.3 18 931 24.2 21 077 27.0

Optimistic 20 975 34.3 13 968 20.4 15 858 23.2

Southern 
Africa

Baseline 4 894 24.6 3 570 15.2 4 288 18.2

Optimistic 5 024 25.3 1 671 8.2 2 264 11.2

West Africa Baseline 15 157 31.0 12 415 20.9 13 913 23.4

Optimistic 14 733 30.2 7 615 15.1 8 949 17.1

Source: Based on analysis conducted for Nelson et al. (2010)

on impacts of climate change on agriculture. 
The results show great geographical variation in 
climate change effects on agriculture, and indicate 
that, while most direct climate change impacts 
will be negative, there will be positive impacts 
on yields in some areas with projected increases 
in precipitation, and in some elevated areas 
that will be able to be cultivated due to warmer 
temperatures.
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As shown in the IMPACT results, global 
increases in income and population and 
constraints on productivity growth will cause real 
crop prices to rise – and this is more notably the 
case with climate change than without. Between 
price increases spurring farmers to use more 
inputs to increase yield, and general technological 
improvements in crops, yields will rise. In many 
cases in Africa, the price effect will lead yields to 
rise even more under climate change than they 
would have done without. This seemingly counter-
intuitive result is due to the negative climate change 
impacts on crop yields in much of the rest of the 
world, which will boost world crop prices enough 
to counterbalance the direct effects of climate 
change on crop yields in Africa. 

5.1	 Essential points for policy-makers

■	 Good agricultural policy for today will 
also be helpful for the future

Climate change is incremental, so one way 
of seeing things is to understand that climate 
change is already happening. What can 
improve agricultural productivity now? Not only 
will this help farmers adapt to climate change 
already being experienced, but it will put them 
on the road to future adaptation as well.

■ 	 Researchers will need to work together 
with farmers to develop new crop 
varieties and livestock breeds – along 
with supporting agronomic and 
husbandry methods, extension services 
and mechanisms for scaling up and out 

In many cases, this will require a shift in budget 
priorities, and the sooner the shift, the better. 
New varieties take quite a long time to develop 
and test. Varieties that can adapt to climate 
change ten years from now need to start being 
developed today.

■ 	 Institutions and policies in agriculture 
need to be redesigned to be more 
flexible and robust across a range of 
possible future climates, and diverse 
outcomes across ecozones 

There is sufficient disagreement between 
equally valid climate models that scientists are 
unable to specify how climate will impact a 
village or district or an ecozone. As a result, it 
is important not to overcommit resources to 
a specific climate outcome that may not even 
materialize, but rather to calibrate investments 
in response to evolving changes over time and 
to create a menu of options for farmers as well 
as policy-makers.

■ 	 In some, but not all, countries, severe 
productivity losses will be experienced 
in some parts of the country while 
productivity gains will be experienced 
in other parts, creating pressure for 
migration 

While this needs further study, it also suggests 
that laws in the areas of property rights and 
protection of environmentally sensitive areas 
may need to be examined and improved. 
In these cases, higher investments in rural 
infrastructure would also facilitate climate 
change adaptation.
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■	 Climate change impacts on crop and grass 
yields are projected to have only small effect 
on global milk and meat production by 2050, 
which remains under any climate scenario 
within +/-2 percent of the projected production 
without climate change.

■ 	 Depending on the scenario, the climate 
change effects can be more pronounced at the 
regional scale. In sub-Saharan Africa, the 
effects are both the most uncertain and 
potentially the most severe; e.g. ruminant meat 
production could increase by 20 percent but it 
could also decrease by 17 percent.

■ 	 The effects on regional consumption are less 
pronounced because the impacts of climate 
change are mostly buffered through 

international trade. Virtually all the negative 
effects are smaller than 10 percent.

■  	 Adjustment in the production systems structure 
will be an important adaptation measure. Grass 
yields benefit more (or are hurt less) from climate 
change than crop yields. Climate change would 
hence favour the grazing systems, leading 
potentially to a change in the current trend 
towards more intensive systems.

■ 	 Depending on the impact scenario, optimal 
adaptation strategies can go in opposite 
directions. Efforts to decrease this uncertainty 
must go hand in hand with search for robust 
strategies effective under many different climate 
futures.

main chapter messages
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1.	 Introduction

Livestock  are the source of 33 percent 
of the protein in human diets, and continued 
population and economic growth could double 
the total demand for livestock products by 2050 
(Alexandratos and Bruinsma, 2012). Currently, 
30 percent of global land area is already being 
used for livestock rearing (Steinfeld et al., 2006), 
which means that substantial efficiency gains will 
be required to satisfy the rising demand within the 
physical constraints related to land, and, to some 
extent, water (Doreau et al., 2012). At the same 
time, global mean surface temperature is projected 
to rise by 0.4-2.6 °C by 2050, and the contrast 
in precipitation between wet and dry regions and 
between wet and dry seasons will also increase 
according to the Intergovernmental Panel on 
Climate Change (IPCC) 5th Assessment Report 
(2013). Climate change will have multiple impacts 
on livestock, from heat stress to livestock diseases 
to feed quality and availability (Thornton et al., 
2009). The objective of this chapter is to assess 
how the impacts of climate change on crop and 
grass yields will influence the global livestock 
sector from now to 2050, and to explore the 
potential for adaptation through transitions in 
livestock production systems, which have been 
identified as an efficient adaptation mechanism to 
address future challenges, even in the absence of 
climate change (Havlík et al., 2014).

Global economic assessments of climate 
change impacts on agriculture over the last couple 
of years have experienced an unprecedented 
boom. In 2007, Schmidhuber and Tubiello (2007) 
could state that most global assessments relied 
on a single modelling framework, represented 
by the International Institute of Applied Systems 
Analysis (IIASA)’s Agro-ecological zones (AEZ)/
Basic Linked System (BLS) (Fischer et al., 2005). 
During the past year, however, a coordinated 
climate change impact and adaptation model 
intercomparison exercise has been implemented 
within the Agricultural Model Intercomparison 

and Improvement Project (AgMIP)/ Inter-Sectoral 
Impact Model Intercomparison Project (ISI-MIP), 
which combines nine global economic models 
with five global gridded crop models (Nelson et al., 
2014a). However, the effects of climate change 
on fodder availability remain under-researched 
(Wheeler and Reynolds, 2013). Most of the studies, 
including the recent model intercomparison, have 
considered climate change impacts only on crop 
yields. In the past, climate change effects on 
grassland productivity were taken into account in 
only two models, Future Agricultural Resources 
Model (FARM) (Darwin, 2004) and Emissions 
Predictions and Policy Analysis (EPPA) (Reilly et al., 
2007). Both models represented the whole 
livestock sector as an aggregate single activity 
and the potentially important effects of changes 
in grass yields on ruminant sectors were blurred 
by climate change impacts on crops as the main 
feedstuff for pigs and poultry. For this chapter, we 
implement the Global Biosphere Management 
Model (GLOBIOM), a global partial equilibrium 
agricultural and forestry sector model with detailed 
livestock sector representation, to provide a new 
view on this topic (Havlík et al., 2013; Havlík et al., 
2014). 

GLOBIOM (Havlík et al., 2011) represents 
agricultural production at a spatial resolution 
going down to 5x5 minutes of arc2. Crop and 
grassland productivities for current and future 
climate scenarios are estimated at this resolution 
by means of biophysical process-based models, 
such as Environmental Policy Integrated Climate 
(EPIC) (Williams, 1995). Livestock representation 
follows a simplified version of the Seré and 
Steinfeld (1996) production system classification. 
This approach recognizes differences in feed 
base and productivity between grazing and mixed 
crop-livestock production systems across different 
agro-ecological zones (arid, humid, temperate/
highlands). Parameters for the model were 
obtained from a recently published global livestock 
production systems dataset (Herrero et al., 
2013). GLOBIOM allows for endogenous shifts 

2	  60 arcminutes correspond to 1 degree 
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of livestock between the different production 
systems based on their relative profitability. The 
model has been implemented for climate change 
impact assessments in the past, both individually 
(Mosnier et al., 2014) and as part of the AgMIP/ISI-
MIP model intercomparison, but it is in this chapter 
that climate change impacts on grasslands are 
included for the first time.

Future climate development is highly uncertain 
and the large differences in impact assessments 
provided by crop or vegetation models add to 
this uncertainty (Asseng et al., 2013; Ramirez-
Villegas et al., 2013; Challinor et al., 2014; 
Rosenzweig et al., 2014). The ISI-MIP project 
results (www.isi-mip.org) that were made 
available to impact modellers downscaled 
and bias-corrected climate change scenarios, 
based on the results of the Coupled Model 
Intercomparison Project (CMIP). Subsequently, 
a database of global, spatially explicit, modelled 
climate change impacts across different sectors 
has been created (Warszawski et al., 2013). 
These datasets make it possible, in principle, to 
account for the uncertainties inherent in climate 
change impact assessments. We have identified 
the most important sources of uncertainty to be: 
use of a particular crop/grass growth model; and 
assumptions about the strength of the carbon 
dioxide (CO2) fertilization effect. These two 
aspects will be systematically treated throughout 
our study.

2.	 Methodology

The assessment provided in this chapter follows 
a sequential approach. First, climate change 
scenarios quantified by general circulation 
models (GCMs) are selected, then results of 
these scenarios are used as input to biophysical 
process-based models to assess the impacts on 
crop and grass yields, and finally these models are 
used as input for the economic model to project 
the effects of climate change on the agricultural 
sector as a whole. In the next sections, we will 
present these three steps in detail. 

2.1	 Climate scenarios3

The most recent generation of climate change 
scenarios available at the time of this study 
corresponds to the fifth phase of the Coupled 
Model Intercomparison Project (CMIP5) 
(Taylor et al., 2011). In this project, more than 
50 climate models were used to simulate four 
emission scenarios (Representative Concentration 
Pathways, or RCPs). The four RCPs cover a range 
of “radiative forcing”4 in the year 2100, going from 
2.6 to 8.5 W/m2 (Vuuren et al., 2011). Depending 
on the climate model, these levels of radiative 
forcing would spread the global temperature 
increase above pre-industrial levels, from below 
1 °C for RCP2.6 to about 7 °C for RCP8.5, the 
median across the models for the latter RCP 
being just below 5 °C (Rogelj et al., 2012). For 
this analysis, we will focus on RCP8.5 for three 
reasons: first, because this scenario shows best 
what the future challenges of climate change 
could be; second, because together with the 
“present climate” scenario, it allows for judgment 
about the intermediate emission pathways; and 
finally, because the recent emission developments 
exceed even the RCP8.5 emission levels for the 
relevant years (Peters et al., 2013). 

The ISI-MIP provided impact modellers 
with spatially interpolated and bias-corrected 
climate datasets for all four RCPs and for five 
GCMs (GFDL-ESM2M, HadGEM2-ES, IPSL-
CM5A-LR, MIROC-ESM-CHEM, NorESM1-M) 
selected to span the CMIP5 range of global mean 
temperature changes and relative precipitation 
changes (Warszawski et al., 2013). Of the five 
GCMs, ISI-MIP retained HadGEM2-ES as the 

3	 The scenarios reported in this study were developed 
as part of a European Union-funded FP7 project 
called “An integration of mitigation and adaptation 
options for sustainable livestock production under 
climate change” (ANIMALCHANGE) (Grant 266018)

4	 “radiative forcing” is linked to the CO2 concentration 
measured in part per million value or ppmv. The 
higher the CO2 concentration, the higher the radiative 
forcing which in turn raises the radiative energy 
reaching the earth’s surface and causes the average 
earth temperature to increase

http://www.isi-mip.org
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reference model, and we do the same in this 
chapter. Under RCP8.5, HadGEM2-ES projects 
a global temperature increase for 2050 of about 
2.5 °C and an average increase in precipitation 
of about 3 percent. This ranks HadGEM2-ES as 
the hottest and driest of the five models, with 
potentially the most negative effects on agricultural 
production. The spatial distribution of the change 
in temperature and precipitation is presented in 
Figure 1. The temperature increases follow the 
typical spatial pattern, with higher increases in the 
north. Reductions in precipitation are projected to 
affect large parts of Australia, Brazil and Europe, 
the southwest part of the United States of America, 
and parts of Africa and the Near East.

2.2	 Biophysical impact modelling

Climate scenarios need to be translated into 
impacts on crop and grass yields. In general, two 
approaches are available: biophysical process-
based (mechanistic) models; or statistical models 
(Porter et al., 2014). However, as described by 
these authors, it is difficult for the statistical models 
to represent the direct effect of elevated CO2, 
which makes them less suitable for long-term 
assessments. These models have also never been 

applied to assess climate change impacts on 
grass productivity at the global scale, and therefore 
can be ruled out as an option for our study. Two 
different approaches exist for implementation of 
crop growth models at global scale: the models 
can be run for a limited number of specific sites, 
and the results extrapolated to the areas not 
directly covered; or the crop models can be run 
on a more or less detailed spatial grid for each 
relevant pixel. For purposes of this chapter we 
adopt the second option. 

Our preferred crop growth model is EPIC 
(Williams, 1995), which is a standard component 
of the model cluster around the economic model 
GLOBIOM. EPIC is a long-established crop 
growth model and, in addition to crop simulations, 
it has been applied to forage yield projections 
(Izaurralde et al., 2011). However, EPIC has 
been designed to model managed grasslands. 
Globally, large areas of pasture are managed 
very extensively and their composition is close to 
natural biomes. The climate change impacts on 
potentially species-rich and highly heterogeneous 
natural rangelands can then be very different 
from those on intensively managed grasslands 
consisting of a few selected species at most. 
Therefore, we considered using the output of one 
of the global vegetation models developed to 

figure 1  
Absolute changes in annual mean temperature (◦C, left) and annual mean precipitation (mm/day, right), from  

1980–2010 to 2035–2065 for the HadGEM2-ES model under RCP8.5 
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simulate natural terrestrial vegetation, as discussed 
in Friend et al. (2013) within the ISI-MIP framework. 
These models simulate climate change impacts on 
vegetation in terms of change in the net primary 
productivity (NPP). Their limitation is that the 
results reported by these models at 0.5°x0.5° 
resolution do not distinguish between different 
vegetation types, and hence the change in NPP 
cannot be directly associated with grasslands 
unless they cover a large majority of the pixel. 
Our analysis showed that such usable pixels do 
not provide sufficient coverage over the globe, 
so the results of the global vegetation models 
as provided in the fast track phase of ISI-MIP 
were not suitable for our purposes. However, 
we found that the climate change impacts on 
managed grasslands reported by Lund-Post-Jena 
Dynamic Global Vegetation Model with managed 
Land (LPJmL) (Müller and Robertson, 2014) 
showed similar patterns to the climate change 
impacts on natural vegetation simulated with the 
global vegetation module of LPJmL, for areas 
where sufficient cover by grasslands allowed for 
comparison between the two modules. Because 
the managed grassland simulations by LPJmL 
provide sufficient coverage at the global scale, we 
decided to use them as the model most closely 
representing natural grasslands. LPJmL also 
provides simulation results for major agricultural 
crops. For reasons of consistency, we decided 
to use the LPJmL grassland simulations together 
with the LPJmL crop yield simulations. Thus, two 
alternative model set-ups are used for representing 
the climate change impacts on crop and grass 
productivity – one entirely based on EPIC and 
the other on LPJmL. In addition to exploiting the 
complementarities between the two models, this 
approach also makes it possible to deal with the 
uncertainties inherent in the use of crop models, 
given that, at global scale, LPJmL is a rather 
optimistic model and EPIC a rather pessimistic 
one – in particular, when the direct effects of 
elevated CO

2 concentrations are considered 
(Rosenzweig et al., 2014). 

The pure climate change impacts on crop 
and grass yields as simulated by the two models 

for RCP8.5 and the five ISI-MIP GCMs for 2050 
relative to 2000 are shown in Figure 2. These 
results include the direct effect of elevated 
CO2. The regional aggregates are calculated as 
averages from the spatially explicit results based 
on crop and management system distribution as of 
2000, using either the Spatial Production Allocation 
Model (SPAM) dataset from the International 
Food Policy Research Institute (IFPRI) (You and 
Wood, 2006) or the current grassland distribution 
calculated from Global Land Cover 2000 
(GLC2000) and feed requirements as described in 
Havlík et al. (2014). The definitions of the ten large 
regions that, for presentation purposes, aggregate 
the 30 GLOBIOM regions are provided in the 
Annex, Table A1. The EPIC simulations indicate 
that crop yields would fall by 6 percent globally, 
while grass yields would increase by 14 percent. 
The LPJmL model projects much more positive 
effects of climate change, increasing overall crop 
yields by 23 percent on average, and grass yields 
by 50 percent. The pattern of systematically more 
positive (or less negative) effects of climate change 
on grass yields as compared to crop yields applies 
for EPIC in all the aggregate world regions. The 
prediction is similar for the LPJmL model, with 
the notable exception of Latin America, where 
the crop yields would increase by 41 percent on 
average, while grass yields would only increase by 
8 percent. The climate change impacts on yields 
calculated by LPJmL provide a more optimistic 
picture compared with EPIC across all the regions 
except in the case of grass yields in Europe, 
where the average values from both crop models 
are similar, and for the Near East & North Africa, 
where EPIC shows a slightly more significant grass 
yield increase than LPJmL. Although there is a 
wide variation in the results of each individual crop 
model across the GCMs, the domain of results of 
one crop model rarely overlaps with the domain of 
results of the other model. 

The extent to which the full CO
2 fertilization 

effect will materialize in the real world remains 
highly uncertain (Tubiello et al., 2007). Therefore, 
for the selected GCM – HadGEM2-ES – we have 
also considered the climate change impacts with 
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constant CO2 concentrations corresponding 
to 2000 levels of 370 ppm in LPJmL (or 2005 
levels of 380 ppm in EPIC). The effect of the 
assumption about CO2 fertilization on the crop 
model results is presented in Figure 3. With CO2 
fertilization activated, EPIC and LPJmL simulate 
for crop yields a global decrease of 10 percent 
and an increase of 24 percent, respectively. 
The predicted grass yields for EPIC and LPJmL 
call for increases of 12 percent and 45 percent, 
respectively. However, ignoring the CO2 fertilization 
effect leads to substantially different results. In 
this case, crop yields in LPJmL would increase 
by only 5 percent, and according to EPIC, they 
would fall by 20 percent. The contrast at global 
scale is the most pronounced for grass yields 
projected by LPJmL; whereas they would increase 
by 45 percent with CO2 fertilization activated, they 
are nearly stagnant (+7 percent) without the CO2 

fertilization effect. Looking at the regional results, 
crop yields projected by LPJmL are higher than 
those projected by EPIC, even without the effect 
of CO2 fertilization. However, the CO2 fertilization 
effect seems to play a very important role in grass 
yield projections by LPJmL. In some regions, such 
as North America or Eastern Asia, removing the 
CO2 fertilization effect turns LPJmL from a rather 

optimistic model, projecting substantial yield 
improvements, into a more pessimistic model, 
projecting decreases in yields. In general, LPJmL is 
more responsive to the CO2 fertilization assumption 
than EPIC.

The differences between EPIC and LPJmL 
models in terms of the simulated effects of climate 
change and atmospheric CO2 concentration are 
the result of significant differences in the type 
and parameterization of biophysical processes 
accounted for by the two models, as well as 
differences in their input data regarding soil and 
management assumptions. The EPIC model 
accounts for more factors co-limiting biomass 
accumulation (such as stresses from heat or 
from soil state with respect to oxygen, aluminum, 
and bulk density), while LPJmL considers only 
water and sub-optimal temperature stresses. 
LPJmL is thus expected to be more optimistic 
with respect to impacts of changes in climate 
and CO2. However, the models also differ in their 
representation of fundamental processes such 
as light utilization (i.e. spatially homogeneous 
radiation-use efficiency for EPIC vs. detailed 
and spatially heterogeneous photosynthesis 
and respiration for LPJmL), evapotranspiration 
(Penman-Montheith vs. Priestley-Taylor 

figure 2 
Relative climate change impacts on crop and grass yields as projected by EPIC  

and LPJmL for five GCMs retained for the fast track phase of ISI-MIP, with full direct effects of elevated CO2 
concentration for 2050 compared with 2000 in %
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approaches for EPIC and LPJmL, respectively) and 
crop phenology, as well as soil, water and nutrient 
dynamics and yield formation. These differences 
significantly blur expectations with respect to 
model output differences, even without accounting 
for changes in CO2. Differences in accounting for 
CO2 effects add further complexities; in the EPIC 
model, CO2 increases light utilization and water 
transpiration efficiencies homogenously across 
space, whereas in LPJmL these factors can have 
highly contrasted spatial responses. Management 
assumptions further differentiate the two models. 
LPJmL does not account for nutrient stress as 
a factor limiting biomass accumulation, but only 
parameterizes management intensity to mimic 
current management systems (Fader et al., 2010). 
EPIC accounts for the stress related to nutrient 
availability and takes into account spatially 
heterogeneous levels of nitrogen application rates 
for crops (representing current management 
systems). For grassland this effect should not 
be large, as we assumed low nitrogen stress in 
EPIC simulations, but assumptions regarding 
grassland harvest and grazing efficiencies differ 
significantly. In EPIC, a high and homogeneous 
harvest efficiency (70 percent) was considered 
for grassland, without specific effects of mowing 

regimes. However, in LPJmL, an intensive mowing 
system is assumed, in which mowing is triggered 
by phenology and biomass thresholds. While such 
assumptions may not be representative for both 
models in many parts of the world, the LPJmL 
model suggests that accelerated phenology under 
global warming and higher biomass production 
could lead to amplified effects on harvested 
biomass, as additional harvest events could 
become possible. 

Given these results and the number of analysed 
scenarios, and considering the trade-off between 
exhaustiveness and ease of presentation, we 
decided to focus this chapter on results for the two 
different crop models and the two assumptions 
on CO

2 fertilization for just a single GCM. This 
approach makes it possible to capture the most 
important uncertainties among the five climate 
change scenarios, including the current climate as 
a benchmark. The scenarios are summarized in 
Table 1.

2.3	 Economic impact modelling

The first economic assessments of climate change 
impacts on the global agricultural sector appeared 

figure 3 
Relative climate change impacts on crop and grass yields as projected by EPIC and LPJmL for HadGEM2-ES  

with full direct effects of elevated CO2 concentration (WTco2) and without any direct effects of CO2 (WOco2)  
for 2050 compared with 2000 in %
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over twenty years ago. At that time, three 
modelling efforts in this area were launched, more 
or less simultaneously. The first global assessment 
used Static World Policy Simulation (SWOPSIM) 
(Kane et al., 1992; Reilly et al., 1994), a partial 
equilibrium model developed by the Economic 
Research Service at the United States Department 
of Agriculture (USDA). By that time, GCMs had 
already provided projections of future climate to 
models for crop growth, which in turn calculated 
the estimated changes in crop yields. These 
changes were finally implemented in economic 
models as exogenous crop yield shifters. However, 
the Economic Research Service at the USDA 
then switched to a second approach for climate 
change impact modelling, based on the FARM 
model (Darwin and Kennedy, 2000; Darwin, 2004). 
FARM was a computable general equilibrium 
model based on a geographic information system. 
FARM adopted a completely different approach 
to representing impacts of climate change on 
production activities. The FARM model divided land 
endowments into six land classes, characterized 
by soil temperature and length of growing season. 
As a result of climate change, distribution of land 
across the different classes was changing. This 
approach made it possible to account for effects 
on crop yields and also on pasture and forest 
productivity; in addition to FARM, it was used in 
World Trade Model with Climate-Sensitive Land 
(WTMCL) (Juliá and Duchin, 2007). This approach 
also accounted for changes in runoff and the 
resulting changes in water supply for irrigation. 

However, the model was highly aggregated in 
terms of regions and sectors. While SWOPSIM 
divided the world into 13 regions and differentiated 
between 20 agricultural commodities, FARM, 
as implemented in 1995, represented the world 
in 8 regional aggregates, and agriculture was 
split into only two sectors – crops and livestock. 
The third modelling approach among the early 
attempts relied on the general equilibrium model 
BLS, developed at IIASA. Initially, the climate 
change impacts on crop production were based 
on crop model simulations using the International 
Benchmark Sites Network for Agrotechnology 
Transfer (IBSNAT) of the International Consortium 
for Agricultural Systems Applications (ICASA). 
The simulations covered 124 sites in 18 countries 
and then extrapolated to other parts of the 
world through derived yield transfer functions 
(Fischer et al., 1994; Rosenzweig and Parry, 1994; 
Parry et al., 1999; Parry et al., 2004). Later on, the 
climate change impact module has been replaced 
by the AEZ framework of the Food and Agriculture 
Organization of the United Nations (FAO)-ILASA 
(Fischer et al., 2005; Tubiello and Fischer, 2007). 
The BLS model divides the world into 34 countries/
regions and aggregates global agricultural 
production into nine sectors, with the rest of the 
economy aggregated in a single sector. The model 
has been extensively used for climate change 
impact analysis for more than a decade. 

Since 2007, global climate change impact 
assessments focusing on the agricultural 
sector have inspired an increasing number of 

table 1  
Climate change impact scenarios

Radiative forcing GCM Crop model CO2  
concentration

Present climate Current HadGEM2-ES EPIC current

EPIC_WTco2 RCP8p5 HadGEM2-ES EPIC RCP8p5

LPJmL_WTco2 RCP8p5 HadGEM2-ES LPJmL RCP8p5

EPIC_WOco2 RCP8p5 HadGEM2-ES EPIC current

LPJmL_WOco2 RCP8p5 HadGEM2-ES LPJmL current
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economic models. The EPPA model developed at 
Massachusetts Institute of Technology (MIT) used 
the Terrestrial Ecosystem Model (TEM) to derive 
changes in crop, pasture and forest productivity 
(Reilly et al., 2007; Reilly et al., 2013). The Global 
Trade Analysis Project (GTAP) and its variants were 
implemented later; these usually relied on literature 
reviews or existing datasets for the climate change 
impact parameters (Lee, 2009; Hertel et al., 
2010; Calzadilla et al., 2013). Recently, several 
influential studies on climate change impacts and 
the costs of adaptation were carried out at IFPRI 
with the International Model for Policy Analysis 
of Agricultural Commodities and Trade (IMPACT) 
model, which derived the climate change impact 
parameters from detailed Decision Support System 
for Agrotechnology Transfer (DSSAT) simulations 
(Nelson et al., 2009, 2010; Rosegrant et al., 2014). 
The widespread interest in this topic among the 
global economic modelling teams was expressed 
in the coordinated model intercomparison project, 
co-organized by AgMIP and ISI-MIP, in which nine 
global economic models jointly analysed climate 
change impacts on the agricultural sector based on 
the most recent climate change impact projections 
by five global gridded crop models (Nelson et al., 
2014a; Nelson et al., 2014b).

In this study we use GLOBIOM (Havlík et al., 
2011). This model had been implemented for 
climate change impact assessments in the past, 
both individually (Mosnier et al., 2014 Leclère et al.,  
(in press) Climate change induced transformations 
of agricultural systems: insights from a global 
model Environ. Res. Lett.) and as part of AgMIP/
ISI-MIP. GLOBIOM is a partial equilibrium model 
covering the agricultural and forestry sectors – 
including the bioenergy sector – which is used 
for analysing medium to long-term exploratory 
and policy oriented scenarios. The model divides 
the world into 30 economic regions, in which a 
representative consumer by region is modeled 
through a set of isoelastic demand functions. The 
spatial resolution of the supply side relies on the 
concept of Simulation Units, which are aggregates 
of 5 to 30 arc minutes pixels (or from 1/12 to ½ 
degree) that belong to the same altitude, slope, 

and soil class, and to the same country. For crops, 
grass and forest products, Leontief production 
functions covering alternative production systems 
are calibrated based on biophysical models, such 
as EPIC (Williams, 1995). For this study, the supply 
side spatial resolution is aggregated to 2° x 2° 
(about 200 x 200 km at the equator). Economic 
optimization is based on the spatial equilibrium 
modelling approach (Takayama and Judge 1971). 
The price-quantity equilibrium is computed using 
the method of McCarl and Spreen (1980) at the 
regional level. The model is calibrated to FAOSTAT 
activity levels as of the year 2000, and is then 
recursively calculated in 10 year intervals of time.

GLOBIOM includes a particularly detailed 
representation of the global livestock sector 
(Havlík et al., 2013; Havlík et al., 2014). The model 
distinguishes between dairy and other bovines, 
dairy and other sheep and goats, pigs and poultry, 
with further distinctions between laying hens and 
broilers. Livestock production activities are defined 
in several alternative production systems adapted 
from Seré and Steinfeld (1996) as follows: grass-
based (arid - LGA, humid - LGH, temperate/
highlands - LGT), mixed crop-livestock (arid - MRA, 
humid - MRH, temperate/highlands - MRT), urban 
(URB) and other (OTH), for ruminants; smallholder 
and industrial production for monogastrics. For 
each species, production system and region, a set 
of input-output parameters is calculated, based on 
the approach by Herrero et al. (2013). Feed rations 
are defined as consisting of grass, stover, feed 
crops aggregates and other feedstuff. Outputs 
include four meat types, milk and eggs, as well as 
environmental factors (manure production, nitrogen 
excretion, and greenhouse gas emissions). The 
initial distribution of livestock across the systems 
is based on Robinson et al. (2011). Switching 
among the production systems allows for feedstuff 
substitution and for intensification or extensification 
of livestock production.

Furthermore, six land cover types are 
distinguished: cropland, grassland, short-rotation 
tree plantations, managed forest, unmanaged 
forest and other natural vegetation. Depending on 
the relative profitability of the individual activities 
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and the constraints on recursivity, the model 
can switch from one land cover type to another. 
Comprehensive accounting of greenhouse 
gas for agriculture and land use change is also 
implemented in the model. Detailed descriptions 
of these accounts and additional background 
information are provided in Valin et al. (2013).

Climate change impacts on crop and grass 
yields are implemented in GLOBIOM as changes 
relative to the year 2000 values at the Simulation 
Unit level. Eighteen globally important crops, which 
cover about 75 percent of total harvested area as 
reported by FAOSTAT, are represented explicitly 
in the model (Barley, Dry beans, Cassava, Chick 
pea, Corn, Cotton, Groundnut, Millet, Oil palm, 
Potatoes, Rapeseed, Rice, Sorghum, Soybeans, 
Sugar cane, Sunflower, Sweet potatoes, and 
Wheat). All of them, except for Oil palm, are 
individually parameterized with EPIC for four 
management systems – subsistence, low-input 
commercial, high-input and irrigated. The initial 
distribution of crops and systems for the year 2000 
is based on IFPRI’s SPAM (You and Wood, 2006). 
The EPIC model provides not only information 
about yields but also the corresponding nitrogen 
and irrigation water requirements. Climate change 
impact simulations are conducted for three 
management systems – subsistence (used also for 
the low-input commercial system), high-input and 
irrigated. In the high-input management system, 
nitrogen fertilization is automatically adjusted to 
the changes in requirements by crops in response 
to climate change. In the irrigated systems, the 
levels of both nitrogen and water for irrigation 
are adjusted in response to climate change. 
Furthermore, the dates of operations such as 
sowing are adapted to the climate. For Oil palm, an 
average value is used – calculated from the climate 
change impacts on groundnuts, rice, soybeans 
and wheat – following the protocol of Müller 
and Robertson (2014). LPJmL provides climate 
change impact simulations individually for 11 
major crops and for two management systems – 
rainfed and irrigated. The yields for the remaining 
seven crops are derived analogically from those 
11 crops. The relative changes in yields from the 

single LPJmL rainfed system are used for all three 
GLOBIOM rainfed systems. Nitrogen and irrigation 
water requirements are adjusted proportionally 
to the yields, as are phosphorus requirements 
and production costs, for both EPIC and LPJmL 
climate change simulations. In GLOBIOM, 
the extent and distribution of grasslands are 
determined based on GLC2000 and livestock feed 
requirements. Grass productivity levels in the year 
2000 are taken from EPIC for regions with intensive 
or semi-intensive grassland management and 
from CENTURY (Parton et al., 1987; Parton et al., 
1993) for regions with extensive rangelands. 
Climate change impact on grasslands is captured 
through shifts in relative productivity calculated for 
managed grasslands by both EPIC and LPJmL, as 
discussed above. 

Marginal adaptation to climate change, in 
terms of input level or adjustments of operation 
dates is implicit in the crop model results as 
mentioned above. GLOBIOM models additional 
mechanisms which can mitigate the effects of 
climate change on the agricultural sector. In 
addition to relocating production activities within 
or across the various regions to exploit new 
comparative advantages between locations and 
individual production activities, a major adaptation 
mechanism represented in GLOBIOM is switching 
between different production systems. In the crop 
sector, this can take the form of shifting some 
of the production from the rainfed system to the 
irrigated system in response to increased droughts. 
In the livestock sector, it generally involves 
shifting ruminants from grazing systems to mixed 
crop-livestock systems or vice versa, changes 
which can play an important role in the future 
livestock sector development (Havlík et al., 2013; 
Havlík et al., 2014). The ruminant diets differ widely 
in their composition across the production systems 
(Figure 4). For instance, in arid zones, an average 
of 90 percent of the ruminant diet in grazing 
systems (LGA) is composed of grass, but grass 
does not even constitute 50 percent of the diet 
for ruminants in mixed systems (MRA). It follows 
that climate change impacts on grass yields may 
substantially alter the relative competitiveness 
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of the different systems and hence the overall 
outcome for the livestock sector. 

Only one set of socio-economic drivers is used 
for all the climate scenarios in this study. Gross 
domestic product (GDP) and population projections 
correspond to the SSP2 – the Middle of the Road 
scenario out of the five Shared Socio-economic 
Pathways (SSPs) (O’Neill et al., 2014). The impact of 
future technological change on crop yields and feed 
conversion efficiencies has been calculated from 
past relationships observed between crop yields 
and GDP, and has been transposed for the livestock 
sector based on past rates of feed conversion 
efficiency gains at global level (Herrero, M., Havlík, 
P., McIntire, J., Palazzo, A. and Valin, H. 2014. 
African Livestock Futures: Realizing the Potential 
of Livestock for Food Security, Poverty Reduction 
and the Environment in Sub-Saharan Africa. Office 
of the Special Representative of the UN Secretary 
General for Food Security and Nutrition and the 
United Nations System Influenza Coordination 
(UNSIC), Geneva, Switzerland, 118 p.). Global future 
consumer preferences are captured in the income 
elasticities of the demand functions used in this 
chapter, which have been calibrated to the FAO 
projections by Alexandratos and Bruinsma (2012) 
(Valin et al., 2014).

3.	 Results

Climate change impacts on crop and grass yields 
will trigger a series of adjustments in the global 
agricultural system, which is trying to buffer the 
negative effects and exploit the new opportunities. 
Here we first briefly present our projections of 
livestock sector development up to 2050 without 
climate change, and then discuss how these 
developments could be altered through climate-
induced crop and grass yield changes. In a final 
step, we analyse the adaptation mechanisms at 
play in the area of land management and in the 
livestock sector.

3.1	 Livestock sector developments 
without climate change

Demand for milk is projected to almost double 
globally (+91 percent) between 2000 and 2050 
(Figure A1 in the Annex). The fastest growth is 
expected to occur in South Asia, sub-Saharan 
Africa and Southeast Asia (+230-250 percent). 
In absolute terms, half of the new demand 
is projected to come from South Asia (+255 
million tonnes), followed by Latin America 

figure 4  
Average composition of global ruminant diets in terms of four feedstuff aggregates, in %  

(calculations based on Herrero et al. (2013)
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(+67 million tonnes). Regional production is 
mostly projected to follow the increases in local 
demand, leaving a minor role for international 
trade. The noticeable exception is South Asia, 
which is projected to increase production by “only” 
183 percent, leading to a gap of 50 million tonnes, 
which will need to be covered through imports. 
Europe and Oceania would remain the only major 
exporters. At the global scale, the price of raw 
milk would increase by only 4 percent by 2050. 
Even at the regional level, the price increase would 
remain below 10 percent, except for the Near East 
& North Africa and sub-Saharan Africa, where the 
prices are projected to rise by about 20 percent.

Demand for ruminant meat is projected to 
increase globally at almost the same rate as milk 
demand (+90 percent). The fastest increases 
are projected to occur in sub-Saharan Africa 
(+269 percent) and Southeast Asia (+255 percent). 
In absolute terms, however, the largest increase is 
projected to occur in East Asia (+14 million tonnes), 
followed closely by Latin America and sub-Saharan 
Africa. On the opposite end of the scale, total 
demand is projected to increase by only about 
10 percent in Europe and North America. Ruminant 
meat production is projected to increase the most 
noticeably in Latin America and East Asia – by 18 
and 14 million tonnes, respectively. Latin America 
is also projected to become the most important 
ruminant meat exporter, at 5.7 million tonnes per 
year by 2050, whereas the second largest exporter, 
Oceania – whose export rate is rather stagnant – 
would supply the global market with about half that 
volume, at 2.8 million tonnes. Imports are projected 
to rise most dramatically in the Near East & North 
Africa and in sub-Saharan Africa, reaching 2.9 and 
2.7 million tonnes, respectively. China’s rising demand 
is projected to be satisfied by local production, 
leaving imports close to the historical level of 
1.4 million tonnes per year. Ruminant meat prices 
are projected to rise globally by 15 percent between 
2000 and 2050, although they are actually projected 
to decrease slightly for all regions except South Asia, 
the Near East & North Africa and sub-Saharan Africa, 
where they would rise by 145 percent, 46 percent, 
and 40 percent, respectively.

Finally, demand for meat from monogastrics is 
projected to increase by 104 percent between 2000 
and 2050. The fastest increases are projected for 
South Asia (+1300 percent), sub-Saharan Africa 
(+547 percent) and the Near East & North Africa 
(+289 percent). In terms of volume, the largest 
increase would still occur in East Asia, up to 37 
million tonnes between 2000 and 2050, followed 
by Latin America, at 29 million tonnes, and South 
Asia, at 28 million tonnes. Most of the demand 
would be satisfied through local production, except 
in sub-Saharan Africa and South Asia, which are 
projected to be importing about 30 percent of their 
total demand by 2050. China is still projected to 
be importing about one million tonnes, but this 
would represent just 1 percent of its total demand. 
Meat prices for monogastrics are projected to 
increase only marginally at the global scale, with the 
exception of South Asia, where they are projected to 
rise more than 120 percent.

As mentioned earlier, the income elasticities of 
our demand functions have been calibrated to the 
FAO projections by Alexandratos and Bruinsma 
(2012). Hence, it comes as no surprise that the 
commodity demand projections presented above 
are similar to the FAO projections; our projection 
for total milk demand is only 6 percent higher, for 
ruminant meat demand it is 4 percent higher, and 
for monogastric meat demand it is just 2 percent 
higher than FAO projections for 2050. At the 
regional level, the discrepancies in projections 
are larger, for both demand and supply. This has 
an effect on the level of agreement between our 
projected net trade and the FAO projections. 
However, given the difference in approaches for 
producing the two sets of projections, even the 
net trade values are often reasonably comparable. 
The major exception to this is South Asia; our 
projections indicate that this region will have to 
satisfy an increasingly large amount of its livestock 
product demand from imports, in particular for 
dairy products, while the FAO projects net trade to 
remain close to the current levels.

By the year 2000, the largest share (22 percent) 
of ruminants, measured in tropical livestock units 
(TLU – equivalent of 250 kg body weight), had 
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been reared in mixed arid systems, followed by 
mixed humid systems (19 percent) and other 
systems (18 percent). Only 20 percent of all 
ruminants were in the grazing systems (Figure 5). 
The number of ruminants is projected to increase 
by 43 percent between 2000 and 2050. This is 
approximately half of the projected increase in 
milk and ruminant meat production, indicating 

substantial productivity gains over this period. 
The largest increases in the numbers of animals 
are expected in humid systems, driven by the 
continued boom in Latin America; 144 million TLUs 
in the mixed humid system and 105 million TLUs in 
the grazing humid system.

The additional agricultural production will also 
come partly from cultivated land expansion. Global 

figure 5 
Livestock numbers distributed by livestock production systems for 2000, 2030  

and 2050 in million (mio) TLUs. (RUMI – ruminants, BOVI – bovines, SHGT – small ruminants,  
BOVDh – bovines dairy herd, BOVOh – bovines other herd, SGTDh –  

small ruminants dairy herd, SGTOh – small ruminants other herd)

 
 

figure 6 
Land cover change between 2000 and 2050 in million (mio) hectares.  

(CrpLnd – cropland, GrsLnd – grassland, PltFor – energy plantations, Forest – managed and unmanaged forest, 
NatLnd – other natural land)
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croplands are projected to expand by 170 million 
hectares, and grasslands by 331 million hectares 
(Figure 6). The largest expansion of both cropland 
and grassland is projected for sub-Saharan Africa, 
Latin America, and Southeast Asia. Significant 
grassland expansion is also projected for Eastern 
Asia and for the Near East & North Africa.

3.2	 Climate change impact on 
livestock markets

Climate change impacts on crop and grass yields 
are projected to have only minimal effect on 
global milk and meat production by 2050, which 
remains within +/-2 percent of the projected 
production without climate change (Figure 7). The 
only two exceptions are as follows: ruminant meat 
production increases by 7.5 percent under the 
yields projected with LPJmL, taking into account 
the CO2 fertilization effect; and monogastric 
meat production decreases by 4.3 percent under 
the yields projected with EPIC without the CO2 
fertilization effect. These results reflect the climate 
change impacts presented in Figure 3: grass yields 
projected globally by LPJmL with CO2 fertilization 
benefit most from climate change – grass being 

the most important feedstuff for ruminant meat 
production; and crop yields projected by EPIC 
without CO2 fertilization experience the most severe 
negative impacts of climate change – crops being 
the major feedstuff for monogastrics in commercial 
systems.

Depending on the scenario, the climate change 
effects can be more pronounced at the regional 
level. In three regions – the former Union of Soviet 
Socialist Republics (USSR), Eastern Asia and 
Oceania – the climate change effect on livestock 
production remains within +/-10 percent under all 
the different yield impact projections. Two regions 
may experience strong increases in production 
in response to climate change – South Asia and 
Southeast Asia. Both regions could react to the 
large positive grass yield effects projected by 
LPJmL by increasing ruminant production; e.g. 
with the yields projected by LPJmL with CO2 
fertilization, ruminant meat production in South 
Asia in 2050 would be higher by 30 percent with 
climate change than without climate change. Other 
regions – Europe, Northern America, and Oceania – 
are expected to experience significant negative 
effects on livestock production in at least one of 
the yield scenarios. In Oceania, in particular, the 
pessimistic grass yield projections resulting from 

figure 7 
Relative climate change impacts on livestock production compared with the present climate scenario (presclim) by 

2050 in %. (ALMILK – bovine and small ruminant milk, RMMEAT – bovine and small ruminant meat,  
MGMEAT – pig and poultry meat)
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reduced precipitation could lead to a 25 percent 
decrease in milk production under the LPJmL yields 
without CO2 fertilization, compared with the current 
climate scenario. The climate effects seem to be 
the most uncertain in the Near East & North Africa 
and in sub-Saharan Africa. For instance, in the Near 
East & North Africa, the change in ruminant meat 
production attributable to climate change varies by 
+/-20 percent, depending on the yield scenario. 
In sub-Saharan Africa, the effects are the most 
uncertain and potentially the most severe; ruminant 
production could increase by 20 percent but it could 
also decrease by 17 percent, and all yield scenarios 
except for LPJmL with CO2 fertilization would lead 
to monogastric meat production falling by more than 
30 percent. 

The model scenario analysis confirms this 
approach confirms that there is a generally positive 
relationship between changes in crop yields and 
monogastric production, and between changes 
in grass yields and ruminant production. This link 
is the strongest with respect to changes in grass 
yields and ruminant meat production. This can 
be explained by the fact that grass represents a 
substantial share of the meat ruminant diet, and 
that adaptation options in grassland management 
are limited. 

The relationship between grass yields and 
changes in milk production provides a good 
illustration of the complex interactions present in 
the global livestock sector. For instance, Oceania 
shows two cases of counterintuitive behavior 
with this respect. On the one hand, grass (and 
crop) yields decrease in projections by EPIC 
without CO2 fertilization and milk production 
increases, and on the other hand, grass (and 
crop) yields increase in projections by LPJmL with 
CO2 fertilization, and milk production decreases. 
Oceania is projected to be the second largest milk 
exporter by 2050; therefore, its local production 
depends on the supply in other regions. Under the 
EPIC scenario without CO2 fertilization, supply of 
milk from Europe – which is projected to be the 
largest exporter by 2050 – decreases, as does 
milk production in sub-Saharan Africa and North 
America, and this gap is filled by the increased 
production in Oceania (Figure 8). Similarly, under 
yields projected by LPJmL with CO2 fertilization, 
milk production increases in some of the importing 
regions – such as South Asia and sub-Saharan 
Africa – which reduces the demand for milk 
exports from Oceania, and leads to reduced 
production. However, another reason why change 
in grass yields is not a good predictor for change in 

figure 8 
Climate change impacts on net trade by 2050 in ‘000 tonnes. (ALMILK – bovine and small ruminant milk, RMMEAT – 

bovine and small ruminant meat, MGMEAT – pig and poultry meat)
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milk production is the level of importance of crops 
in dairy ruminant diets; e.g. the decrease in milk 
production in North America, despite grass yield 
increases under the EPIC yield scenarios, can be 
attributed to substantial crop yield decreases under 
the same scenarios.

Rates of regional pig and poultry meat 
production do not show a strong connection to 
climate change impacts on crop yields but some 
regular patterns can be identified with respect to 
the different crop models. EPIC projects an overall 
deterioration in crop yields as a consequence of 
climate change. Under the EPIC scenarios, most 
regions behave as expected – i.e. they decrease 
meat production if crop yields decrease, and 
increase production if the climate change effect 
on yields is positive. Some regions also increase 
production when their crop yields decrease, 
particularly under the scenario without CO2 
fertilization. Under that scenario, many regions – 
including North America – are very negatively 
affected, which creates a comparative advantage 
for regions that are less affected, such as Europe 
and Oceania. LPJmL projects mostly positive 
effects of climate change on crops and, under 
these scenarios, monogastric meat production is 

less reactive to the crop yield change, because of 
low responsiveness of demand to price reduction 
of these commodities. Sub-Saharan Africa is an 
outlier under all but the most favourable yield 
scenario – LPJmL with CO2 fertilization. Absolute 
crop yields in the reference case without climate 
change are very low, so even if climate change 
impacts are positive, such as under the LPJmL 
scenario without CO2 fertilization, production in the 
pig and poultry sector decreases, as the impact on 
absolute yield is much smaller than in other parts 
of the world. 

The effects on regional consumption are 
less pronounced than the effects on production 
because the impacts of climate change are partly 
buffered through international trade, as discussed 
above. The strongest negative effects correspond 
to a reduction of consumption by 12 percent 
(Figure 9). This occurs in the area of North America 
monogastric meat consumption under the 
worst crop yield scenario coming from the EPIC 
projections without CO2 fertilization. The other 
region that experiences a similar consumption 
decrease in one of the livestock commodities is 
the Near East & North Africa, where the strong 
grass yield reduction in the projections by LPJmL 

figure 9 
Relative climate change impacts on livestock product consumption compared with the present climate scenario 
(presclim) by 2050 in %. (ALMILK – bovine and small ruminant milk, RMMEAT – bovine and small ruminant meat, 

MGMEAT – pig and poultry meat)
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without CO2 fertilization leads to a substantial drop 
in milk consumption. Any other negative effects are 
smaller than 10 percent. Even sub-Saharan Africa, 
which is projected to experience a fall in production 
by up to 34 percent, depending on the scenario 
and the commodity, would see its consumption 
decreasing by at most 7 percent compared 
with the scenario without climate change. As 
can be expected, these mostly small changes 
in consumption go hand in hand with modest 
changes in commodity prices (Figure 10). The only 
case where the prices are projected to exceed 
30 percent compared with the no climate change 
yield scenario is that of monogastric meat in North 
America, where the strong negative effect on crop 
yields meets up with the price inelastic demand.

From the perspective of food availability, it will 
be more important to control developments in 
the crop sector, because crops are the source of 
about 80 percent of all food energy consumption. 
However, the loss of energy availability barely 
exceeds 50 kcal/cap/day, except under the 
yield scenario projected by EPIC without CO2 
fertilization. The climate change effect on overall 
food availability is systematically positive under 
the yield scenario projected by LPJmL with CO2 
fertilization.

3.3	 Land management adaptation 

In response to climate change impacts on yields, 
GLOBIOM allows for adaptation through changes 
in the management system and relocation of 
production to more or less productive land 
within and across countries, which will result in 
changes in aggregate regional or global yields 
(YILD). GLOBIOM also allows for adaptation 
through adjustments in the total area devoted 
to a given activity. The results, summarized in 
Figure A2 in the Annex, show that GLOBIOM 
tends to compensate for yield decreases caused 
by negative climate change effects, while positive 
climate change effects lead to extensification 
(crop area expansion in previously marginal lands 
or substitution with other activities) and to final 
yields lower than projections based on pure 
climate shock. An example of effective adaptation 
is in North America, where the EPIC crop yield 
projections without CO2 fertilization lead to the 
most severe negative impact – a 44 percent 
decrease – but autonomous adaptation buffers a 
third of this impact, leading to a final yield decrease 
of only 30 percent. At the other extreme, one 
of the most positive effects is projected for the 
former USSR by LPJmL with CO2 fertilization – a 

figure 10 
Relative climate change impacts on livestock product prices compared with the present climate scenario (presclim)  

by 2050 in %. (ALMILK – bovine and small ruminant milk, RMMEAT – bovine and small ruminant meat,  
MGMEAT – pig and poultry meat)
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42 percent increase – but the final aggregate crop 
yield is only 15 percent higher compared with the 
present climate scenario. We can see also cases 
where overall positive effects may lead to slightly 
negative yields after adaptation. This is due to 
changes in the composition of the crop aggregate 
as some crops are favoured or disadvantaged by 
the climate change more than others. Relocation 
of production to lower-yielding crops may also 
lead to aggregate crop yield decrease through 
a composition effect. The autonomous yield 
adjustment can buffer about 50 percent of the pure 
climate change effect, on average, as indicated 
by the slope of the trend line, which is 0.48. The 
aggregate area response has a negative slope, 
meaning that the model tends to expand the crop 
area in regions and scenarios where crop yields 
are affected negatively, and decrease the crop 
area when crop yields are affected positively. This 
outcome complements the results presented in 
Nelson et al., (2014a), which considered individual 
crops or just small crop aggregates. In these 
cases, GLOBIOM, unlike the other models, tends 
to expand the areas of particular crops that are 
affected positively by climate change, at the 
expense of crops affected negatively. The overall 
effect on crop production does not have a strong 

indicator. The negative effects are, in general, 
buffered through management change or area 
expansion, while the positive effects tend to be 
evened out, through extensification or crop area 
reduction.

The adapted regional grass yields are the 
direct result of livestock relocation to more or less 
productive land because, in the current version 
of GLOBIOM, no adaptation through grassland 
management is considered, and because 
reported yields are calculated as weighted 
averages, with the area of utilized grasslands 
in each pixel used as the weight. It is clear that 
livestock relocation within a given region has very 
little potential to buffer negative climate change 
impacts. Positive climate change impacts most 
often lead to expansion of grasslands into less 
productive areas, which then leads to a less 
than proportional increase in grass productivity 
compared with climate shock. The strength and 
direction of this effect is similar to the changes 
in crop yield. There is no significant relationship 
between the grass yield shock and the grassland 
area expansion which in turn leads to lack of 
relationships between the yield shock and grass 
production as between the yield shock and total 
yield change. 

figure 11 
Land cover change due to climate change by 2050 in million hectares.  

(CrpLnd – cropland, GrsLnd – grassland, PltFor – energy plantations, Forest – managed and unmanaged forest, 
NatLnd – other natural land)
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These adjustments lead, overall, to minor land 
cover changes (Figure 11). The most significant 
land cover changes occur in sub-Saharan Africa 
in response to the new opportunities created by 
increases in grass productivity in yield scenarios 
by LPJmL. In this region the grassland increases 
by up to 122 million hectares, mostly at the 
expense of other natural land. This counter-
intuitive result comes mostly from the fact that 
sub-Saharan Africa – which, under other yield 
scenarios, is a net importer of bovine meat – 
improves its competitiveness through the positive 
climate change impacts on grass yields and even 
becomes a small net exporter. However, since the 
beef production in Africa is very land-intensive, 
the area expansion is not accompanied by crop 
area reduction in other regions. Hence, the LPJmL 
impact scenarios lead to the globally largest losses 
of natural land.

3.4	 Livestock sector adaptation

The major mechanism for adaptation to yield 
changes due to climate change in the livestock 
sector is a change in the composition of animal 
diets. In our modelling framework, this occurs 

through changes in allocation of the animals 
between grazing systems and systems relying 
on supplementation of the diets by crop-based 
feeds (mixed systems). Figure 12 shows that the 
relatively more positive impacts of climate change 
on grass yields compared with crop yields would 
translate to expansion of ruminants reared in the 
grazing systems, partly at the expense of ruminants 
in the mixed systems. For instance, under grass 
yields projected by LPJmL with CO2 fertilization, 
38 percent of ruminants globally would be reared 
in grazing systems by 2050, although it was only 
20 percent in 2000, and would be just 24 percent 
in 2050 without climate change. This development 
would be the most significant for the dairy bovines. 
Without climate change, the share of dairy bovines 
reared in grazing systems is projected to further 
decrease, from the already low 13 percent in 2000 
to 11 percent in 2050, but under the grass yield 
change projected by LPJmL with CO2 fertilization, 
30 percent of all dairy bovines would be reared in 
grazing systems. Such developments would present 
a substantial alteration of the current trends.

Except for Europe, the former USSR and 
Oceania, all regions are very sensitive to the 
grass yield projections. The region most affected 
by this uncertainty is South Asia, where LPJmL 

figure 12 
Climate change impact on ruminant numbers across the different livestock productions systems 

by 2050 in million TLUs
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projects grass yield increases by 178 percent and 
130 percent, with and without CO2 fertilization, 
respectively. This leads to a large increase in 
bovine numbers in the mostly arid grazing systems. 
These developments contrast with the climate 
change impact scenarios in EPIC, under which 
the numbers of ruminants are not substantially 
different from the scenario without climate change. 
Ruminant production in sub-Saharan Africa is 
also highly sensitive to the yield projections. As in 
South Asia, a large expansion of ruminant numbers 
is projected to occur in the arid grazing systems 
under the yield scenario by LPJmL. Disagreement 
with the results from the EPIC scenarios is 
particularly large for sheep.

The differences in total livestock numbers and 
in the distribution of livestock across production 
systems are more pronounced than the differences 
in total production and its distribution across the 
systems. While the total number of ruminants 
under the yield scenario projected by LPJmL with 
CO2 fertilization would be 17 percent higher than 
without climate change, the total ruminant protein 
production would be only 4 percent higher. This is 
due to the fact that most of this expansion would 
occur in relatively low-yielding regions, and in very 
unproductive, arid grazing systems (LGA).

Overall ruminant meat production is very 
closely related to climate impacts on grass yields. 
This is also true for distribution of production 
across the systems (Figure A1 in the Annex). The 
difference in the percentage of animals in the 
grazing systems with and without climate change 
is most directly related to the change in grass 
yields for the bovine meat herd. Overall, climate 
change is likely to increase the share of ruminants 
in grazing systems, as it is projected to occur in 
30 out of 40 combinations of ten regions and four 
yield scenarios.

4.	 Conclusions

This study provides the most detailed global 
assessment of climate change impacts on the 

livestock sector available so far, accounting 
not only for changes in crop yields but also for 
changes in grass productivity. This type of analysis 
is generally subject to large uncertainties along 
the entire chain, from climate and crop models, 
through assumptions about the strength of some 
mechanisms that are still not well understood, 
such as the effects of CO2 fertilization, up to the 
uncertainties inherent in the economic models 
(Nelson et al., 2014a). Uncertainties within the 
chain of biophysical modelling of climate change 
impacts on crops have been well documented 
in Rosenzweig et al. (2014) and the issue of 
uncertainty is even more relevant to grass yield 
projections, where reference data are less available 
for model development and evaluation. In this 
report, we have considered two different crop 
models and two different assumptions about the 
effects of CO2 fertilization – not attempting to 
cover the whole spread of uncertainty but rather to 
illustrate the challenge.

We have obtained several important results 
that appear fairly robust across the scenarios. 
First, our results coincide with the vast body of 
literature showing that, regardless of the scenario 
chosen, the effects of climate change on the 
agricultural sector in general, and on the livestock 
sector in particular, would remain fairly small 
on the global scale by 2050, as illustrated by 
projected price changes mostly being contained 
within a range of +/-10 percent. Second, 
international trade could buffer the majority of 
negative production shocks so that the impacts 
on consumption remain limited. Finally, because 
grass yields tend to benefit more (or to be hurt 
less) from climate change than crop yields, climate 
change would favour increasing the number of 
ruminants in the grazing systems, representing 
a rebalancing in the general trend towards more 
intensive systems projected without climate 
change (Havlík et al., 2014). This last finding is 
also in agreement with previous studies (Jones 
and Thornton, 2009; Thornton et al., 2011). 

However, some regions remain more 
vulnerable than the others. South Asia and sub-
Saharan Africa are the regions with potentially 
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the most severe – but also the most uncertain – 
effects. For instance, the generally robust shift 
towards grazing systems is valid for South Asia 
and sub-Saharan Africa under only two of the four 
climate impact scenarios. This level of uncertainty 
makes it difficult to engage in investments that 
would steer the sector in a particular direction, 
and substantial reductions in uncertainty are not 
expected in the near future (Ramirez-Villegas et al., 
2013). Therefore, adaptation strategies that 
would be appropriate under a large set of future 
climate and climate impact scenarios need to be 
elaborated.

Although this study takes an important step 
forward in analysing climate change impacts on 
livestock production, it does not cover effects 
other than quantitative impacts on feed supply. 
Altered climate will cause changes in not only the 
quantity but also the quality of the forage. Heat 
stress may limit the capacity of the animals to 
fully benefit from the increased grass availability. 
In addition, the spread of disease may represent 
an unprecedented challenge. All these factors 
may make the impact of climate change on the 
livestock sector worse than what is projected 
here. On the other hand, although our modelling 
approach includes a high level of flexibility through 
the autonomous adjustments in the livestock 
production structure, it does not consider other 
potential adaptation options, such as changes 
in grassland management or development of 
new livestock production systems, and hence 
may overestimate the negative effects. Besides 
the long-term “trend” impacts of climate change 
discussed so far, a major challenge may come 
from increased climate volatility (Wheeler and 
von Braun, 2013). The effects may be particularly 
severe in the livestock sector, where, for instance, 
forage failure in one year can have long lasting 
effects because of the constraints it imposes on 
herd dynamics (Mosnier et al., 2009).

In conclusion, this study shows that, contrary 
to the findings by Reilly et al. (2007, 2013), there 
is strong relationship between grass yield changes 
and livestock production, and that climate change 
impacts on grasslands will substantially shape the 

future of the livestock sector and will be a factor 
in determining the optimal adaptation strategies. 
Further research in this area is of the utmost 
importance for the whole food system.
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figure A1 
Relationship between the pure climate change impact on crop and grass yields (YEXO) and  

livestock production (Supply) relative to the scenario with present climate (presclim) by 2050 in % 
(ALMILK – bovine and small ruminant milk, RMMEAT - bovine and small ruminant meat,  

MGMEAT – pig and poultry meat)
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figure A2 
Transmission of the pure climate change impact on crop (Crop) and grass (Gras) yields (YEXO) through  

autonomously adapted yields (YILD) and areas (Area) on total production relative to the scenario  
with present climate (presclim) by 2050 in %
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figure A3 
Change in distribution of ruminant numbers across the livestock productions systems  

as compared with the present climate scenario (presclim) by 2050 in million TLUs. (BOVI – bovines,  
SHGT – small ruminants, BOVDh – bovines dairy herd, BOVOh –  

bovines other herd)
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figure A4 
Relationship between the pure climate change impact on grass yields (YEXO) and the share of ruminants  
reared in grazing systems (LG_SHR) relative to the scenario with present climate (presclim) by 2050 in %.  

(RUMI – bovines and small ruminants, BOVI – bovines, BOVDh – bovine dairy herd, BOVOh – bovines other herd)
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table A1 
List of GLOBIOM regions 

Macro region Model regions Countries

Europe (EUR)

EU Baltic Estonia, Latvia, Lithuania

EU Central East Bulgaria, Czech Republic, Hungary, Poland, Romania, 
Slovakia, Slovenia

EU Mid West Austria, Belgium, Germany, France, Luxembourg, 
Netherlands

EU North Denmark, Finland, Ireland, Sweden, United Kingdom

EU South Cyprus, Greece, Italy, Malta, Portugal, Spain

RCEU Albania, Bosnia and Herzegovina, Croatia, Macedonia, 
Serbia-Montenegro

ROWE Gibraltar, Iceland, Norway, Switzerland

Former USSR (CIS)
Former USSR Armenia, Azerbaijan, Belarus, Georgia, Kazakhstan, 

Kyrgyzstan, Moldova, Russian Federation, Tajikistan, 
Turkmenistan, Ukraine, Uzbekistan

Oceania (OCE)

ANZ Australia, New Zealand

Pacific Islands Fiji Islands, Kiribati, Papua New Guinea, Samoa, 
Solomon Islands, Tonga, Vanuatu

North America (NAM)
Canada Canada

United States of America United States of America

Latin America (LAM)

Brazil Brazil

Mexico Mexico

RCAM Bahamas, Barbados, Belize, Bermuda, Costa Rica, 
Cuba, Dominica, Dominican Republic, El Salvador, 
Grenada, Guatemala, Haiti, Honduras, Jamaica, 
Nicaragua, Netherland Antilles, Panama, St Lucia, St 
Vincent, Trinidad and Tobago

RSAM Argentina, Bolivia, Chile, Colombia, Ecuador, Guyana, 
Paraguay, Peru, Suriname, Uruguay, Venezuela

Eastern Asia (EAS)

China China

Japan Japan

South Korea South Korea

Southeast Asia (SEA)

RSEA OPA Brunei Daressalaam, Indonesia, Singapore, Malaysia, 
Myanmar, Philippines, Thailand

RSEA PAC Cambodia, Democratic People’s Republic of Korea, Lao 
People’s Democratic Republic, Mongolia, Viet Nam
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table A1 (cont’d.) 
List of GLOBIOM regions 

Macro region Model regions Countries

South Asia (SAS)

India India

RSAS Afghanistan, Bangladesh, Bhutan, Maldives, Nepal, 
Pakistan, Sri Lanka

Middle East & North Africa 
(MNA)

Middle East and North 
Africa 

Algeria, Bahrain, Egypt, Iran, Iraq, Israel, Jordan, 
Kuwait, Lebanon, Libya, Morocco, Oman, Qatar, Saudi 
Arabia, Syria, Tunisia, United Arab Emirates, Yemen

Turkey Turkey

Sub-Saharan Africa (SSA)

Congo Basin Cameroon, Central African Republic, Democratic 
Republic of Congo, Equatorial Guinea, Gabon

Eastern Africa Burundi, Ethiopia, Kenya, Rwanda, Tanzania, Uganda
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■	 Russian Federation, Ukraine, and Kazakhstan 
(RUK) together are very likely to surpass the 
European Union and the United States within 
the next few years in total grain exports. 
However, official government goals of 
boosting grain and meat production by 2020s 
are unlikely to be fully reached by the three 
countries.

■ 	 High grain exports from RUK have been 
primarily driven by reduced domestic demand 
than by increased productivity. The latter 
remains below the historical trend and is still 
much lower than officially projected. Future 
use of abandoned arable lands for cropping 
remains uncertain and unlikely, given that 
abandoned lands in 1990’s are marginal with 
very low potential productivity.

■ 	 Climate change scenarios suggest that the grain 
production potential in RUK may increase due to 
a combination of winter temperature increase, 
extension of the growing season, and yield-
enhancing CO2 fertilization; however the most 
productive semi-arid zone could suffer a 
dramatic increase in drought frequency.

■  	 Uncertainty about future grain production 
outlook in RUK region in relation to climate 
change require more refined modelling on crop 
yield impacts, land-use and land cover trends 
and their future impacts on GHG emissions.  
Also critical are future socio-economic changes 
including development pathways of 
infrastructure, financial systems, land market 
development and alignments between WTO 
requirements and agricultural subsidies.

main chapter messages
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1.	 Introduction

Climate change and variability increase 
the frequency and amplitude of regional crop 
shortfalls and create an impact on agriculture and 
food systems all over the world (Adams et al., 
1998; Parry et al., 2004, Easterling et al., 2007). 
Geographic patterns of food production are directly 
affected by climatic variables such as temperature 
and precipitation and the frequency and severity of 
extreme events (Tebaldi et al., 2006; Rosenzweig 
and Tubiello, 2007). Climate change may also 
change the types, frequencies and intensities of 
various crop and livestock pests, the availability 
and timing of irrigation water supplies, and the 
severity of soil erosion (Adams et al., 1998), while 
the rising carbon dioxide (CO2) concentration might 
influence crops’ photosynthetic activity and water-
use efficiency (Antle et al., 2004).

By the middle of the twenty-first century, 
world population is expected to reach 9.6 billion 
(United Nations 2013). This growth is projected 
to occur primarily in developing countries, where 
dependency on cereal imports is already high 
and is likely to increase. International trade will 
play an important role in fulfilling this increase 
in food demand. Trade flows and prices may 
become increasingly volatile and unpredictable as 
a result of changing geographic patterns of agro-
ecological potential in different regions. In the 
context of an increasingly interconnected global 
economy and the increasing interdependence 
of food trading partners, climate change – along 
with other global changes (such as rapid land 
use and land cover changes and increasing 
consumption of water and energy resources) – 
is likely to contribute to increasing food prices 
and overall instability of the global food market. 
Understanding the magnitude of expected 
changes is crucial to developing adaptation and 
mitigation measures as well as more productive 
and resilient food systems to meet the challenge 
of food security at national, regional and global 
levels. The tradeoff between mitigation for climate 
change through increase of carbon sink to natural 

vegetation and meeting the increasing food 
demand adds additional challenges.

The grain-growing belt of Central Eurasia, 
shared by the Russian Federation, Ukraine 
and Kazakhstan, extends almost 20 000 km, 
from the Carpathian Mountains to the Amur 
River valley in the Russian Far East, and offers 
significant underutilized grain production potential. 
These three countries of the former Union of 
Soviet Socialist Republics (USSR) have recently 
reemerged as leading grain exporters; their share 
in the global grain exports rose from 1 percent in 
1991 to 18 percent in 2013 (Liefert et al., 2013; 
FAOSTAT 2013). Understanding impacts of climate 
change on the future productivity of this region is 
essential for predicting its potential as a major grain 
supplier in the future. The recent growth in grain 
exports from the Russian Federation, Ukraine and 
Kazakhstan has been driven by a combination of 
multiple factors, including structural changes in 
their agricultural sectors, economic recovery of 
the region after the deep decline of the 1990s, 
and relatively favourable weather conditions 
(Liefert et al., 2013; Lioubimtseva et al., 2013; 
Dronin and Kirilenko, 2013). Several studies based 
on coupling climate and crop models indicate 
that the agro-ecological potential of the grain-
producing zone of Central Eurasia may increase 
due to warmer temperatures, longer growing 
seasons, decrease of frosts and positive impact 
of higher atmospheric concentrations of CO

2 on 
crops (Pegov, 2000; Fischer et al., 2005), while 
other modelling experiments project the decline of 
agricultural potential due to increasing frequency 
of droughts (Alcamo et al., 2007; Dronin and 
Kirilenko, 2008). Economic scenarios driven by 
climate and crop models are extremely uncertain 
as they fail to capture multiple environmental, 
social, economic, and institutional factors 
(Lioubimtseva and Henebry, 2012).

This paper is a combination of an extensive 
bibliographic review and our own computations 
of potential changes in grain production in the 
Russian Federation, Ukraine and Kazakhstan 
considering impacts of climate change, 
international trade, and agricultural policy changes. 
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We examine historical trends since the collapse of 
the USSR and future outlooks for grain production 
and export potential by the Russian Federation, 
Ukraine and Kazakhstan in the context of physical 
and economic effects of climate change on the 
Central Eurasian grain belt. 

Section 2 examines structural changes 
in the agriculture sectors of the Russian 
Federation, Ukraine and Kazakhstan that have 
led to changing their role from net importers to 
major net exporters of grain. There is a general 
consensus that dramatic economic and policy 
changes over the past few decades have had a 
significantly higher impact on grain production 
than climate variability and change (Liefert et al., 
2013; Lioubimtseva et al., 2013), although socio-
economic and biophysical changes may overlap, 
partly masking each other’s effects (Dronin and 
Kirilenko, 2013). This section discusses the turning 
points in the changing trends of this region’s arable 
area, productivity, and exports of the major cereal 
crops. 

While agricultural statistics provide critical 
information about land-use dynamics and 
yields, remote sensing offers a complementary 
perspective on land changes. Section 3 provides 
a brief discussion of the recent short-term weather 
variations and land cover changes in the grain-
growing regions of the Russian Federation, Ukraine 
and Kazakhstan, derived from remote sensing 
data. 

Section 4 provides a detailed review of 
historical climate trends and scenarios of climate 
change and grain productivity based on a review 
of previous experiments and our own simulations 
of agro-ecological changes and their impact on 
future yields. Section 5 outlines and discusses 
our three bio-economic scenarios of the future 
grain production and export potential of the 
Russian Federation, Ukraine and Kazakhstan: 
“Federal Program”, “Historical Trend”, and 
“Historical Trend Plus Climate”, and discusses 
likelihoods of each of them. The concluding 
section identifies the major knowledge gaps 
and provides some recommendations for future 
research.

2.	 Historical trends of grain 
production and trade

2.1 	Decline of agriculture in  
1991-2001

The steppe and forest-steppe belt of Ukraine, 
the Russian Federation and Kazakhstan was “the 
bread basket” of the USSR. During the last 30 
years of its existence, the USSR increased its 
cereal production from 119 million tonnes in 1961 
to 155 million tonnes in 1991, with a maximum 
production of more than 170 million tonnes in 1980 
(Lioubimtseva, 2010). In the 1950s the growth 
of grain production was driven by the expansion 
of arable lands (the “Virgin Lands Campaign”), 
but during the following years the area of cereal 
cultivation contracted slightly and the growth 
was the result of increasing productivity. Despite 
significant efforts to increase yields through 
the “agriculture intensification” programme, 
by the end of its existence, the USSR’s yields 
were significantly lower compared with other 
major cereal producers and lower than they are 
now (Table 1). In addition, in its effort to satisfy 
growing standards of food consumption, the 
USSR launched a shift to a livestock sector at the 
beginning of 1970s that caused a growing grain 
imbalance in the country.

Although grain production grew between 1970 
and 1990, the role of USSR grain exports declined 
significantly during that time because of increasing 
domestic consumption. The USSR wheat exports 
reached a maximum of 8.5 million tonnes per year 
in 1971 but declined steadily during the 1980s to 
less than 0.5 million tonnes in 1991. Increasing 
cereal production could not keep up with 
increasing domestic needs (both for livestock feed 
and human consumption) and wheat imports rose 
from 0.4 million tonnes in 1969 to 20 million tonnes 
in 1991 (FAOSTAT 2013). 

The collapse of the USSR and the Council 
for Mutual Economic Assistance (COMECON) in 
1991 began a period of drastic transition from 
state-controlled to market-driven economies 
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across Eastern Europe and Central Asia that 
has resulted in fundamental transformation of 
their agricultural systems and land use. These 
transitional economies went through a stage of 
catastrophic decline in 1991 to 2000. The “Free 
Market” reforms of the 1990s made a heavy 
impact on the economy of the former USSR. 
Deterioration of the agriculture sector contributed 
to an overall economic decline. For instance, 
from 1991 to 2001, gross domestic product 
(GDP) in the Russian Federation, Ukraine and 
Kazakhstan declined by 65-67 percent (UNData 
2013), average life expectancy declined from 
69 to 65 years, and male life expectancy in 
rural areas of the Russian Federation declined 
from 61 to 53 years (Prishchepov et al., 2013). 
This economic and social crisis was particularly 
pronounced in rural regions, where state support 
of agriculture ended and rural development 
ceased almost entirely (Prishchepov et al., 
2013). The major changing trends in the 1990s 
were the disintegration of the centrally planned 
institutions and existing agricultural policies, 
uncertainties about the legal status of land, sharp 
declines of agricultural subsidies and other forms 
of governmental support (Lioubimtseva and 
Henebry, 2012). Producer support estimates from 

the Organisation for Economic Cooperation and 
Development (OECD) for the Russian Federation, 
Ukraine and Kazakhstan indicate substantial 
positive support for farmers up to 1991, which 
then fell almost to zero in the following few years 
(OECD-FAO 2008). As the subsidies declined, 
the high cost of imported herbicides, fungicides 
and insecticides caused farmers to cut back on 
their use (Lerman et al., 2004). Fertilizer use fell by 
85 percent in the Russian Federation and Ukraine 
and by almost 90 percent in Kazakhstan between 
1990 and 2000 and total grain production fell by 
more than 50 percent during the same period 
of time (FAOSTAT 2013). Between 1990 and 
2000, investments in the Russian Federation’s 
agricultural sector declined from USD 39 billion 
to USD 2 billion (Prishchepov et al., 2013) and 
the area of land under cereals was reduced from 
65 million to 50 million hectares (Liefert et al., 
2009a). According to the Food and Agriculture 
Organization of the United Nations (FAO), the use 
of arable lands in the Russian Federation, Ukraine 
and Kazakhstan together dropped from 200 
million hectares in 1991 to 177 million hectares 
in 2003 (FAOSTAT 2013), which constituted a 
withdrawal of 23 million hectares or 12 percent 
of the arable lands in 1991 (Lioubimtseva and 

table 1 
The top wheat producers in 1991 and in 2012

Wheat yields t/ha Wheat production, metric tonnes

1991 2011 1991 2011

China 4.2 4.8 95 953 781 117 410 000

USSR 1.5 71 991 008

Russia 2.3   56 239 990

Ukraine 3.4   22 323 600

Kazakhstan 1.7   22 732 000

USA 4.6 2.9 53 890 000   54 413 310

Canada 2.6 3.0 31 945 600   25 261 400

Australia 1.6 2.0 10 557 400   27 410 076

Brazil 1.6 2.7   2 916 823     5 690 043

Source: (FAOSTAT 2013)
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Henebry, 2012), although even these numbers 
may be underestimated. Statistics in the Russian 
Federation for cultivated areas (ROSSTAT, 2013) 
and remote sensing data suggest that abandoned 
cropland area in the Russian Federation alone 
constitutes up to 40 million hectares, significantly 
more than reported by FAO land resource statistics 
(Shierhorn et al., 2010; Prishchepov et al., 2013). 
Given that there was almost no change in rural 
population of the country (UniSIS 2013), labour 
productivity in agriculture dropped by 30 percent 
in the Russian Federation. It is notable that in 
other countries of Eastern Europe, such as Czech 
Republic and Slovakia, even though the total 
production decreased, the labour productivity in 
agriculture has been increasing; in Hungary, for 
instance, the agricultural production has doubled 
(Rozelle and Swinnen, 2000). 

The loss of state subsidies also increased feed 
and production costs and reduced profitability for 
livestock enterprises. As prices for meat products 
increased, consumer demand declined, thus 
establishing a downward spiral that continued 
throughout the decade (Lioubimtseva and 
Henebry, 2012). Livestock inventories and demand 
for forage both continued to decline. Between 
1992 and 2006, the Russian Federation lost 
almost half of its meat production: the number 
of cattle dropped from almost 20 million to 10.3 
million; the number of pigs fell from more than 36.3 
million to 18.7 million; and the number of sheep 
dropped from 20 million to 7 million (FAOSTAT 
2013). In Kazakhstan, 33.9 million sheep were 
in stock in 1992, but by 1999 that number had 
dropped 75 percent, to 8.6 million (Lioubimtseva 
and Henebry, 2009). In addition, shrinking livestock 
inventories in all three countries caused the 
demand for feedgrain to plummet, which led to 
a 76 percent drop in barley area (Lioubimtseva, 
2010). The increasing inability of large agricultural 
enterprises to maintain livestock operations, largely 
because of inefficient management and the inability 
to secure adequate supplies of feed, resulted 
in increased dependence on smaller household 
farms to satisfy demands for meat (Welton, 2011). 
Furthermore, the involvement of investor groups 

in agricultural production has had an impact on 
livestock numbers. Many farmers who entered 
agreements with investment firms killed off their 
herds because livestock was not quickly profitable 
and not as attractive to investors. For example, in 
Kazakhstan, due to the loss of incentives to keep 
the herds, two-thirds of the sheep population was 
lost between 1995 and 1999 (Lioubimtseva and 
Henebry, 2012). The drop in livestock inventories 
led in turn to a drop in demand for feedgrain and 
pastures across the region. Although the free fall 
in livestock inventories has slowed since 2000, 
large industrial farms have been shifting away from 
livestock and towards crop production (Ioffe et al., 
2012) and livestock inventories continued to 
decrease, particularly in the areas with extensive 
herding, such as Central Asia, Kazakhstan, and 
semi-arid and arid zones of the Russian Federation 
(Lioubimtseva and Henebry, 2009, 2012). Between 
1991 and 2001, meat production in the Russian 
Federation, Ukraine and Kazakhstan declined by 
50 percent (OECD 2002).

The economy-wide decline and the collapse 
of the agriculture sector have caused fundamental 
changes in the trade structure. Following the 
declines in demand and in purchasing power, 
wheat imports in the Russian Federation fell from 
18.9 million tonnes in 1992 to only 0.3 million 
tonnes in 2002, a decrease of over 98 percent 
(FAOSTAT 2013). 

2.2 	Recovery trends in 2002-2013

By the end of the 1990s, the majority of Russian 
and Western experts did not see much evidence 
of success from ongoing market reforms in 
Russian agriculture, suggesting instead that the 
stagnating agriculture sector would be dominated 
by former collective farms, which would be 
undergoing transformation into large cooperative 
units (Zogoleva, 1997; Osborne and Trueblood, 
2002; Miloserdov, 2006). This “Anti-Free Market” 
scenario was expected to limit labour productivity 
in agriculture (Prosterman et al., 1999). Despite 
this negative outlook, fast growth of agriculture 
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in the 2000s has made the Russian Federation 
the leading grain exporter. The free fall in the 
agricultural production of the Russian Federation, 
Ukraine and Kazakhstan had slowed down by 
2000 and signs of recovery have been observed 
in all three countries since 2002, clearly coinciding 
with economy-wide recovery of the entire region. 
Some experts believe that the tipping point for 
Russian agriculture occurred in the year 2000 
(von Cramon-Taubadel, 2002). With the exception 
of several years with unfavourable weather 
(such as an anomalously rainy 2003 and severe 
droughts in 2010 and 2012), cereal production has 
rebounded in all three countries. Since 2000, the 
Russian Federation has had several outstanding 
harvests and, on average, grain yields are also 
showing signs of improvement. However, the 
yields still remain below the 1991 levels and are 
much lower than potential yields for this region; 
in 2010, wheat yields were only 2.6 tonnes/
hectare (t/ha) in Ukraine, 1.9 t/ha in the Russian 
Federation, and 0.7 t/ha in Kazakhstan, much 
lower numbers compared with 7.0 t/ha in France, 
4.7 t/ha in China, and 3.1 t/ha in the United States 
(Lioubimtseva et al., 2013). Although weather 
remains a very important determinant for grain 
yield, improvements in crop management practices 
fueled by the growing state subsidies have also 
contributed to the recent increase and stabilization 
of wheat and barley yields (Uzun et al., 2012; 
Liefert, 2013).

During the Soviet period, growth was 
essentially driven by extensive conversion of 
marginal lands to agriculture, but in the more open 
economy of the 2000s, marginal arable lands grew 
unprofitable and were gradually abandoned even 
under high grain demand (Liefert et al., 2009b). 
Unlike in the 1970s and 1980s, the increase of 
agricultural production in the 2000s was not based 
on land expansion. On the contrary, the area 
under cereals continued to shrink, from 50 million 
hectares in 1996‑2000 to 45 million hectares in 
2001‑2008 (FAOSTAT 2013). In 2008, the area 
under cereals in the Russian Federation increased 
marginally (by 5 percent), driven by the record high 
world grain prices of USD 400‑450 per metric 

tonne. The Russian Federation declared agriculture 
to be a national priority area in 2005 and increased 
federal support for agricultural development 
from USD 2.6 billion in 2006 to USD 5.2 billion 
in 2008 (EBRD-FAO 2008). Despite the increase 
in level of overall support given to agricultural 
producers, federal support as a share of total farm 
receipts remained relatively low (15 percent in the 
Russian Federation and 12 percent in the Russian 
Federation and Ukraine, compared with 55 percent 
in Japan, 33 percent in the EU and 16 percent in 
the United States) (Lioubimtseva and Henebry, 
2012). Due to recovery of some agricultural 
subsidies and at least partial success of reforms, 
fertilizer and machinery use have increased during 
the past few years. The use of mineral fertilizer has 
tripled since 1999 in Kazakhstan and doubled in 
the Russian Federation and Ukraine, but current 
application rates represent only a fraction of the 
amounts applied in the late 1980s (Lioubimtseva 
and Henebry, 2012). A return to the 1980s 
application rates is unlikely – and unnecessary, 
as they were frequently excessive. Between 
1996‑2000 and 2001‑2008, the yields grew from 
1.3 t/ha to 1.83 t/ha (FAOSTAT 2013). 

The share of harvested land under various 
major crops has changed in a different way 
(Figure 1). Wheat has been the primary cereal 
crop in terms of area harvested and shows a slight 
increase in harvested area after half a century of 
decline that followed the Virgin Lands expansion 
campaign (Table 2). Barley has been a significant 
secondary crop, but declines in area harvested 
started in the mid-1970s and accelerated through 
the mid-1990s. Rye, which is largely restricted to 
the Russian Federation, has declined substantially 
since 1991, and shows no evidence of recovery. 
Maize continues to be a minor crop regionally, but 
the harvested area has been increasing steadily 
since the mid-1990s, particularly in Ukraine 
(Lioubimtseva et al., 2013).

In the Russian Federation, the first result 
of the privatization reform of 1992 was the 
emergence of 280 000 private farmer households 
by 1995. However, these first private farms 
held only five percent of arable lands, while 
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figure 1 
Trends of harvested land under various major cereal crops

table 2 
The area under wheat and mean wheat yield for Kazakhstan, Russia and Ukraine (FAOSTAT, 2014)

Time  
period

Area harvested (th. km2) Yield (t/ha)

Kazakhstan Russian 
Federation

Ukraine Kazakhstan Russian 
Federation

Ukraine

1991–1995 124 232 55 0.82 1.64 3.19

1996–2000 100 215 58 0.85 1.59 2.41

2001–2005 115 230 56 1.02 1.95 2.72

2006–2010 130 242 63 1.07 2.15 2.86

FAOSTAT, 2014. http://faostat.fao.org, last accessed 13 April 2014 
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collective farms – slightly reorganized kolkhozy 
and sovkhozy – still prevailed (Csaki and 
Lerman, 1997; Prosterman et al., 1999). These 
collective farms owned 108 million hectares, 
which were formally privatized by managers of 
the collective farms. About 40 percent of these 
lands belonged to elderly people. According 
to the survey of farm managers conducted by 
the Rural Development Institute, no change 
or very little change had occurred in the way 
of governance of the farms compared with 
the Soviet period (Prosterman et al., 1999). 
While ineffective cooperative units inherited 
from reformed kolkhozes and sovkhozes still 
produce a significant share of grain in the country 
(Brock et al., 2008), many experts believe that 
the increased yields since 2000 resulted from the 
growth of large, vertically integrated agro-industrial 
holdings (Serova 2007; Uzun et al., 2012). This 
growth started at the end of the 1990s, when 
some banks, oil companies, and similar large 
businesses started investing in agriculture, 
primarily in the steppe and forest-steppe 
zones of the Russian Federation (Smelansky, 
2003), where large-scale intensive agriculture is 

possible (Figure 2). The new businesses brought 
a significant increase in investments, new 
technologies and contemporary management to a 
number of collective farms in the most productive 
regions of the country (Serova, 2007). According 
to the Institute of Agricultural Market Studies 
(IKAR), in 2002 the agro-industrial holdings were 
already producing 10 percent of grain, 25 percent 
of meat, and 70 percent of sunflower oil in the 
Russian Federation (http://www.vedomosti.ru 
Ivanova, May 26, 2003). A thorough discussion of 
agro-industrial production has been published by 
Uzun et al. (2012).

In 2005, the Russian Federation’s government 
designated agriculture a primary industry for 
receiving federal support and during the following 
two years federal support for agriculture increased 
by 52 percent (adjusted for inflation) (Liefert et al., 
2009a,b). In 2009, the Russian Federation’s 
government created the United Grain Company, 
which has become the main federal agent for 
the grain market, with the goals of supporting 
grain producers, increasing competitiveness of 
grain exports and improving grain production 
infrastructure.

figure  2 
Percentage of land under crops in year 2000 in Kazakhstan, Russia and Ukraine (Ramankutty et al., 2008)
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Another noteworthy recent trend in the 
agricultural land use of this region has been 
a significant increase in oilseeds production 
(sunflower, rapeseed, soybean, safflower and 
cotton), mainly at the expense of cereals and 
forage. For example, between 2001 and 2012, 
sunflower seed production increased from 2.7 to 
8 million tonnes in the Russian Federation and 
from 2.3 to 8.3 million tonnes in Ukraine, rapeseed 
production grew from 0.1 to 1 million tonnes in 
the Russian Federation and from 0.1 to 1.3 million 
tonnes in Ukraine, and soybean production rose 
from 0.3 to 1.8 million tonnes in the Russian 
Federation and from 0.06 to 2.4 tonnes in Ukraine 
(FAOSTAT 2013). These shifts indicate a response 
to global market signals and are linked to the 
higher profitability of oilseed crops. It is likely that 
this trend will continue into the future and it may 
have a negative impact on the potential for grain 
production. 

The livestock industry has become another 
priority area for federal support. Throughout 
the 1990s, livestock numbers were reduced 
dramatically, leading to a 55 percent reduction 
in milk and meat production (OECD 2002). This 
actually had a positive effect on food security; 
a lower demand for feedgrain has resulted in 
more grain production available for domestic 
food use, even though the yields continued to be 
depressed (annual grain production in 2001-2008 
was 83 million tonnes, compared with 103 million 
tonnes between 1987 and 1990). In 2007, the 
Federal Program of Agricultural Development and 
Regulation of Markets for Agricultural Produce, 
Raw Materials, and Food for 2008-2012 was 
accepted. The goal of the Program was to increase 
production of meat and poultry by 32.9 percent 
(in live weight; all numbers are for 2012 compared 
with 2006). The target numbers for 2012 were 11.4 
million tonnes for meat and poultry and 37 million 
tonnes for milk production. The main vehicles of 
the Program were federal subsidies and protection 
for producers from cheap meat imports. 

As a result, meat production in the Russian 
Federation has grown remarkably (Welton, 2011) 
so that the Program’s goals were exceeded 

(Table 2), although not in all sectors. The higher 
growth rates for pork and poultry production are 
explained by both their higher level of development 
in the USSR and their faster return on investment 
compared with beef, due to their shorter 
production cycle (Welton, 2011). This impressive 
growth was accompanied by an equally impressive 
increase in labour productivity, by 80 percent 
for poultry and 50 percent for pork production 
(Table 3). It is noteworthy that federal support for 
these sectors of agriculture is very high, even in 
comparison with the most developed countries 
(Table 4). On the other hand, the impressive 
federal support for animal husbandry between 
2008 and 2012 had almost no effect on beef and 
milk production (Table 4). After the collapse of 
the USSR, dairy cattle remained the main source 
of beef (Gosudarstvennaya programma.., 2012). 
Domestic beef production has not been profitable 
for most farms; in 2011 the average profitability of 
the sector was only ‑24 percent, compared with 
22.6 percent for pork and 10.2 percent for poultry 
production (O hode y resultatah realizacii.., 2012). 
According to experts in the Russian Federation, 
profitability should be at least 25 percent to make 
growth of these sectors stable (Rau, 2009). 

The fast growth of animal husbandry in the 
second half of the 2000s had little impact on the 
positive balance of grain supply in the Russian 
Federation. The impressive grain exports combined 
with low internal meat and dairy production 
resembled the agricultural sector of the late period 
of the Tsarist Russia in the nineteenth century, as 
during both periods the positive balance of grain 
supply was largely based on poor development 
of livestock production and low internal demand, 
rather than on high yields. 

3.	 Short-term weather 
variability and land 
dynamics

Although economic and institutional changes have 
probably been the dominant factors influencing 
recent grain production trends in post-Soviet 
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transitional economies, agricultural production 
is also highly sensitive to inter-annual climate 
variability, as expressed in growing season weather. 
Multiple studies have debated the relative roles of 
agricultural policy changes, weather variability and 
climate change in the performance of agriculture 
in Central Eurasia during various historical periods 
(Ioffe et al., 2012; Lioubimtseva and Henebry, 

table 3 
Livestock production (tonnes): Federal Program goals vs. actual data

Commodity 2008 2009 2010 2011 2012

Goal
Poultry and meat (live weight)   8 950   9 520 10 100 10 750 11 400

Milk production 33 000 34 000 35 000 36 000 37 000

Actual
Poultry and meat (live weight)   9 331   9 972 10 553 10 965 11 621

Milk production 32 362 32 570 31 847 31 646 31 831

Source: Federal Program ...., 2007; ROSSTAT, 2013 

table 4 
Meat, eggs and dairy production in 2008-2012 to 1990 (percentage)

Commodity 2008 2009 2010 2011 2012

Cattle 36.9 36.2 35 35.3 35

Pigs 42.2 45 44.9 45 49.2

Birds 61.3 65.7 68.1 71.7 75

Beef 40.9 40.2 39.9 37.5 38

Milk 58.1 58.5 57.2 56.8 57.3

Pork 58.7 62.3 67 69.8 72.2

Poultry 123 142 158 178 199

Eggs 80.2 83.1 85.5 86.6 88.5

Source: Federal Program ...., 2007; ROSSTAT 2013 

table 5 
Federal subsidies for poultry production, USD per metric tonne of final product

Countries 1995 2000 2005 2010

Russia 430 350 473 1126

EU No Data 240 398 426

Canada 222 7 29 301

USA 10 1 0 1

Source: Borodin et al., 2013

2012; Wright et al., 2012; Liefert et al., 2013). 
Detailed analysis of climate variability and policy 
changes in the Russian Federation in the twentieth 
century can be found in Dronin and Bellinger 
(2005). Furthermore, Dronin and Kirilenko (2013) 
examined the relative roles of climate and state 
agricultural policies affecting production of cereals 
using statistical yield modelling and found a tight 
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correlation between actual and weather-explained 
yields. Their study suggested that weather 
changes had a significant effect on yields in the 
Russian Federation between 1958 and 2010, with 
the residual yield variability explained by large-scale 
changes in agricultural policies at the state level. 
The continental climate of the Central Eurasian 
grain belt results in volatile weather conditions for 
grain production, especially in terms of rainfall. 
The productivity of grain crops (winter wheat in 
the European parts of the Russian Federation and 
Ukraine, spring wheat and barley in Kazakhstan 
and in the Russian Federation east of the Volga 
River) depends strongly on spring and summer 
precipitation, which is particularly important during 
the critical phases of wheat growth, such as 
bushing and earring. The second major climatic 
constraint is temperature; for example, dry cold 
winters often kill winter wheat crops, but high 
summer temperatures, above 33 °C, damage 
crops and reduce production of spring wheat and 
barley.

Grain yields for the Russian Federation, 
Ukraine and Kazakhstan were very low every year 
between 1994 and 2000 – with the exception 
of a good yield in 1997 – mostly as the result of 
unfavourable weather. However, grain production 
was high every year between 2001 and 2013, 
except for the plunges in 2003, 2010 and 2012 
(FAOSTAT 2013; Liefert et al., 2013). Again, the 
main driver for high yields was favourable weather, 
with only a few exceptions. The summer of 2010 
featured an extraordinary heat wave, with the 
region experiencing the warmest July since at least 
1880 and numerous locations breaking all-time 
maximum temperature records (Dole et al,. 2011). 

The heat wave and extreme drought of summer 
2010 affected all major grain-producing areas of 
the former USSR (Lioubimtseva et al., 2013). The 
government declared a state of emergency in 27 
agricultural regions and a total of 43 regions were 
affected, with over 24 million hectares of crops 
destroyed (Welton, 2011). This area accounted 
for 17 percent of the total crop area and included 
almost 25 000 farms. The 2010 heat wave cut 
grain yield in the Russian Federation by a third, the 

potato harvest by 25 percent and vegetables by 
6 percent (FAOSTAT 2013). More than 25 percent 
of all crops were destroyed and many small dairy 
farmers were forced to slaughter their cattle as 
fodder prices increased rapidly in response to the 
heat wave. There are four main grain- producing 
regions in the Russian Federation: Central, South, 
Volga and Siberia. Of these, the Volga region – 
which is the largest producer – was the most 
severely hit by the drought, seeing its annual 
harvest drop by more than 70 percent, while the 
Central region’s production dropped by 54 percent. 
Overall, the harvest was down about one-third 
compared with the previous year (Welton, 2011). 
Although the 2012 summer temperatures in this 
region were not as high as in 2010, persistent 
droughts have continued during the past three 
years throughout the entire grain-producing belt of 
Central Eurasia.

Both weather variability and institutional 
changes have had observable impacts on land 
surface phenology of the region, captured by 
a time series of satellite imagery. Land surface 
phenology studies the timing and magnitude of 
seasonal patterns in the vegetated land surface 
as observed at spatial resolutions that are very 
coarse relative to individual plants. In the absence 
of obscuring clouds, the vegetated land surface 
is readily viewed from space because of the 
strong contrast in green plants between the near 
infrared and red portions of the electromagnetic 
spectrum. Green plants are very bright in the near 
infrared, scattering upwards of a third of incident 
radiation, but very dark in the red, absorbing more 
than 90 percent of incoming light. The Normalized 
Difference Vegetation Index (NDVI) exploits this 
spectral contrast4. 

4	 NDVI is calculated as follows: NDVI = (NIR-RED)/
(NIR+RED), where RED and NIR stand for the 
spectral reflectance measurements acquired in 
the red and near-infrared regions, respectively 
(Tucker et al., 1991). Vigorously growing healthy 
vegetation has low red light reflectance and high 
near-infrared reflectance, and hence, high NDVI 
values. Increasing positive NDVI values indicate 
increasing amounts of green vegetation. NDVI values 
near zero and decreasing negative values indicate 
non-vegetated features such as barren surfaces (rock 
and soil), snow, ice and clouds.



 
climate change and food systems: global assessments and implications for food security and trade

222

Time series of NDVI data provide additional 
information about land surface phenology changes 
that can be caused either by land use changes 
or climatic variability and change, as well as 
growing season weather. Several studies based 
on analyses of NDVI and other vegetation indices 
derived from satellite imagery found an evidence of 
gradual increase of the length of growing season 
and overall increase of green vegetation cover 
across Eurasia (Bogaert et al,. 2001; deBeurs and 
Henebry, 2004; Lioubimtseva, 2007; Kariyeva and 
van Leewuven, 2011; Wright et al., 2012). Satellite 
imagery indicates that, while North America 
shows a fragmented pattern of NDVI change, 
Eurasia exhibited a persistent increase in growing 
season NDVI over a broad contiguous swath of 
land (Zhou et al., 2001; Bogaert et al., 2001). 
This greening trend has been attributed partially 
to institutional and land-use changes (DeBeurs 
and Henebry, 2004; Prishchepov et al., 2013) and 
partially to climate change and variability (DeBeurs 
and Henebry, 2008; Propastin and Kappas, 2008). 
Propastin and Kappas (2008), for instance, show 
that from March to May, greening increased in 
65 percent of cropland pixels, and decreased 
in only 2 percent of the pixels; 73.5 percent of 
variation is explained by the change in spring 
temperature.

The signs of agricultural decline in the 1990s 
were sufficiently strong across the Russian 
Federation, Ukraine and Central Asia to be 
captured by NDVI and other vegetation indices 
derived from coarse resolution remote sensing 
data, such as AVHRR (Advanced Very High 
Resolution Radiometer) as well as more detailed 
satellite imagery, e.g. Moderate Resolution 
Imaging Spectroradiometer (MODIS) and Landsat 
(de Beurs and Henebry, 2004; Kariyeva and van 
Leeuwen, 2011; Prishchepov et al., 2013). A 
recent study of the agricultural conditions and 
NDVI trends in the grain belt between 2001 and 
2010 by Wright et al. (2012) has revealed strong 
divergence between areas within and outside 
of the Chernozem zone. The agricultural sector 
has been disintegrating since at least 1991 in 
the marginal areas outside of the highly fertile 

Chernozem zone, where productivity was always 
low. In contrast, agriculture in the Chernozem area 
is vigorous and NDVI series show no evidence 
of agricultural decline (de Beurs et al., 2012; 
Ioffe et al., 2012). Combining analyses of NDVI 
trends and land-cover changes, Wright et al. 
(2012) found a pattern of increasing greenness 
associated with agricultural abandonment (i.e. 
cropland to grassland) in the southern range of 
the Eurasian grain belt coinciding with statistically 
significant negative NDVI trends and likely driven by 
regional drought. In the northern range of the grain 
belt they found an opposite tendency towards 
agricultural intensification; in this case, represented 
by land-cover change from cropland mosaic to 
pure cropland, and also associated with statistically 
significant negative NDVI trends. 

4. 	Impacts of climate change 
on grain production

A credible projection of grain production should 
include a physically based or statistical yield 
model, taking into account not only the changes 
in demand or technologies, but also variability of 
agricultural climates in the country and frequency 
of extreme weather conditions such as droughts, 
soils and other external parameters. Multiple 
authors have estimated the impact on yields of 
changes in one or a few of these parameters. 
Agricultural production is highly sensitive to inter-
annual climate variability as expressed in growing 
season weather. Climate change is likely to have 
multiple effects on potential productivity and 
yields, such as: effects of elevated CO2 on plant 
growth, water-use efficiency and yields; effects of 
increased temperature; extension of the growing 
season; effects of increase of precipitation in some 
areas and decrease in others; effects of increased 
frequency and intensity of extreme events; and 
increased risk of weed invasion, insect pests and 
diseases. 

Global Climate Models (GCMs) are the most 
advanced tools currently available for simulating 
the response of the global climate system to 
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increasing greenhouse gas concentrations. 
The climate modelling scenarios suggest that, 
compared with the late Soviet Union period of the 
1980s, the temperature in the grain-producing 
areas of the Russian Federation, Ukraine and 
Kazakhstan will increase by 1.5-1.8 ºC by the 
2020s and by 2.2‑3.9 ºC by the 2050s, with the 
greatest increase in winter (Mitchell et al., 2002; 
Lioubimtseva and Henebry, 2009; 2012; Dronin 
and Kirilenko, 2013). Despite significant differences 
in the range of changes among the scenarios 
produced by different models, most studies tend 
to agree that summer precipitation is likely to 
decline all over the region and winter precipitation 
is projected to increase in parts of Western 
Russia and Siberia (Dronin and Kirilenko, 2008; 
Lioubimtseva and Henebry, 2012). 

In order to evaluate impacts of climate change 
on the grain belt of Central Eurasia, we have 
computed the twentieth century temperature 
and precipitation trends for Kazakhstan, the 
Russian Federation and Ukraine by fitting a 
linear regression model to the 1901‑2000 
mean temperature and precipitation of these 
three countries. The historical climate data for 
the countries were retrieved from University 
of Eastern Anglia’s Tyndall Centre for Climate 
Change Research (TYN) country average (CY) 
database 1.1 (Mitchell et al., 2003). Temperature 
trends are similar for the Russian Federation and 
Ukraine (0.08 ˚C/decade), with a higher trend in 
Kazakhstan (0.14 ˚C/decade). These changes were 
accompanied by precipitation increases of 0.7, 4.6 
and 3.5 mm/decade in Kazakhstan, the Russian 
Federation and Ukraine, respectively. Over the 
last three decades of the twentieth century, these 
changes accelerated, with the temperature trend 
increasing to 0.37 ˚C/decade in Kazakhstan, 0.32 
˚C/decade in the Russian Federation and 0.23 ˚C/
decade in Ukraine, with higher changes in winter 
(1.30, 0.81 and 0.73 ˚C/decade, respectively) and 
considerably lower warming in summer (0.33, 
0.25 and 0.35 ˚C/decade, respectively). During 
the last three decades of the twentieth century, 
the increasing precipitation trend continued in 
Kazakhstan (2.1 mm/decade) and the Russian 

Federation (2.8 mm/decade), but was reversed in 
Ukraine (‑3.7 mm/decade). While in Kazakhstan, 
summer precipitation has increased, in Ukraine and 
the Russian Federation it has declined. 

Observed trends exhibit a high level of 
spatial heterogeneity, especially in the Russian 
Federation. While on average the temperatures 
have become 1.29 ˚C warmer over the past 
100 years (1907‑2006 – compared with 0.74˚ C 
global warming over the same period) (National 
communication, the Russian Federation, 2010), 
the warming trend was higher in Eastern Siberia 
and in the north of the European part of the 
country, with lesser warming in the intensive 
agriculture zone located in the south of the 
European part of the Russian Federation (NOAA 
GISS Surface Temperature Analysis, http://data.
giss.nasa.gov/gistemp/). Similarly, the highest 
changes in precipitation were observed in the 
eastern part of the country in the spring season. 
There is considerable uncertainty in the data on 
precipitation trends, especially over the entire 
twentieth century, due to low density of the 
observational network (National communication, 
the Russian Federation 2010). In the agricultural 
region of northern Kazakhstan, the warming 
trend is higher compared with the entire country, 
especially in winter, and is accompanied by 
increasing winter and decreasing summer 
precipitation (National communication, Kazakhstan, 
2009). Higher temperatures lead to a greater 
effective temperature sum (ETS, measured 
as a sum of growing-degree days with base 
temperature of 10 ˚C), a longer vegetative period, 
and to shifts in phenology. In extra-tropical regions, 
multiple studies demonstrated a lengthening of 
the growing season by approximately 10‑20 days 
in the last few decades, mostly as the result of 
an earlier spring (Linderholm, 2006). In Europe, 
the growing season has extended by 3.5 days/˚C 
over the last 30 years of the twentieth century 
(Menzel et al,. 2006). In the principal agricultural 
areas of the Russian Federation, the length of the 
period with temperatures above 10 ˚C (associated 
with the growing period) was increasing by 2.3‑2.7 
days per decade in central Chernozem, northern 

http://data.giss.nasa.gov/gistemp/
http://data.giss.nasa.gov/gistemp/


 
climate change and food systems: global assessments and implications for food security and trade

224

Caucasus, and western Siberian regions, and by 
0.2‑0.7 days per decade in the Ural and Povolzhie 
regions (Sirotenko et al., 2007). The highest 
increase in ETS, over 120 ˚C per decade, was 
observed in Ukraine, with 57‑77 ˚C per decade 
growth in central Chernozem, northern Caucasus, 
and western Siberian regions, and lower growth or 
even decrease in the Ural and Povolzhie regions 
(Sirotenko et al., 2007). 

We estimated projected future changes of 
climate over the territory of Kazakhstan, the 
Russian Federation and Ukraine in the 2020s 
and 2050s as deviations from the base values 
at the end of the Soviet period (1980s); the 
base period was selected for compatibility with 
earlier projections of climate change impacts on 
agriculture in the Russian Federation (Alcamo et al., 
2007). The following parameters were computed 
as mean values from the ensemble of four GCMs 
(CGCM2, CSIROmk2, ECHam4 and DOE PCM): 

the change in annual and warm period temperature 
and precipitation; potential evapotranspiration; 
and growing degree days at base temperature of 
10 ˚C (GDD10). We computed the values of each 
parameter for the entire territory of interest, divided 
into 0.5˚ geographical latitude and longitude cells 
with a regular grid (Figure 3). The values for each 
country were then combined as a weighted mean 
with weights equal to percentage of agricultural 
lands in each cell (Table 6).

In the 2020s, the temperature increase in all 
three countries – with lower increase in Ukraine 
(Figure 3) – would be followed by a correspondent 
increase in potential evapotranspiration, by 
15-18 percent. The increase in precipitation, 
by 3-6 percent in the Russian Federation and 
Kazakhstan and by 0‑2.3 percent in Ukraine, 
can partially compensate for an increased water 
deficit; however, the increase in precipitation is 
projected mostly for the cold part of the year, with 

figure 3 
Climate change impacts on temperature (T) and precipitation (P) change compared to the base period for 2020s and 

2050s. The data present the mean of four CMIP-3 GCM integrations under IPCC SRES A1FI scenario
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table 6 
Change of climate parameters for four IPCC SRES scenarios for the 2020s and 2050s, in comparison with the late 
USSR period (1980s). An ensemble mean for four GCMs (CGCM2, CSIROmk2, ECHam4, and DOE PCM) is shown 

TIME Country Scenario T ann. P ann. T warm P warm PET GDD10

2020s

Kazakhstan

A1 1.6 4.7 1.8 2.2 17 244

A2 1.7 5.0 1.8 1.0 15 244

B1 1.7 4.8 1.8 1.3 16 250

B2 1.9 5.6 1.9 0.6 17 277

Russia

A1 1.5 3.0 1.5 0.6 17 218

A2 1.6 3.4 1.5 0.3 16 215

B1 1.5 3.5 1.6 0.6 18 225

B2 1.8 4.2 1.7 0.7 18 247

Ukraine

A1 1.3 1.0 1.3 -1.3 17 236

A2 1.3 0.3 1.3 -1.6 15 237

B1 1.3 2.3 1.4 -0.1 16 238

B2 1.6 1.8 1.5 -0.7 17 271

2050s

Kazakhstan

A1 3.9 11.1 4.2 5.4 42 617

A2 3.5 10.4 3.6 2.2 33 528

B1 2.7 8.0 2.9 2.3 28 424

B2 3.2 9.4 3.3 1.1 31 484

Russia

A1 3.5 7.1 3.6 1.5 45 549

A2 3.2 7.0 3.1 0.7 34 462

B1 2.5 5.8 2.6 1.0 31 383

B2 3.0 7.1 2.9 1.2 32 434

Ukraine

A1 3.1 2.4 3.1 -3.0 42 584

A2 2.7 0.6 2.7 -3.3 33 501

B1 2.2 3.7 2.2 -0.2 28 403

B2 2.6 3.0 2.6 -1.3 30 468

Note: The climate parameters are as follows: change in annual temperature (˚C) [T ann.],  precipitation (percentage) [P ann.], 
change in warm period (April through September) temperature [T warm] and precipitation [P warm], change in annual potential 
evapotranspiration (percentage) [PET], and and change in ETS base 10 ˚C (˚C) [GDD10

a considerably smaller warm period increase in 
the Russian Federation and Kazakhstan and even 
some decrease in Ukraine. The ETS is projected 
to grow by approximately 250 ˚C, roughly following 
these observations. 

Food security studies frequently employ 
Dynamic Global Vegetation models (DGVMs) 
and crop simulation models driven by climate 
change projections, combined with economic 

models (Pegov, 2000; Golubev and Dronin, 2004; 
Fischer et al., 2005; Schmidhuber and Tubiello, 
2007; Alcamo et al., 2007; Dronin and Kirilenko, 
2008; 2013). A DGVM is a computer programme 
that simulates shifts in potential vegetation and 
the associated biogeochemical and hydrological 
cycles as a response to shifts in climate. Such 
models use time series of climate data and, 
given constraints of latitude, topography and 
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soil characteristics, simulate monthly or daily 
dynamics of ecosystem processes. Crop models 
are crop-specific computer programmes that allow 
a user to estimate crop growth and yield as a 
function of weather conditions and management 
scenarios. Several studies based on analysis of 
agro-ecological scenarios indicate that the Russian 
Federation, Ukraine and Kazakhstan might be 
among the greatest beneficiaries of expansion 
of suitable croplands due to increasing winter 
temperatures, a longer frost-free season, CO2 
fertilization effect and projected increases in water-
use efficiency by agricultural crops – as well as 
possible, though uncertain, increases in winter 
precipitation projected by some Atmosphere-
Ocean General Circulation Models (AOGCMs) 
(Fischer et al., 2005). For example, the International 
Institute for Applied Systems Analysis (IIASA)/ 
Basic Linked System (BSL) models driven by 
the Hadley Centre climate prediction model 3 
(HadCM3) climate change scenarios suggest 
that, as a result of regional climate changes 
by 2080, the total area with agro-ecological 
constraints could decrease, and the potential 
for rainfed cultivation of major food crops could 
increase in the Russian Federation (primarily due 
to temperature increase and the CO2 fertilization 
effect on C3 plants) (Fischer et al., 2002). A 
study by Pegov et al., (2000) suggests that grain 
production in the Russian Federation may double, 
due to a northward shift of agricultural zones. 
Other modelling studies, however, indicate that the 
predicted shift of agro-ecological zones is unlikely 
to result in increasing agricultural productivity. 
Alcamo et al. (2007) and Dronin and Kirilenko 
(2008) have shown that, although large portions 
of the Russian Federation might increase their 
agricultural potential under warming scenarios, 
agriculture in the most productive Chernozem 
zone in the Russian Federation and Ukraine, 
between the Black and the Caspian Sea, could 
suffer a dramatic increase in drought frequency. 
This region is the main commercial producer of 
wheat and any declines in productivity would be 
detrimental to exports (Lioubimtseva and Henebry, 
2012). The Global Assessment of Security (GLASS) 

model computes a considerable decrease of 
cereal yields in the most productive parts of the 
Russian Federation (Golubev and Dronin, 2004). 
Even though cereals will grow in the more humid 
central and northern regions, the average yield in 
the Russian Federation will decrease considerably 
because of a severe increase in droughts in 
the most productive regions. At its extreme, in 
Stavropolsky Krai, the key agricultural region of the 
northern Caucasus, potential cereal production 
would decrease by 27 percent in the 2020s and 
by 56 percent in the 2070s. In contrast, the yield of 
cereals in the central region will not change much, 
whereas yields in the northern regions will increase 
significantly. However, this latter increase would 
contribute little to the total grain production of the 
country.

A longer and warmer growing period generally 
would allow northward expansion of intensive 
agriculture. Globally, agriculture in the Russian 
Federation could gain the greatest benefit 
from a warmer climate if the increase in ETS is 
considered separately from other factors. Warmer 
temperatures shift the area of the country that 
is bioclimatically suitable for agriculture as much 
as 600 km northward (by the 2080s, under high-
emission scenarios) with an increase in production 
of up to 1.5‑2 times (Pegov et al., 2000). It will 
also allow introduction of new or more productive 
crops. For example, accepting the ETS=850 ˚C 
isoline roughly limiting the cultivation area of corn 
for grain (Carter et al., 1991), which includes 
almost the entire territory of Kazakhstan and 
Ukraine and crosses the Russian Federation just 
south of Moscow, the 250 ˚C change in ETS by 
the 2020s (compared with 1980s climate – see 
Table 6) expands the potential corn cultivation area 
up to 400 km north in the Russian Federation. 
Considering more realistic scenarios, with 
limitations on both temperature and precipitation, 
the area potentially suitable for agriculture may 
increase by 64 percent (Fischer et al., 2005). 

On the other hand, the best agricultural 
lands in the Russian Federation, Ukraine and 
Kazakhstan (Figure 4A) coincide with the zone 
of limited water availability and are more limited 
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by precipitation levels (322 mm for agricultural 
lands in Kazakhstan, 507 mm for the Russian 
Federation and 547 mm for Ukraine) than by 
temperatures (Figure 4A). Droughts regularly 
occur in this region (Table 6). Over the last three 
decades, the frequency of drought in the main 
agricultural regions of the Russian Federation 
has increased (Gruza et al., 1999; Spinoni et al., 
2013). On these lands, a longer and warmer 
growing season may affect soil moisture, 
decreasing yields and leading to higher incidence 
of drought (Alcamo et al., 2007; Figure 4B, 4C). 
Limited land availability and soil fertility outside 
of Chernozem areas (Stolbovoi and McCallum, 
2002) make it highly unlikely that the shift of 
agriculture to the boreal forest zone will ever 
compensate for crop losses caused by increasing 
aridity in the current zone of intensive agriculture. 
Decreasing availability of soil moisture is especially 
important for the main grain-growing regions of 
the Russian Federation and Ukraine, which in 
the past have been subjected to droughts every 
third year on average (Khomyakov et al., 2005). 
Without expansion of agricultural lands, increased 
temperatures combined with minor changes in 
precipitation, which are projected by the majority 
of GCMs for the steppe regions of the Russian 
Federation, Ukraine and Kazakhstan (Figure 4) 

will lead to a 6-9 percent reduction in grain 
production on average (Alcamo et al., 2007). 

These simulations do not take into account 
any effects on yields from higher aerial CO2 
concentrations. “Carbon fertilization” directly 
affects yields by increasing photosynthetic 
production (Smith et al., 2000). Higher CO2 
concentrations may also indirectly affect yields 
in water-deficit conditions by decreasing plants’ 
water requirements. Both direct and indirect effects 
are significantly more pronounced for C3 plants, 
such as wheat. The earlier laboratory studies 
demonstrated a very high carbon fertilization effect, 
with 19 to 31 percent increased wheat yield under 
a 550 ppm CO2 concentration (Long et al., 2006). 
On average, across several species and under 
unstressed conditions, recent data analyses find 
that, compared with current atmospheric CO2 
concentrations, crop yields would increase at 
550 ppm CO2, in the range of 10-20 percent for 
C3 crops and 0-10 percent for C4 crops (IPCC 
2007). However, the results obtained for the 
Russian Federation with physically explicit models 
based on these data – e.g., by Sirotenko et al. 
(1997) – are likely to overestimate the related 
increase in global yields (Ainsworth, 2008). The 
Free Air-Enrichment Experiments (FACE) suggest 
that outside the highly artificial conditions of a 

figure 4 
Climate change impacts on the factors limiting agriculture: growing degree days  

base 10 ˚C (GDD) and Thornthwaite’s aridity index (Aridity), for the current (1970-2000) climate (A) and projections 
for the 2020s (B) and 2050s (C). The projections combine mean GDD and aridity computed for five CMIP-3 GCM 

projections under the 
IPCC SRES A1FI scenario

A B C
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test enclosure the carbon fertilization effect is 
significantly lower, with a mean yield increase 
of 12 percent for wheat (Long et al., 2006) and 
no response for C4 plants, such as corn. The 
fertilization effect is more pronounced under water 
stress (18 percent) than under good watering 
conditions (8 percent) (Ainsworth, 2008). Note, 
however, that the results of FACE experiments are 
highly variable over the test plots, with no data 
available for the region of interest. Temperature and 
precipitation changes in future decades are likely 
to modify, and possibly limit, direct CO2 fertilization 
effects on crops and other plants. For instance, 
high temperature during flowering may lower CO2 
effects by reducing grain number, size and quality 
(Caldwell et al., 2005). Increased temperatures 
may also reduce CO2 effects indirectly, by 
increasing water demand. Rainfed wheat grown at 
450 ppm CO2 demonstrated yield increases with 
temperature increases of up to 0.8 °C, but declines 
with temperature increases beyond 1.5 °C; 
additional irrigation was needed to counterbalance 
these negative effects (Xiao et al., 2005).The 
ongoing discussion of the role of carbon fertilization 
effect in future yields (see e.g. Ainsworth, 2008) 
contains very different estimates of CO2 fertilization 
impact on future food security. 

Complicating the estimates of yield 
enhancement under increased CO2 concentration, 
the progressive nitrogen limitation (PNL) effect 
may decrease production on a longer time scale 
(Luo et al., 2004) without additional nitrogen input 
or a reduction of nitrogen loss. Furthermore, 
yield enhancement would be counteracted 
by the negative effect from increased ozone 
concentrations in the troposphere (Long et al., 
2005). These and other effects of modifications 
in climate and chemical composition of the 
atmosphere increase the uncertainty of future yield 
estimations. 

The physically based models discussed above 
attempt to project future yields by simulating major 
physical processes affecting photosynthesis, 
hydrology, availability of nutrients and other 
parameters affecting crop production at a local 
(e.g., DSSAT – Jones et al., 2003), regional (e.g., 

APEX – Gassman et al., 2010) or global (e.g., 
GAEZ – Fischer et al., 2002) level. For the region 
of interest, Alcamo et al. (2007) used a modified 
GAEZ model (Fischer et al., 2002) to find the 
response of multiple crops to GCM-projected 
2020s, 2050s and 2080s changes in temperature 
and precipitation and to estimate the impacts of 
climate change on water and food security. They 
found a general decline in the potential climate-
related yield for the majority of analysed model 
integrations, with a correspondent decrease in 
food and water security. Furthermore, Dronin and 
Kirilenko (2010) combined these results with a 
simple model of food trade between regions and 
analysed the capacity for adaptation to increasing 
yield variability. While their analysis took into 
account the possibility of replacing some cultivars 
with others better suited for changing climate, 
they did not consider any change in yields due to 
progress in technology and management. 

The statistical models attempt to use the 
historical yields in different years (time series), 
areas (cross-sections) or across both time and 
space (panels) to build a regression model, with 
temperature, precipitation and other parameters 
of climate used as predictor variables. While 
the physically based models are much more 
complex and require estimation of multiple 
parameters during the process of calibration, 
much simpler statistical models may demonstrate 
similar accuracy (Lobell and Burke, 2010). The 
additional benefit, which could also be a weakness 
of statistical models, is that local non-climatic 
conditions such as soils, management practices 
and technological advancement are intrinsically 
included in the model. For example, Dronin and 
Kirilenko (2013) used a statistical model to analyse 
the historical yields in The Russian Federation 
from 1958 to 2010, attempting to explain the 
difference between the reported yield and the sum 
of climatic (explained by the weather) yield and 
multiyear trend as a result of agrotechnological 
progress. The variations of harvest adjusted 
for weather and management improvements 
were considered in connection with the policies 
during key periods of agriculture in the Russian 
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Federation: the “Virgin Lands” campaign (end of 
1950s); Kosygin-Liberman initiatives (late 1960s); 
Brezhnev’s stagnation era (late 1970s‑early 1980s); 
Gorbachev’s “Perestrojka” (1985‑1991); and land 
privatization and price liberalization (1990s). They 
found a long-term trend of ~1.15 percent yield 
increase annually, which they attributed to long-
term technological change.

To estimate future climate-related yield changes 
in the region of interest, we used a dynamic yield 
model by Alcamo et al. (2007) and a statistical 
model by Dronin and Kirilenko (2013). Both 
models were limited in coverage to the Russian 
Federation territory; for this reason, we estimated 
corresponding changes in Ukraine and Kazakhstan 
by computing the changes in yields in the adjacent 
agricultural zones of the Russian Federation. For 
Kazakhstan, this zone included Chelyabinskaya, 
Kurganskaya, Omskaya, and Tumenskaya Oblasts, 
and for Ukraine, Belgorodskaya, Kurskskaya, 
Lipetskskaya, Rostovskaya, and Voronezhskaya 
Oblasts and Stavropolsky Kray. For the territory of 
the Russian Federation, the dynamic and statistical 
models both show similar patterns in yield change, 
generally with a small reduction or an increase 
in yield for the Russian Federation and Ukraine 

and larger reductions for Kazakhstan (Table 7). 
Since the statistical model may poorly represent 
the yield outside the range of the historical 
climatic envelope, in the next section we base our 
assessments on the results of the dynamic model 
(Alcamo et al., 2007), while assuming the historical 
long-term technology-related trends in yields found 
by Dronin and Kirilenko (2013).

5. 	Outlooks for grain 
production and export 

The outlooks for grain production and export 
are typically based on analyses of the recent 
agricultural trends, agricultural and economic 
policies, and assumptions about improvements 
of technology, infrastructure, and management 
techniques. They do not usually take into account 
climate change scenarios. The Federal Program 
of Agricultural Development and Regulation of 
Markets for Agricultural Produce, Raw Materials, 
and Food for 2013-2020 (Gosudarstvennaya 
programma razvitiya…, 2012) set new targets for 
the agriculture sector of the Russian Federation 
focusing on: (1) increased export potential; and 

table 7 
Estimated wheat yield change from 1980s to 2020s (percentage) attributable to temperature and precipitation shift 
alone, as simulated by dynamic (D, see Alcamo et al., 2007) and statistical (S, see Dronin and Kirilenko, 2013) yield 

models. Notice that for this time period the pattern of climate change is similar for A1FI and A2 scenarios 

Scenario Model Kazakhstan Russia Ukraine

A1FI S 78.9 91.6 97.3

D - - -

A2 S 75.9 90.1 97.1

D 96.8 94.0 78.5

B1 S 80.4 90.8 98.0

D - - -

B2 S - - -

D 73.8 90.3 86.4

Sources: ERBD, 2008 ; IKAR, 2009 ; Liefert et al., 2013 ; Rau, 2012 ; FAOSTAT, 2013 ; Babkin, 2013,  
Schierhorn et al., 2012
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(2) increased food security based on reliance on 
internal meat and dairy production. In the view of 
the authors, the numerical targets set under this 
program5 are overly optimistic based on unrealistic 
productivity gains assumptions (2.5 percent annual 
growth rate for grains). In 2008, despite record high 
prices for grain on the world market (up by USD 
400-450/tonne), the area under cereals increased 
by only 5 percent in the Russian Federation. During 
the Soviet period, much marginal land had been 
ploughed but it was then abandoned in the 1990s 
and its cultivation is still unprofitable regardless 
of high prices for grain (Liefert et al., 2009a). The 
national report summarizing realization of the prior 
Federal Program as of 2011 shows that the area 
under cereals decreased slightly in the Russian 
Federation in 2008-2011 (O hode y resultatah … 
2012).

In fact, the high growth rates are based on 
expert estimates of potential yields, which are 
projected to exceed the current yields by hundreds 
of percentage points. For example, the European 
Bank for Reconstruction and Development (EBRD) 

5	 Average annual grain production under the Program 
is set to increase to 115 million tonnes, with overall 
export potential estimated at 30 million tonnes. Meat 
and poultry production to go up to 14.07 million 
tonnes in live weight, and milk production up to 
38.2 million tonnes which translates into increased 
consumption from 69.1 to 73.2 kg/per capita for 
dairy and from 247 to 259 kg/per capita for meat, 
and an increase in exports of pork and poultry, up to 
200 000 and 400 000 tonnes, respectively.

estimated the maximum potential grain production 
in the Russian Federation at 126 million tonnes 
(EBRD-FAO, 2008). These estimates are based 
on the assumption that since the agroclimatic 
conditions in the Russian Federation are similar 
to those in Canada, the Russian Federation can 
increase its average yields from 1.86 t/ha (2008-
2012) to the current level of yields in Canada 
(3.54 t/ha). Similarly, the Russian Institute for the 
Agrarian Market Studies has projected that in 
2019, grain production in the Russian Federation 
will reach 125 million tonnes and grain export will 
be about 45-50 million tonnes (Schierhorn, et al., 
2012). According to a projection by the Russian 
Federation’s Ministry of Agriculture, by 2020, grain 
production could reach 120-130 million tonnes, 
which would allow export of 30 to 40 million tonnes 
of grain (Schierhorn et al., 2012). Perhaps the least 
convincing among these outlooks is the “Road 
Map of Agricultural Development in the Russian 
Federation by 2020” published by Babkin (2013), 
which projects a 214 percent increase in grain 
production from 2011 to 2020, up to 295.6 million 
tonnes, which would require a 13.5 percent annual 
growth in grain production.

We have developed more realistic growth 
projections, taking into account changes in 
management practices and technology, as well 
as the changes of climate in the main agricultural 
regions of the Central Eurasian grain belt.

One simple, albeit frequently used, approach 
to estimating future yields employs a linear 

table 8 
Summary of published wheat production trends and outlooks

Cereal production, million tonnes, selected years Outlooks for cereal production, million tonnes

1998 2002 2005 2008 2010 2012 IKAR 
for 

2016

IKAR 
for 

2019

USDA 
for 

2021

EBRD 
maximum 
potential 
scenario 

Road 
Map 
2020

Russia 46   84   77 106   59   69   98 125 100 126 295.6

Ukraine 25   46   37   53   39   46   44 Na  59   75 na

Kazakhstan   6   16   14   15   12   15   22 Na na   29 na

Total 77 146 128 174 110 130 164 230 na
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regression model with climate parameters (usually 
temperature and precipitation) as predictors, 
assuming other parameters to be constant (e.g. 
Lobell et al., 2009). The next step would be to 
analyse time series, attempting to explain the 
observed long-term yield trends with the change in 
technology and management practices and short-
term variations with climate. 

Historically, the long-term rate of grain yield 
increase has demonstrated surprisingly little 
variability. To the best of our knowledge, Obukhov 
(1927) was the first to publish a statistical analysis 
of the historical trends of yields in the Russian 
Federation. Obukhov computed the linear trend for 
six different crops based on the 1883‑1914 yield 
statistics, estimating a 1.1 percent annual yield 
increase (8 kg/ha) with the “yield norm” (potential 
yield not accounting for weather variability) of 0.57 
t/ha in 1883 and 0.82 t/ha in 1914. Another study 
of the historical change in yield (Wheatcroft, 1977) 
analysed the 1885‑1940 yield data and found 
a lower annual trend of 0.87 percent (7 kg/ha), 
presumably due to significant agriculture fallback 
during the periods of World War I, Civil War, and 
experiments in economics in the 1920s. Dronin 
and Kirilenko (2013) applied the same approach 
to analyse the 1958‑2010 grain crops and found 
a 1.15 percent annual increase trend (1.6 kg/ha). 
Similarly, despite drastic changes in economics, 
the 1980‑2010 yields demonstrate a 1.15 percent 
increase on average. 

While the twentieth century’s long-term trend in 
yield can be explained by technological changes, 
a future scenario of grain balance should also take 
climate change into account. We have already 
described the potential future reduction in yield, 
mainly due to restricted water availability. Combined 
with a realistic rate of yield increase attributable to 
technological changes, however, higher yields can 
be projected. For example, a 6 percent decrease in 
potential grain yield in the Russian Federation in the 
2020s due to climate change (Alcamo et al,. 2007), 
combined with a 1.15 percent agrotechnological 
yield increase trend (Dronin and Kirilenko 2013) 
would result in a 35 percent yield increase over the 
1980s‑2020s period. 

For the purpose of this study we have 
accepted the historical yield trend as a 
conservative estimate of future yield growth in the 
Russian Federation and suggest the following three 
scenarios of future yield growth due to changes in 
technology and management: 

I.	 Federal Program projection: 2.5 percent annual 
yield growth.

II.	 Historical Trend (“business as usual”): 
1.15 percent annual yield growth.

III.	 Historical Trend Plus Climate: 1.15 percent 
annual yield growth plus climate change.

Table 9 shows the current (2008‑2010) 
and future (2020) grain balance for the Russian 
Federation according to these three scenarios. The 
Federal Program projections show a significant 
increase in the amount of extra grain after meeting 
the requirements of human consumption, livestock 
and industry, indicating a surplus which can be 
exported. However, even projections under the 
conservative Historical Trend scenario indicate that 
a significant amount of grain can be exported. 

While the cereal production in the Russian 
Federation, Ukraine and Kazakhstan is projected to 
increase, domestic demands are likely to grow at 
a much slower rate (see Tables 9-11). Populations 
of all three countries are projected to decline and 
the regional per capita incomes are expected to 
continue growing, with consumer diets shifting 
away from cereals. With appropriate policies, 
this combination of rising prices and demand on 
the international market and moderate domestic 
demand is likely to benefit export opportunities for 
the Russian Federation, Ukraine and Kazakhstan.

On the other hand, when the impact of climate 
change is taken into account, meeting the Federal 
Program goals of increasing meat production is 
possible only if grain exports are reduced more 
than 50 percent. However, we suggest that even 
the 2008‑2012 rates of meat production are not 
sustainable. First, the most successful sector, 
poultry production, has already approached the 
level of demand (3.8 million tonnes – cf. 3.2 million 
tonnes produced in 2010). The increase in poultry 
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production is thus possible only for export, but this 
option is limited due to competition from the United 
States and other countries, where cheaper corn 
is used for feed compared with more expensive 
wheat used in the Russian Federation (Welton, 
2011). Domestic protection measures will be 
effective only in the case of poultry, while pork and 
beef production will meet higher competition with 
imports since the Russian Federation joined the 
World Trade Organization (WTO) in 2012 (Kiselev, 
2013). Currently, the agricultural protectionist 
policies are based on veterinary standards, but 
after they are lifted, some experts in the Russian 
Federation warn that an unprecedented volume 
of pork imports will immediately enter the Russian 
market.6 While the Federal Program aims to 

6	 http://chickeninfo.ru/perspectivnoe_zhivotnovodstvo/
ptitsevodstvo-segodnya/hvatit-li-rossiyanam-myasa--

increase both beef and milk production, this is a 
very challenging task due to limited availability of 
fodder and increasing competition with imports 
of meat from Brazil, Argentina and Uruguay, 
which are currently the main beef exporters to the 
Russian Federation. With a limit on trade-distorting 
support and without the ability to raise customs 
duties above bound levels, the Russian Federation 
is likely to depend on beef imports for a long 
period to come (Kiselev and Romashkin, 2012). 

Accession to the WTO will therefore not allow 
the Russian Federation to implement its policy of 
substituting relatively low-cost beef imports with 
domestic beef production. This will have a positive 
influence on grain exports. Grain export and 
livestock breeding are competitors, and success 

obzor-rinka-myasa-v-2013-godu

table 9 
Current (2008‑2010) and future (2020) grain balance (million tonnes) for Russian Federation,  

according to the Federal Program (I), Historical Trend (II) and Historical Trend Plus Climate scenarios (III)

Item 2008-2010 2020 scenarios 

I II III

Beginning stocks 13.8 13.9 10.8 10.8

Production 88.4 115 99.0 90 -93

Import 1.6 0.4 0.4 0.4

Total production 103.8 129.2 113.2 102.2-105.2

Food and industry 24.7 26.0 26.0 26.0

Seeds 11.8 12.0 12.0 12.0

Feed 35.6 42.0 42.0 42.0

Total consumption 72.1 80.0 80.0 80.0

Production-consumption 31.7 49.2 33.2  22.2-25.2

Export 16.0 30.0 14.0 2.9-5.9

Intervention fund 7.2 8.5 8.5 8.5

Ending stocks 8.5 10.8 10.8 10.8

Notes: The 2020 grain production (115 million tonnes), export (30 million tonnes), intervention fund (8.5 million tonnes) and grain 
imports (0.3 percent from the grain production and stocks) are based on the Federal Program of Agricultural Development and 
Regulation of Markets for Agricultural Produce, Raw Materials, and Food for 2013‑2020 (Gosudarstvennaya programma razvi-
tiya… 2012). The current grain production in the table (88.4 million tonnes) is based on the 2008-2010 mean, which is slightly 
higher than the current grain production (85.2 million tonnes) in the Federal Program. The estimates of food, feed, seeds and in-
dustry requirements are found in several Russian sources (see, for example, Altukhov, 2013). The size of ending stocks for Russia 
is recommended to be 10.8-10.9 million tonnes with 50 percent reliability and 13.4‑13.7 million tonnes with 60 percent reliability 
(Altukhov, 2013). 
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in grain exports does not automatically lead to an 
increase in meat production. If there is a choice 
between exporting grain or allocating it for the 
livestock sector (i.e. poultry), the former option 
has the advantage because of the attractiveness 
of earning hard currency.7 We suggest that the 
demand for feedgrain will increase at a slower 
rate, compared with the Federal Program’s 
goals, leaving more grain for export. A recent 
report on agriculture in the Russian Federation by 
Salputra et al. (2013) used an econometric model 
to suggest similar projections for 2020-2025. 
These included: a decrease in beef production 
with a corresponding increase in imports to meet 
growing demand; an increased import of pork 
to address the gap between the fast growth of 
demand and slow growth of production; and a 
fast growth of poultry production, exceeding the 
internal demand. While the authors concluded 
that the Russian Federation will retain its position 
as a grain exporter, they also predicted a 
conservative increase in grain yields combined 
with some contraction in the area under cereals 
in favour of more profitable sunflower production 
(Salputra et al., 2013). The Federal Program’s 
predicted demand for feedgrain is based on the 
assumption of further improvement of productivity 
of the livestock sector. The Program suggests that, 
if approximately 3.6 tonnes of grain was needed in 
2008-2011 for production of 1 tonne of meat (live 
weight), then in the 2020s only 3 tonnes of grain 
would be required to produce 1 tonne of meat. 
(Altukhov, 2013).

During the past 20 years, Ukraine and 
Kazakhstan have both demonstrated very similar 
changing trends in agricultural production and 
exports, comparable to those occurring in the 
Russian Federation. Therefore, we assume that the 
scenarios formulated for the Russian Federation 

7	 For example, in 2012, the Russian Federation 
enjoyed good harvest of cereals (71 million tonnes) 
but an article in a Russian newspaper “Nezavisimaya” 
(“Independent”) from 7 November 2012 stated that 
the chairman of the flour milling union of the Russian 
Federation had warned about a possible deficit of 
grain in spring of 2013 because of excessive export 
of grain in autumn of 2012.

may also be valid for Ukraine and Kazakhstan. 
The initial 1990s policies of price liberalization and 
privatization were followed by a chronic deep crisis 
in agriculture. In the early 2000s, a huge increase 
in government support and the emergence of 
large, vertically integrated agro-industrial holdings 
led to a rapid agriculture recovery, but evidence 
indicates that in recent years, grain surplus was 
achieved mainly as a result of favourable weather 
and low internal demand for feedgrain. Thus, both 
Ukraine and Kazakhstan seek their fortunes by 
boosting grain export; however, this is limited by 
the current state of infrastructure. Nevertheless, 
both countries have ambitious goals of becoming 
major world grain exporters, while reaching self-
sufficiency in meat production (Programma po 
razvitiju agropromyshlennogo...2012). 

The targets for 2020s grain production in both 
countries are based on the maximum potential 
productivity for a given climate. For example, the 
EBRD-FAO (2008) estimates that grain yields in 
Ukraine could increase from 2.6 t/ha to 7.0 t/ha 
(thus attaining the level of yields in France), while 
the Ukrainian officials call for achieving 90 percent 
of West European yield levels by 2020.8 Similarly, 
according to the EBRD maximum potential 
scenario, Kazakhstan’s yields can increase to the 
level of Australia’s, from 1.16 t/ha to 1.9 t/ha. Note 
that EBRD-FAO projections were intended only 
to demonstrate full agro-ecological potential of 
the region, without taking into consideration other 
factors. In addition, none of these outlooks takes 
into account the impacts of climate change.

For Ukraine, annual production of 72 million 
tonnes of grain would require 4.6 percent annual 
growth; however, the historical trend has been 
1.35 percent. Similarly, the EBRD projections 
for Kazakhstan would require a 4.5 percent 
annual grain yield growth, but the yield trends in 
the arid steppes of Eurasia have not exceeded 

8	 According to Nikolay Prisyazhnuk, the Minister of 
Agricultural Policy and Food: “Reaching the level of 
90 percent of the yield of developed countries, while 
keeping the existing area, will provide an additional 
30 million tonnes of production.” http://www.proagro.
com.ua/news/ukr/4081864.html 

http://www.proagro.com.ua/news/ukr/4081864.html
http://www.proagro.com.ua/news/ukr/4081864.html
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table 10 
Current (2008‑2010) and future (2020) grain balance (million tonnes) for Ukraine, according to the  

Federal Program (I), Historical Trend (II) and Historical Trend Plus Climate scenarios (III)

Item 2009-2011 2020 scenarios 

I II III

Beginning stocks 4.5 5.6 5.6 5.6

Production 46.0 72.0 52.6 41.3-45.2

Import 0.1 0.1 0.1 0.1

Total production 50.6 77.7 58.3 46.9-50.9

Food  6.4 6.0 6.0 6.0

Seeds  4.0 4.0 4.0 4.0

Feed 15.1 18.0 18.0 18.0

Total consumption 25.5 28.0 28.0 28.0

Production/consumption 25.1 49.7 30.3 18.9-22.9

Export 18.8 41.0 21,6 10.2-14.2

Intervention fund - 3.1 3.1 3.1

Ending stocks 6.3 5.6 5.6 5.6

Notes: The 2020 grain production (72.0 million tonnes) and export (41.0 million tonnes or more) are frequently cited by Ukrainian 
media with a reference to the Ministry of Agricultural Development and Food. On the consumption side, foodgrain demand is de-
clining from 46 to 43 million tonnes due to projected decline of Ukrainian population. Grain for seeds estimates are based on 0.27 
t/ha average seed requirements for Russia (Altukhov, 2013). It is likely that the sown area under cereals will not change significant-
ly in Ukraine. In any case, Ukrainian officials have called on farmers to keep the sown area under grain.* We expect some growth 
in feed demand because of an existing trend for increase of meat production. Since no official projection for 2020 feed demand 
is available, we calculate feed requirements from total internal consumption demand for grain (28 million tonnes), food (6 million 
tonnes) and seeds (4 million tonnes). The internal consumption of grain at 28 million tonnes is believed to guarantee food security 
of Ukraine (Rynok zenovyh 2013). Estimate of grain reserve reaching 5.6 million tonnes is based on FAO’s recommendation to 
reserve at least 20 percent of annual grain consumption (Rau, 2012). 

* http://news.mail.ru/inworld/ukraina/ua_center/109/economics/15594169/ 

0.48 percent during the past 60 years. Due to the 
lack of grain production statistics at the regional 
(subnational) level for Ukraine and Kazakhstan 
prior to 1991, we have calculated historical trends 
for these countries using analogous data from 
the adjacent parts of the Russian Federation. For 
Ukraine we used data for the Central Black Earth 
region and North Caucasus. For Kazakhstan, the 
closest analogy is the southern fringe of Western 
Siberia. The scenarios of future grain balances 
of Ukraine and Kazakhstan are summarized in 
Tables 9 and 10. The official 2020 goals (scenario I) 
are unlikely to be achievable, as they assume a 
much higher than historical rate of annual yield 
growth. Meanwhile, a conservative scenario 

(scenario II) still indicates a sizable grain surplus, 
which is comparable to current volumes of grain 
export, while meeting internal feed demand 
compatible with the goals for increased meat 
production. However, meeting the goals for 
expanded grain export is possible only through 
reductions in meat production. 

Combined with climate change (scenario III), 
the conservative scenario (scenario II) discussed 
above becomes less plausible. Reduction to below 
the current grain yield level will lead to intensified 
competition between grain exports and meat 
production. By the 2020s, the world cereal trade 
is projected to increase 17 percent, to 328 million 
tonnes (OECD/FAO 2011). The official targets for 

http://news.mail.ru/inworld/ukraina/ua_center/109/economics/15594169/
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grain production and exports show the RUK region 
(the Russian Federation, Ukraine and Kazakhstan) 
supplying close to 30 percent of all grain exports 
(Table 11), justifying the idea of developing the RUK 
Grain Pool, first announced in 2009 and still being 
considered by the parties. However, the conservative 
scenario II would reduce the RUK share of exports to 
12 percent, which is close to the current state, and 
taking climate change into account would further 
diminish it to merely 6 percent. Slow growth (in the 
Russian Federation) or stagnation (in Ukraine and 
Kazakhstan) of grain production combined with high 
variability of yields in future climate would reduce 
the prospects of the RUK Grain Pool countries to 
influence the world grain market.

6.	 Conclusions 

The Russian Federation, Ukraine and Kazakhstan 
have become leading producers and exporters of 
grain, particularly wheat. Projections by several 
national and international agencies (Table 8) 
suggest that within the next few years these 
three countries together are very likely to surpass 
the European Union and the United States in 
terms of total grain exports and wheat exports. 
However, estimates of different agencies differ 
greatly from each other. For example, the United 
States Department of Agriculture (USDA) projects 
that, by 2021, total grain and wheat exports from 
the Russian Federation and Ukraine will rise by 
93 percent and 76 percent, respectively, relative 
to average annual volumes during 2006-2010, 
and that this region would supply 22 percent of 
the world’s total grain exports and 29 percent of 
wheat exports (Liefert et al., 2013). In contrast, 
the outlook by the Food and Agricultural Policy 
Research Institute - Iowa State University (FAPRI-
ISU) (2010) projects much slower growth of grain 
production and exports for this region.

These outlooks and scenarios are generally 
based on extension of the recent export and 
production trends, as well as several assumptions 
made by various authors, such as favourable 
weather conditions, benefits of climate change, 

improvement of agricultural policies, continuous 
improvement of management techniques and 
infrastructure and the possibility of recultivating 
previously abandoned arable lands. Given the many 
uncertainties about these factors, such assumption-
based projections need to be treated with caution. 

 The recent growth of exports from these 
three countries has been driven primarily by 
three factors: a) favourable temperature and 
precipitation regimes in 2002-2009, compared 
with the previous ten years (Liefert et al., 2009b; 
2013); b) grain surplus caused by the relatively 
low domestic demand for grain; and c) significant 
increase of investments in agriculture and increase 
of agricultural subsidies, resulting in the growth in 
productivity in grain and livestock production in the 
second part of the period (2010-2012).

Comparison of production and export trends, 
however, also clearly indicates that high grain 
exports from the Russian Federation, Ukraine 
and Kazakhstan have been driven primarily by 
low domestic demand rather than significant 
increase in productivity. Future recultivation of 
the abandoned arable lands remains uncertain 
and unlikely, given that most of the marginal land 
abandoned in the 1990s had very low potential 
productivity.

A sequence of years with favourable weather 
conditions (2002-2009) was followed by severe 
droughts in 2010-2012. Total grain production by 
the Russian Federation, Ukraine and Kazakhstan 
dropped from the record high 174 million tonnes 
in 2008 to the meager 110 million tonnes in 
2010 and 130 million tonnes in 2012, due to the 
persistent drought. Such short-term weather-
related fluctuations do not provide any valid base 
for production scenarios and need to be viewed in 
a much longer-term context of climatic variability 
and trends.

Agro-ecological projections driven by 
climate change scenarios suggest that the grain 
production potential in the Russian Federation, 
Ukraine and Kazakhstan may increase due to 
a combination of winter temperature increase, 
extension of the growing season, and CO

2 
fertilization effect on agricultural crops; however, 
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table 11 
Current (2008–2010) and future (2020) grain balance (million tonnes) for Kazakhstan, according to the  

Federal Program (I), Historical Trend (II) and Historical Trend Plus Climate scenarios (III)

Item 2006-2009 2020 scenarios

I II III

Beginning stocks 11.3 13.0 13.0 13.0

Production 18.3 28.0 19.0* 14.1 -18.4

Import 0.1 0.1 0.1 0.1

Total production 29.7 41.1 35.1 27.2-31.4

Food and industry  4.4 +0,4 5.7 5.7 5.7

Seeds  2.7 2.6  2.6 2.6

Feed  3.5 6.0 6.0 6.0

Losses 0.6 0.6 0.6 0.6

Total consumption 11.6 14.9 14.9 14.9

Production-consumption 18.1 26.2 20.2 13.9-16.5

Export 4.9 13.2 7.2 0.9-3.5

Ending stocks 12.9 13.0 13.0 13.0

Notes: In contrast to Ukraine and Russia, Kazakhstan has not published its 2020 grain production goals. Since Scenario I is 
based on the EBRD-FAO (2008) maximum potential production of grain using the climate analogue method, we calculated yield 
increase based on mean yields in Australia, from 1.16 t/ha to 1.9 t/ha by 2016. On the consumption side, we estimated that the 
demand for foodgrain will increase by 20 percent following population growth from 15.6 million in 2008 to 18.7 million in 2020. 
The 2013-2020 Kazakhstan Agricultural Program calls for a reduction in area under cereals in favour of forage and technical 
crops. However, this crop replacement has had a slow start, with no more than 2-3 percent reduction in area under cereals 
last year (Moldashev, 2013).The Program also projects an increase in internal demand for each category of meat (beef, lamb, 
horsemeat, and broiler chicken), targeting self-sufficiency in meat consumption and an increase in beef exports of 150 thousand 
tonnes by 2020. Total meat production is projected to increase by 71 percent, from 0.7 million tonnes in 2009 to 1.2 million 
tonnes in 2020, with corresponding increase in feedgrain demand (Programma po razvitiju.. 2012). 

table 12 
Current (2008–2010) and future (2020) grain export (million tonnes) in Russia, Ukraine and Kazakhstan,  

according to the official goals (I), Historical Trend (II) and Historical Trend Plus Climate scenarios (III).  
Note that model projections for (III) are given for SRES A2 and B2; compare with Tables 9, 10, and 11,  

where a range is given for model projections

Country 2008-2010 2020 scenarios 

I II III

SRES/B2 SRES/A2

Russia 16.0 30.0  10.9  2.9 5.9

Ukraine 18.8 41.0 21.6 14.2 10.2

Kazakhstan 4.9 13.2 7.2 0.9 3.5

Total export 39.7 84.2  39.7  18.0 19.6
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the most productive semi-arid zone could suffer 
a dramatic increase in drought frequency. In view 
of these projections, further research is needed 
to evaluate vulnerability of grain production to 
future climate change and to determine suitable 
adaptation measures. If projected climatic 
changes are slow enough that adaptations to 
the new climatic conditions can go along with 
the normal cycle of equipment replacement, the 
costs of adaptations might be relatively low. These 
responses include selection of new cultivars, 
introduction of new crops, early planting, changes 
in crop mixture and crop rotation, change in land 
and water management practices, new pest 
and disease control techniques, etc. However, if 
climate change is accelerated, as projected by 
GCMs for this century, reactive adaptations may 
carry much higher costs and planned adaptations 
may be required (Dronin and Kirilenko, 2011).

The following sources of uncertainty need to be 
further examined in order to produce more reliable 
grain production outlooks: 

•	 Level of uncertainty associated with climate 
change scenarios.

•	 Lack of regional data on CO2 fertilization effect 
on crops and their water-use efficiency.

•	 Errors associated with land statistics and 
uncertainties associated with land cover 
trends derived from satellite imagery.

•	 Impacts of proposed recultivation of previously 
abandoned marginal lands on future 
greenhouse gas emissions, considering that 
recultivation would decrease current levels of 
carbon sequestration.

•	 Uncertainties associated with future political, 
social and economic changes in the RUK 
countries and their future agricultural policies.

•	 Uncertainties about the future development 
pathways of infrastructure, financial systems, 
land market development and future 
alignment between WTO requirements and 
agricultural subsidies. 

Development of effective and sustainable 
food-production strategies in the Russian 

Federation, Ukraine and Kazakhstan requires 
further basic, applied and translational research in 
several areas:

•	 More accurate modelling of climate change 
and its impacts on water resources and agro-
ecological systems at the regional scale.

•	 FACE and laboratory experiments to 
improve understanding of CO2 fertilization on 
agricultural crops.

•	 Modelling of probability and frequency of 
extreme events, such as droughts, heat 
waves, wildfires, frosts and floods;

•	 Modelling human vulnerability and adaptations 
to climate change.

•	 Research on how adaptation measures 
can be incorporated into ongoing activities 
such as land-use planning, water resource 
management, drought and heat wave early 
warning and diversification of agriculture.

Our analysis shows that the ambitious goals of 
boosting grain and meat production by the 2020s, 
recently articulated by the governments of the 
three countries, are unlikely to be accomplished. 
However, the overall outlook is optimistic. The 
conservative “business as usual” scenario and the 
model GCM-based projections all indicate that the 
Russian Federation, Ukraine and Kazakhstan will 
be able to increase their meat production while 
maintaining grain production surplus similar to the 
current level. 
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■	 Climate change affects food security in Asia 
not only through supply shortfalls of rice from 
extreme temperatures, frequent flooding or 
droughts, but also through sea-level-rise 
induced cross-border impact from land 
endowment losses in the low-lying zones. 

■ 	 Global simulation results suggest that Viet 
Nam is likely to be hardest hit in terms of the 
agricultural extent loss to sea level rise, as 
most of its paddy rice is cultivated in the 
Mekong Delta flood zone. Thai-grown rice 
would only be able to partially supplement the 
potential shortfall. 

■ 	 Model results also reveal two spillover effects 
on the global staple market. First, the wheat 

sector in Asia would be adversely affected due 
to land competition arising from local demand to 
secure the rice crop. Second, wheat- and 
coarse grain-growing regions outside Asia 
would reap some benefit from improved trade 
opportunities. 

■ 	 Although rice is relatively less traded across 
borders, loss of agricultural land to sea level rise 
would widen the gap between rice supply and 
demand of the rice-consuming countries. This 
suggests a need to establish safety nets of food 
security in Asia that can address the heightened 
impact of future climate change.
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1.	 Introduction

Climate change has already had a negative 
impact on Asia through extreme temperatures, 
frequent flooding and droughts, as well as sea 
level rise (SLR) and increased salinity of water 
supplies for rainfed agricultural areas. Church 
and White (2006) projected for the 35 Special 
Report on Emissions Scenarios (SRES) of the 
Intergovernmental Panel on Climate Change (IPCC) 
that global mean sea level could rise by up to one 
metre through the twenty-first century. The Fourth 
Assessment Report (AR4) of the IPCC projects that 
the global average sea level will rise by as much as 
0.59 metre (in the A1FI scenario) by the end of the 
twenty-first century (2090-2099) relative to the level 
in 1980-1999 (IPCC, 2007, p.409, FAQ 5.1). The 
new summary report of IPCC’s Fifth Assessment 
Report (AR5) for policy-makers reconfirms these 
projections with greater confidence “because of 
the improved understanding of the components 
of sea level, the improved agreement of process-
based models with observations, and the inclusion 
of ice-sheet dynamic changes.” (IPCC, 2013, 
p.23) IPCC AR5 warns that about 70 percent of 
coastlines worldwide are projected to experience 
sea level change (IPCC, 2013, p.24). Such 
climate change could bring complex, localized 
negative impacts for the food sector, especially for 
smallholders and subsistence farmers.

SLR is of particular concern for most Asian 
countries because their coastal areas – such as the 
mega-delta regions in East, South and Southeast 
Asia – have historically attracted human habitation. 
Farmers in Asian countries grow rice mostly 
along the river deltas and low-lying areas, which 
are prone to the SLR-induced flooding, storm 
surges and crop submergence that arrive with 
climate change. Examples of such areas are the 
Vietnamese Mekong Delta, Ganges-Brahmaputra, 
Irrawaddy and Chao Phraya (Wassmann et al., 
2004). Unlike developed countries, most of the 
Asian rice-growing and rice-consuming economies, 
at their current stage of development, do not have 
spare funds and resources to brace for long-term 

SLR and SLR-induced inundation and flooding. 
This could cause great concern regarding the food 
security of these populous countries, some of 
which rely on rice imports.

Most of the Asian countries are quite 
dependent on their domestic supplies of rice. The 
International Rice Commission (2003) indicates that 
Bangladesh, China, India, Indonesia, and Viet Nam 
are the major producers of rice, producing more 
than 70 percent of world volume. However, due 
to strong consumer preference towards particular 
rice varieties and qualities, world rice trade is low 
in volume, accounting for as little as 5 percent of 
global output. The Asian rice-producing countries 
tend to consume most of their own production. 
Nevertheless, Thailand and Viet Nam are able to 
export rice to, for example, neighbouring countries: 
Bangladesh, Indonesia, and the Philippines,. 

Dasgupta et al. (2009) identified ten developing 
countries whose land areas are most exposed 
to the potential threat of a one-metre SLR: 
The Bahamas, Bangladesh, Belize, Cuba, The 
Gambia, Jamaica, Puerto Rico, Qatar, Taiwan, 
and Viet Nam. Among these hardest hit countries, 
Bangladesh, China, Taiwan, and Viet Nam and 
are rice-growing and rice-consuming countries. 
In an updated study by Dasgupta et al. (2011), 
ten additional countries were identified to be at 
risk for large increases in exposed agricultural 
area: Bangladesh, Cambodia, Colombia, Cuba, 
Egypt, Mexico, Mozambique, Pakistan, Sri Lanka, 
and Uruguay —among which Bangladesh, Cuba, 
Egypt, Mexico and Mozambique are rice-importing 
countries, while Combodia, Pakistan and Uruguay 
are rice-exporting countries (USDA, 2012).

Among Asian countries, Bangladesh, 
Indonesia, Malaysia, and the Philippines rely on 
imported rice. China and India are the two largest 
producers of rice in the world, but both countries 
consume the majority of their own rice production, 
contributing little for trade. SLR would cause 
significant concern with respect to food security 
for Asian countries. Using a partial equilibrium 
global rice trade model, Chen et al. (2012) 
investigated the potential impact of SLR combined 
with climate-induced crop yield change on global 

http://www.ipcc.ch/publications_and_data/ar4/wg2/en/ch10s10-4-3.html
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rice production and price. An estimated 1.6-2.73 
percent reduction in global rice production was 
predicted, followed by an estimated 7.14-12.77 
percent rise in global rice price. The study revealed 
that many key rice-consuming countries, including 
Bangladesh, Egypt, Japan, Myanmar and Viet 
Nam, are expected to be among the hardest hit by 
the effects of SLR.

The purpose of this study is to investigate 
how SLR would affect land-based agricultural 
production and trade. First, in contrast to previous 
studies, we take into account not only the impact 
of SLR-inflicted agricultural extent loss (supply-
side impact), but also the changes in food 
demand due to market price economic growth 
(demand-side impact). Second, in contrast to 
the partial equilibrium approach by Chen et al., 
we use a global computable general equilibrium 
(CGE) model – the Global Trade Analysis Project 
(GTAP) model (Hertel, 1997) – in order to account 
for the substitution effects between rice and other 
food grains. Third, we use the GTAP Version 7 
database (Narayanan and Walmsley, 2008) and 
the GTAP land-use database (Lee et al., 2009), 
which adopts the concept of agro-ecological 
zones (AEZ), as developed by the Food and 
Agriculture Organization of the United Nations 
(FAO, 2000) and Fischer et al. (2002). Fourth, for 
the potential SLR-inflicted agricultural extent loss, 
we draw on estimates from Dasgupta et al. (2009) 
regarding agricultural land loss due to a one-
metre SLR as the land-input shock to the GTAP 
model.

The paper proceeds as follows: Section 
2 introduces the GTAP model and our 
modifications in land-use modelling. Section 3 
provides the simulation results of SLR impact 
on region-specific crop production, global 
food prices, and land-use change. Section 4 
concludes the paper.

2. 	Model and data

The standard GTAP model allows all land-based 
sectors to compete for land according to relative 

land rents4. However, this model does not explicitly 
identify the suitability and viability of land for 
growing various crops. For a country with arable 
land located under diverse climate and terrain 
conditions, crop suitability of the land may diverge, 
and thus land-use change between sectors may 
be subject to temperature, precipitation and soil 
conditions of the particular locations. Therefore, we 
modify the GTAP model with the GTAP land-use 
database of Lee et al. (2009) so that transition of 
land between alternative uses is subject to crop 
suitability of land, which is implied by the terrestrial 
characteristics and weather conditions at the 
location of the land. We believe this modification 
describes the adjustment in agricultural land use 
more effectively and more realistically.

We combined the land-use database and 
version 7 of the GTAP database (Narayanan and 
Walmsley, 2008). The version 7 GTAP database 
is used as the benchmark equilibrium for global 
CGE simulations, which present transactions of 
commodities and services between sectors within 
and across countries/regions in 2004. Table 1 lists 
the 29 world countries/regions of our simulation. 
Table 2 shows the sector disaggregation, covering 
17 production activities of the whole economy. Key 
food crops such as rice, wheat and other cereal 
grains, as well as processed food sectors, are 
disaggregated, while activities not directly linked 
with agricultural land are aggregated into energy, 
manufacturing and service sectors.

The GTAP land-use database is compiled 
following the AEZ approach developed jointly by 
FAO (2000) and Fischer et al. (2002). Arable land is 
classified into six categories by length of growing 
period. It is further defined in terms of three climatic 
zones (boreal, temperate, and tropical), which 
refer to the length of time within a year that the 
temperature is above 5o C and the soil moisture 
is sufficient for crop growth (Lee et al., 2009). 
However, irrigation is not accounted for in the AEZ 
methodology; the GTAP land-use model considers 
only the rainfed conditions of land resources.

4	 Land rents refer to the market value of the output that 
equalizes the added cost of an additional unit of land.   
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A two-level demand nested structure is 
identified within the AEZ-specific land demand 
by the agricultural sectors. We specify a large 
constant elasticity of substitution (CES) function 
of 20 between AEZs, so that land rents of 
all AEZs would change in the same direction 
and at very similar magnitude in response 
to exogenous shocks. This assumption also 
implies that production technology is the same 
across all AEZs, albeit with differentiated output 
levels. 

The land supply is also AEZ-specific, 
with a three-level nested structure under 
the assumption of weak separability. For 
each tier, we specify a Constant Elasticity of 
Transformation (CET) function to govern the 
optimal allocation of land according to relative 
land rents payable by the land-using sectors. 
The bottom tier allocates the land between 
agricultural and forestry uses, while the middle 

tier allocates agricultural land between livestock 
husbandry and cropping activities. The top 
tier allocates land among alternative cropping 
activities5.

3.	 Simulation design

We simulate the impact on global food supply, 
prices and land use, in combination with estimates 
by Dasgupta et al. (2009), as exogenous shocks 
to the GTAP model. Dasgupta et al. conducted 
a detailed geographic information system (GIS) 
analysis and overlaid satellite images of the world 

5	  Note that, in the current version of the model, land 
transition between agricultural and commercial 
plantation uses is specified as possible but limited. 
Conversion of natural lands to crops is possible 
in reality. However, there is no such information to 
benchmark the GTAP model to reflect the reality and 
so this is omitted in this study

table 1 
Regions in the model

No. Code Region description No. Code Region description

1 ANZ_Oceania Australia, New 
Zealand & Oceania

16 NorthAmerica North America

2 China China and Hong Kong 17 Mexico Mexico

3 Japan Japan 18 Argentina Argentina

4 SKorea South Korea 19 CaribCentrAm Central America

5 Taiwan Taiwan 20 Brazil Brazil

6 OtherEAsia Other East Asia 21 Chile Chile

7 Cambodia Cambodia 22 NSAmerica Northern South 
America

8 Indonesia Indonesia 23 EU27 European Union

9 SouthAsia South Asia 24 OthEurope Other Europe

10 Myanmar Myanmar 25 Russia_FSU Russian Federation & 
Former Soviet Union

11 Malay_Singap Malaysia& Singapore 26 MiddleEast The Near East

12 Philippines Philippines 27 NAfrica North Africa

13 Thailand Thailand 28 NoCstlAfrica No Coastal Line Africa

14 VietNam Viet Nam 29 SAfrica South Africa

15 OtherSEAsia Other South East Asia
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with data regarding agricultural extent (Globcover 
2.1 dataset6) of 84 coastal developing countries 
to map out the agricultural extent exposed to 
the threat of a one-metre SLR. We aggregate 
estimates by Dasgupta et al. into 24 developing 
countries/regions using land area shares as 
measures consistent with the region aggregation 
scheme of our GTAP land-use model. 

Because the work of Dasgupta et al. (2009) does 
not assume any particular timing of the global mean 
SLR in projecting the extent of agricultural loss, we 
follow the IPCC’s AR4 projections (Bindoff et al., 
2007) and assume that adverse impact of a one-
metre global mean SLR might occur as early as 
2020.7 Figure 1 illustrates our simulation design.

6	 The Globcover 2.1 dataset was produced by the European 
Space Agency with a resolution of 300m*300m, available 
at: http://www.esa.int/due/ionia/globcover. According to 
Dasgupta et al. (2009), there were three types of agricultural 
land in this dataset, but only the rainfed/irrigated/
post-flooding cropland area was used in the mapping, 
which may lead to an underestimation of the impact on 
agricultural extent.

7	 The IPCC AR5 projects that the likely range of global 
SLR by the year 2100 is 28 to 98 cm and the risk of 
exceeding 98 cm is considered to be 17% (IPCC, 
2013). The AR5 also warns that, should sectors of 
the marine-based Antarctic ice sheets collapse, the 
sea level could rise by up to 1.2 to 1.5 metres during 
the twenty-first century. Therefore, our assumed 
impact of a one-metre SLR can be considered a 
severe case, but not as an upper limit.

To better simulate the SLR impact by 
2020, we first update the 2004 GTAP version 
7 database to present the 2020 benchmark 
equilibrium, with gross domestic product (GDP) 
and population growth forecasts under the IPCC 
scenario A2 of SRES. The SRES A2 assumes 
the highest projected population growth and 
thus is associated with the highest food demand. 
As illustrated in Figure 1, line E1E2 depicts the 
baseline growth trajectory of some variable – e.g. 
supply of a crop – from 2004 to 2020 under the 
SRES scenario A2.

To construct this baseline, we add region-
specific GDP and population growth forecasts 
by the International Institute for Applied Systems 
Analysis (IIASA, 2007a, 2007b) to the GTAP land-
use model and gradually update the database 
to 2020 – i.e. point E2. The updated database 
then serves as the benchmark equilibrium for 
the second step; that is, to bring the supply-side 
shocks based on estimates by Dasgupta et al. 
(2009) of agricultural extent loss to a one-metre 
SLR for all regions.8

8	 Note that the trade pattern changes driven by 
population and income growth can be reflected in 
the GTAP benchmark equilibrium, the base upon 
which we assess the cross-border impact of SLR-
induced land endowment loss in the rice paddies. In 
reality, trade patterns may also change due to SLR 
itself and be much larger than the GTAP Armington 

table 2 
Sectors in the model

No. Sectors No. Sectors

1 Paddy rice 10 Processed meat products

2 Wheat 11 Vegetable oil and fat

3 Other cereal grains 12 Sugar

4 Vegetables and fruits 13 Other processed food

5 Oilseeds 14 Beverage and tobacco

6 Sugar cane and beets 15 Coal, oil and gas

7 Processed rice and flour 16 Other manufacture

8 Animal products 17 Other services

9 Forestry

http://www.esa.int/due/ionia/globcover
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 The land endowment shock is brought into 
the second step of the simulation, as the regional 
agricultural extent loss to SLR. The scope of 
agricultural extent includes cropland and grazing 
land, so the land supply shocks pertain to the 
corresponding agricultural land-based sectors. All 
endogenous variables in our model will respond 
to such shocks and simultaneously reach a new 
equilibrium where demand equals supply for all 
commodities in all regions. 

We then calculate the percentage of deviation 
for all endogenous variables (e.g. prices, supplies 
and demands) in the new equilibrium (point E3 
in Figure 1) from those in the old one (point E2 in 
Figure 1). These deviation percentages measure 
the economic impacts of the agricultural extent 
loss due to SLR. We also assume that developing 
countries do not have coastal protection against 
SLR. For the five developed regions, given the 
lack of information from Dasgupta et al. (2009), we 
assume there is no agricultural extent loss. One 
justification for this assumption is that developed 
countries tend to have sufficient coastal protection 
(e.g. sea dykes) to ward off storm surges and SLR.

Figure 2 shows the magnitude of agricultural 
extent loss in percentage changes for the 29 
regions, with most of the Asian rice-growing 
countries disaggregated. Viet Nam is hit the 
hardest by the 1-metre SLR, losing 7.14 perent of 
its agricultural extent.9 Other Asian rice-growing 
countries – for example, China, Indonesia, 
Myanmar and Taiwan – also lose 0.6-1.5 percent 
of their agricultural land to SLR. Calculations by 
Dasgupta et al. also indicate that agricultural 
activities of Asian developing countries are relatively 
more vulnerable to SLR than western countries. 

parameters would suggest. However, the latter 
changes require additional modelling improvement 
and will be reserved for future research. 

9	 According to the recent FAO (2011) report, the 
mean sea level along the coastline of Viet Nam 
rose at a rate of 3 mm per year during 1993-2008, 
based on observations by tidal gauges in marine 
hydrometeorological stations. The IPCC AR4 
projections are SLR of 65 to 100 cm into the end of 
the twenty-first century, relative to the 1980-1999 
levels under the A1F1 scenario.

This is consistent with IPCC AR4 projections, 
which call for capacity enhancement to disaster 
risk reduction actions and adaptation in agriculture 
to climate change in Asian developing countries 
(particularly those in lower latitudes).10

4. Simulation results

Given the multitude of the numerical results 
from our simulation, we selected Viet Nam as 
an example in order to discuss and explain the 
results in detail, and refer to the relevant charts 
that show the impact magnitude of simulation 
results. Output of the land-based crop sectors 
(e.g., paddy rice, wheat and other grains) will be 
affected first. In the case of Viet Nam, paddy rice 
is grown in the low-lying river delta areas, such 
as the Mekong Delta region. SLR could easily 
diminish the paddy rice production capacity of Viet 
Nam; Table 3 shows rice production in Viet Nam 
reduced by 4.54 percent. However, given strong 
demand for Vietnamese rice—both domestically 
and from abroad—the SLR-inflicted shortfall in 
the Vietnamese rice supply would drive up the 
price of Vietnamese rice; Table 4 shows the price 
of Vietnamese paddy rice rising by 5.74 percent. 
The sugar cane price also rises, partly due to 
production loss from SLR as well as the fact that 
consumption is growing faster than production. 
This drives up land rents so that more land can be 
converted into sugar cane production to meet the 
market demand.11

The percentage change in land rent and land 
supply are shown in in Tables 5 and 6, respectively. 
The other land-based crop sectors would not be 

10	 Our main purpose is to highlight the cross-border 
impact of regionalized land endowment loss in the 
low-lying zones in Asia. This study does not take into 
account the crop yield responses to climate-induced 
temperature and precipitation changes. However, the 
simulation results would reveal the far-reaching spill-
over effects of the localized loss of land availability on 
the global staple market. 

11	 Sugar cane can be grown in all provinces of Viet 
Nam, including the drier regions of the south-central 
coast and Mekong Delta without irrigation, and the 
Red River Delta area in the north. 



chapter 8: the potential impact of climate change-induced sea level riseon the global rice market 
and food security in asia

253

figure 1 
Simulation design 

figure 2 
Agricultural extent loss to 1-metre global mean sea-level rise, by region
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table 3 
Percentage change in production of the crop sectors

Unit %

Rice Wheat Other 
grains

Vegetables/
fruits

Oilseeds Sugar cane/
beets

1. ANZ_Oceania 0.53 0.00 0.06 0.20 0.09 0.05

2. China -0.07 -0.30 -0.13 -0.14 -0.36 -0.03

3. Japan 0.04 0.12 0.09 0.07 0.10 0.01

4. S. Korea -0.09 -0.21 -0.20 -0.09 -0.34 0.07

5. Taiwan -0.15 -1.65 -0.41 -0.53 0.78 -0.45

6. Other E. Asia 0.06 -0.13 -0.05 -0.04 -0.11 -0.02

7. Cambodia -0.17 -2.91 -0.14 -0.12 -0.16 -0.14

8. Indonesia -0.21 -2.46 -0.23 -0.57 -0.55 -0.45

9. SouthAsia 0.02 -0.04 -0.02 -0.03 -0.03 -0.04

10. Myanmar -0.58 -1.71 -1.31 -1.44 -1.30 -0.68

11. Malay_Singap 0.08 -1.07 -0.01 -0.06 -0.05 -0.11

12. Philippines 0.23 -0.53 0.08 -0.27 -0.28 -0.15

13. Thailand 0.03 -0.31 0.00 -0.12 -0.15 -0.04

14. VietNam -4.54 -4.80 -5.01 -7.08 -7.22 -1.08

15. OtherSEAsia -0.16 -0.67 -0.19 -0.29 -0.32 -0.16

16. NorthAmerica 0.59 0.11 0.07 0.18 0.13 0.02

17. Mexico -1.51 -1.46 -0.43 -0.99 -0.60 -0.27

18. Argentina -0.80 -1.28 -0.80 -0.88 -1.12 -0.34

19. CaribCentrAm 0.14 -0.32 -0.10 -0.12 -0.11 -0.05

20. Brazil 0.11 0.25 0.04 0.08 0.15 0.00

21. Chile 0.13 0.03 0.05 0.15 -0.02 0.02

22. NSAmerica -0.02 -0.28 -0.07 -0.11 -0.04 -0.04

23. EU27 0.78 0.10 0.04 0.12 0.16 0.02

24. OthEurope 0.79 0.06 0.03 0.08 0.13 0.00

25. Russia_FSU 0.37 0.05 0.02 0.08 0.13 0.01

26. MiddleEast 0.14 0.10 0.05 0.11 0.14 0.03

27. NAfrica 0.59 -0.12 -0.04 -0.03 -0.04 -0.04

28. NoCstlAfrica 0.35 0.17 0.00 0.13 0.15 0.00

29. S. Africa 0.60 0.25 0.01 0.12 0.14 0.02
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table 4 
Percentage change in market prices of the crop sectors  

Unit %

Rice Wheat Other 
grains

Vegetables/
fruits

Oilseeds Sugar cane/
beets

1. ANZ_Oceania 0.23 0.10 0.12 0.15 0.13 0.11

2. China 0.59 0.30 0.46 0.54 0.44 0.54

3. Japan 0.03 0.04 0.04 0.03 0.05 0.02

4. SKorea 0.58 0.24 0.34 0.57 0.33 0.11

5. Taiwan 0.86 0.45 0.76 0.99 0.12 0.84

6. OtherEAsia 0.37 0.13 0.23 0.27 0.22 0.27

7. Cambodia 0.60 0.07 0.77 0.76 0.80 0.67

8. Indonesia 1.38 0.51 1.34 0.89 0.87 0.91

9. SouthAsia 0.28 0.16 0.23 0.23 0.23 0.23

10. Myanmar 2.33 0.72 1.30 1.11 1.31 2.10

11. Malay_Singap 0.58 -0.03 0.37 0.38 0.35 0.38

12. Philippines 0.86 0.26 0.76 0.45 0.50 0.46

13. Thailand 0.64 0.15 0.45 0.44 0.38 0.44

14. VietNam 5.74 1.47 4.90 2.88 3.24 9.45

15. OtherSEAsia 0.70 0.17 0.62 0.54 0.50 0.54

16. NorthAmerica 0.28 0.09 0.08 0.14 0.11 0.10

17. Mexico 0.76 0.39 1.36 0.87 0.32 1.42

18. Argentina 0.63 0.47 0.62 0.71 0.52 0.94

19. CaribCentrAm 0.42 0.16 0.31 0.28 0.27 0.31

20. Brazil 0.11 0.13 0.08 0.10 0.09 0.07

21. Chile 0.16 0.11 0.10 0.22 0.29 0.11

22. NSAmerica 0.34 0.24 0.30 0.29 0.32 0.29

23. EU27 0.11 0.03 0.03 0.04 0.04 0.02

24. Other Europe 0.13 0.03 0.02 0.04 0.08 0.01

25. Russia_FSU 0.19 0.05 0.04 0.06 0.09 0.03

26. MiddleEast 0.06 0.03 0.02 0.04 0.04 0.01

27. NAfrica 0.33 0.14 0.18 0.18 0.19 0.17

28. NoCstlAfrica 0.13 0.07 0.03 0.07 0.08 0.03

29. SAfrica 0.20 0.08 0.04 0.07 0.08 0.03
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table 5 
Percentage change in land rents of the crop sectors

Unit %

Rice Wheat Other 
grains

Vegetables/
fruits

Oilseeds Sugar cane/
beets

1. ANZ_Oceania 1.91 0.68 0.84 1.14 0.90 0.81

2. China 3.03 2.49 2.90 2.86 2.34 3.12

3. Japan 0.28 0.46 0.38 0.33 0.42 0.20

4. SKorea 1.41 1.08 1.12 1.41 0.74 1.85

5. Taiwan 5.06 1.23 4.40 4.08 7.44 4.28

6. OtherEAsia 1.20 0.70 0.90 0.92 0.74 0.99

7. Cambodia 1.69 -5.88 1.76 1.82 1.71 1.78

8. Indonesia 3.04 -3.17 2.98 2.05 2.12 2.39

9. SouthAsia 0.82 0.66 0.70 0.69 0.68 0.67

10. Myanmar 4.97 1.82 2.95 2.57 2.95 4.67

11. Malay_Singap 1.40 -1.77 1.16 1.03 1.04 0.89

12. Philippines 2.75 0.78 2.36 1.46 1.44 1.76

13. Thailand 1.64 0.69 1.54 1.21 1.13 1.44

14. VietNam 16.78 4.85 15.46 9.74 9.36 26.33

15. OtherSEAsia 1.51 0.12 1.43 1.17 1.08 1.52

16. NorthAmerica 1.90 0.74 0.66 0.90 0.78 0.52

17. Mexico 3.35 3.46 5.96 4.60 5.55 6.36

18. Argentina 4.81 3.65 4.82 4.63 4.04 5.93

19. CaribCentrAm 2.33 1.20 1.73 1.70 1.71 1.84

20. Brazil 0.97 1.28 0.80 0.91 1.05 0.72

21. Chile 1.17 0.94 0.97 1.21 0.79 0.91

22. NSAmerica 1.63 1.00 1.49 1.40 1.57 1.58

23. EU27 2.01 0.53 0.41 0.58 0.65 0.35

24. OthEurope 1.93 0.32 0.26 0.37 0.48 0.19

25. Russia_FSU 1.08 0.30 0.22 0.37 0.49 0.20

26. MiddleEast 0.74 0.65 0.53 0.67 0.73 0.48

27. NAfrica 3.41 1.82 2.01 2.03 1.99 1.99

28. NoCstlAfrica 1.05 0.65 0.28 0.55 0.60 0.28

29. SAfrica 1.82 1.04 0.49 0.75 0.80 0.51
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table 6 
Percentage change in land use of the crop sectors

Unit %

Rice Wheat Other 
grains

Vegetables/
fruits

Oilseeds Sugar cane/
beets

1. ANZ_Oceania 0.18 -0.12 -0.09 -0.01 -0.07 -0.09

2. China -0.57 -0.71 -0.61 -0.62 -0.75 -0.55

3. Japan -0.01 0.04 0.02 0.00 0.02 -0.03

4. SKorea -0.25 -0.33 -0.33 -0.25 -0.42 -0.14

5. Taiwan -0.87 -1.82 -1.03 -1.11 -0.27 -1.06

6. OtherEAsia -0.09 -0.22 -0.17 -0.16 -0.21 -0.15

7. Cambodia -0.37 -2.26 -0.35 -0.33 -0.36 -0.35

8. Indonesia -0.56 -2.12 -0.58 -0.81 -0.80 -0.73

9. SouthAsia -0.09 -0.13 -0.12 -0.12 -0.12 -0.12

10. Myanmar -1.17 -1.96 -1.68 -1.77 -1.68 -1.25

11. Malay_Singap -0.08 -0.87 -0.14 -0.17 -0.17 -0.21

12. Philippines -0.14 -0.64 -0.24 -0.47 -0.47 -0.39

13. Thailand -0.15 -0.39 -0.18 -0.26 -0.28 -0.21

14. VietNam -6.50 -5.30 -6.84 -8.26 -8.36 -4.12

15. OtherSEAsia -0.34 -0.69 -0.36 -0.43 -0.45 -0.34

16. NorthAmerica 0.27 -0.02 -0.03 0.03 0.00 -0.07

17. Mexico -2.08 -2.06 -1.43 -1.77 -1.53 -1.33

18. Argentina -1.63 -1.92 -1.63 -1.67 -1.82 -1.35

19. CaribCentrAm -0.24 -0.52 -0.39 -0.40 -0.40 -0.36

20. Brazil -0.08 0.00 -0.12 -0.09 -0.06 -0.14

21. Chile -0.06 -0.12 -0.11 -0.05 -0.16 -0.13

22. NSAmerica -0.28 -0.44 -0.31 -0.34 -0.29 -0.29

23. EU27 0.37 0.00 -0.03 0.01 0.03 -0.05

24. OthEurope 0.40 0.00 -0.02 0.01 0.04 -0.04

25. Russia_FSU 0.19 0.00 -0.02 0.02 0.05 -0.03

26. MiddleEast -0.01 -0.03 -0.06 -0.03 -0.01 -0.07

27. NAfrica -0.10 -0.49 -0.44 -0.44 -0.45 -0.45

28. NoCstlAfrica 0.14 0.04 -0.05 0.02 0.03 -0.05

29. SAfrica 0.24 0.05 -0.09 -0.02 -0.01 -0.08
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table 7 
 Key statistics of global rice trade in GTAP database

Ranking 1st Share
(%)

2nd Share
(%)

3rd Share
(%)

Processed rice (pcr)

Exports 13 Thailand: 32.2 9 SouthAsia: 22.4 14 VietNam: 11.7

Output 9 South Asia: 27.6 2 China: 20.2 3 Japan: 18.3

Paddy rice (pdr)

Exports 16 NorthAmerica: 35.0 23 EU27: 14.0 9 SouthAsia: 12.6

Output 9 SouthAsia: 20.5 2 China: 19.6 3 Japan: 19.2

Wheat (wht)

Exports 16 NorthAmerica: 43.1 23 EU27: 23.0 1 ANZ_Oceania: 12.7

Output 23 EU27: 22.1 9 SouthAsia: 21.9 16 NorthAmerica: 11.5

Other grains (gro)

Exports 16 NorthAmerica: 44.5 23 EU27: 23.2 18 Argentina: 7.8

Output 16 NorthAmerica: 20.8 23 EU27: 19.7 25 Russia_FSU: 7.7

able to contend with the rising land rent offered 
by the rice sector and thus the land would be 
transferred to rice cultivation. Among such sectors, 
the vegetables & fruits and oilseeds sectors would 
be the most constricted, losing 6.84 percent and 
8.36 percent of their land supply, respectively 
(Table 6). This also demonstrates the far-reaching 
influence of SLR-inflicted regional land loss in 
today’s highly globalized world.

Due to the input-output relationship, the 
processed rice sector of Viet Nam faces the same 
fate as the rice sector: output would shrink and 
prices would rise, prompting domestic consumers 
to move away from rice. Moreover, Viet Nam ranks 
third among the world exporters of processed 
rice (see Table 7), and as much as 65 percent 
of Vietnamese processed rice is exported. The 
countries that import Vietnamese rice would be 
worse off due to the price rise of Vietnamese 
rice. Table 8 lists the top three import sources of 
processed rice in various importing countries. 

Most of the countries rank Viet Nam and 
Thailand as their top importing sources of 
processed rice—which accounts for 64.7 

percent of Vietnamese processed rice output 
and 49.2 percent of Thailand’s. Thailand’s land 
loss (0.15 percent) is not projected to be as 
serious as Viet Nam’s (6.50 percent). Thai rice has 
been competing with Vietnamese rice in various 
Asian destinations – e.g. Indonesia, Malaysia, 
the Philippines and Singapore. In response to a 
shortfall of exported Vietnamese rice, Thai rice 
would supplement to meet the demand of these 
importing countries, which would also experience 
their own land loss because of SLR. Table 4 shows 
prices of Vietnamese rice rising 5.74 percent for 
paddy and 3.33 percent for processed rice under 
the impact of SLR, while Thai rice prices rise by 
only 0.64 percent and 0.51 percent for paddy and 
processed rice, respectively. This explains the slight 
increase in the output of Thai processed rice and 
paddy rice, given that Thailand itself would have 
lost 0.22 percent of its agricultural land to SLR.

According to the benchmark data of our 
model, the GTAP database, the Caribbean/Central 
America, the Near East, North Africa, Malaysia/
Singapore, and the Philippines are the top five 
importing regions for Vietnamese processed 
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figure 3 
 Welfare changes due to possible agricultural extent loss to 1-metre global mean  

sea level rise, by component

table 8 
Importing sources of processed rice

Source regions of processed rice imports, ranked by shares (%) in 
exporting country’s total production

Destinations Rank: #1 Rank: #2 Rank: #3

2 China 13 Thailand: 6.6 1 ANZ_Oceania: 1.3 6 OtherEAsia: 0.5

4 SKorea 13 Thailand: 0.6 6 OtherEAsia: 0.2 7 Cambodia: 0.1

6 OtherEAsia 13 Thailand: 0.9 5 Taiwan: 0.1 1 ANZ_Oceania:  0.0

7 Cambodia 13 Thailand: 0.1 14 VietNam: 0.0 16 NorthAmerica: 0.0

8 Indonesia 11 Malay_Singap: 3.2 14 VietNam: 1.4 13 Thailand: 0.9

9 SouthAsia 9 SouthAsia: 0.8 26 MiddleEast: 0.3 28 NoCstlAfrica:  0.1

11 Malay_Singap 14 VietNam: 7.7 13 Thailand: 3.7 27 NAfrica: 0.7

12 Philippines 14 VietNam: 9.2 16 NorthAmerica:  1.4 13 Thailand: 0.8

15 OtherSEAsia 13 Thailand: 0.3 11 Malay_Singap:  0.1 14 VietNam: 0.0

16 NorthAmerica 16 NorthAmerica: 4.1 13 Thailand: 3.5 6 OtherEAsia: 1.6

19 CaribCentrAm 14 VietNam: 13.7 16 NorthAmerica: 10.6 18 Argentina: 1.4

20 Brazil 18 Argentina: 33.9 13 Thailand: 0.4

21 Chile 18 Argentina: 1.4 13 Thailand: 0.3 20 Brazil: 0.1

22 NSAmerica 18 Argentina: 6.5 22 NSAmerica: 0.4 16 NorthAmerica: 0.2

25 Russia_FSU 25 Russia_FSU: 5.5 14 VietNam: 2.5 13 Thailand: 0.9

26 MiddleEast 26 MiddleEast: 10.8 14 VietNam: 8.1 18 Argentina: 7.6

27 NAfrica 13 Thailand: 11.9 14 VietNam: 11.3 24 OthEurope: 3.1

28 NoCstlAfrica 29 SAfrica: 2.9 14 VietNam: 2.4 13 Thailand: 1.1

29 SAfrica 14 VietNam: 5.6 13 Thailand: 5.2 28 NoCstlAfrica:  3.3

Total exports 14 VietNam: 64.7 18 Argentina: 55.6 13 Thailand: 49.2
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rice. This partially explains the negative terms of 
trade effect for these importing regions as we 
consider the key contributors to welfare change.12 
Figure 3 shows changes in welfare measured with 
equivalent variations (EV). 

Rice-consuming developing countries 
would become worse off, while rice- and sugar-
producing developed countries would become 
better off. Among the welfare-losing regions, 
China, Indonesia, South Asia and Viet Nam are 
the most negatively affected. The welfare results 
are shown in Figure 3 indicate that endowment 
effect accounts significantly for the projected 
welfare loss in these regions. Among the welfare-
gaining regions –Australia & New Zealand (ANZ), 
Brazil, North America, Oceania, and Thailand – 
improvements in the terms of trade contribute 
most to the projected welfare change of these 
regions. Price rises of their major crop exports (rice 
for Thailand, wheat for Brazil, grains for ANZ and 
North America) specifically promote the welfare 
gains. Argentina and Mexico are also key exporters 
of wheat and grains, following North America, the 
European Union, and Russia. Since a 1-metre SLR 
may claim as much as 1.5 percent of agricultural 
land in Argentina and Mexico, the negative 
endowment effects appear likely to be quite 
substantial. Argentina and Mexico therefore give 

12	 In the GTAP model simulation, the concept of 
equivalent variations (EV) is adopted to measure 
change in welfare. Huff & Hertel (2000) proposed the 
breakdown of EV into the following seven categories 
of contributing effects: 

(1) 	 endowment effect: due to changes in availability 
of primary factors; 

(2) 	 technical efficiency effect: due to changes in the 
use efficiency of productive inputs; 

(3) 	 allocative efficiency effect: due to changes in 
allocation of resources, relative to pre-existing 
distortions;

(4) 	 terms of trade effect: due to changes in export 
prices relative to import prices; 

(5) 	 capital price effect: due to changes in the relative 
prices of savings and investment; 

(6) 	 population effect: due to changes in population 
size; and 

(7) 	 distribution effect: due to changes in preference 
for the distribution of regional income between 
private consumption, government consumption 
and savings.

way to the other wheat and grain exporters, e.g., 
Brazil, the European Union, and North America. 

5.	 Conclusions

Understanding of past sea-level changes has 
been greatly improved since the IPCC AR4. In 
the IPCC AR5, under high unmitigated emission 
levels (RCP8.5), climate change is expected to 
raise global sea level between a half metre and 
one metre by the end of this century; the report 
has a high level of confidence that the rate of SLR 
is accelerating. In this study, we have modelled 
the potential effects of SLR with an approach 
that recognizes agro-ecological dissimilarities 
in land characteristics for agricultural purposes 
in a multiregional, multisectoral CGE model. 
The implications for agricultural production and 
trade diversion impact are also investigated. 
By considering crop suitability of land and 
region-differentiated agricultural extent loss, the 
framework of our economy-wide impact study 
is designed to provide a new perspective for 
the global concern regarding SLR and its socio-
economic consequences. 

Our study provides an integrated economic 
assessment on rice in the global and regional 
context. Among Asian countries, Viet Nam is likely 
to be hit hardest, in terms of agricultural extent loss 
to SLR, because its cultivating zones of paddy rice, 
such as the Mekong Delta, are prone to inundation 
once the sea level rises. This will affect countries 
near and far that depend on Vietnamese rice 
exports, including Caribbean and Central America, 
Malaysia, the Near East, North Africa, Singapore, 
and the Philippines. Fortunately, Thai rice would be 
able to partially supplement the shortfall caused by 
the decline of Vietnamese rice exports. The wheat 
sector would also be adversely affected, though 
not directly, in the South Asian countries and 
China, where wheat is the second major staple 
crop. The Asian rice sector would draw more land 
away from wheat and other crop sectors due to 
land competition from a steadfast demand for 
the staple rice crop. Wheat- and grain-growing 
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regions, such as Argentina, Australia/New Zealand, 
the European Union, North America, and Russia 
would thus reap the benefit of improved terms of 
trade because of the effect of SLR on the Asian 
rice-growing regions.

Although rice is relatively less traded across 
borders, loss of agricultural land to SLR, especially 
in lower-latitude Asian developing countries, 
would widen the gap between rice supply and 
demand of the rice-consuming countries. This 
suggests an urgent need to establish safety nets 
of food security in Asia. Particularly for agriculture 
of developing countries, sufficient efforts are also 
needed, in addition to poverty elimination, to brace 
for and adapt to climate change, so as to ensure 
their productivity and capacity of food supply.

The study represents the first attempt to 
analyze the sea level rise using a global CGE model 
that examines the relative impacts on several 
countries and combine supply, demand and 
trade effects. However, a fuller account of climate 
change impacts would require simulating the 
effects of projected temperature and precipitation 
changes along with the sea level rise. This, and 
refined assumptions about the scope for sea level 
rise at various projected future periods require 
additional research.
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■	 Even with temperature increases of 3 °C by 
2070, conditions globally will continue to be 
highly favorable for banana production.  
Increasing annual temperatures will make 
conditions more favorable for banana 
production in the subtropics and in tropical 
highlands. Through 2070 land area suitable for 
bananas will increase by 50%.

■ 	 Production cycles from planting to harvest will 
be shorter due to an accelerated rate of leaf 
emission, but water demand will increase by 
12-15%.  Selected banana areas expected to 
surpass seasonal temperatures above 30 °C 
may be lost for banana production by 2050.

■ 	 Specific cultivar groups such as East African 
highland bananas merit special studies. Their 
special suitability to tropical highland conditions 

indicates that their cultivation area may expand 
to higher elevations.  However, growers in lower 
elevation areas may need to substitute other 
cultivars as temperatures increase.

■ 	 Even though increasing temperatures are not 
unfavorable for banana, they may be 
unfavorable for perennial and annual crops with 
which bananas are often grown. Farm 
households growing crops such as coffee, with 
banana as a secondary crop, may abandon 
banana when they abandon coffee because of 
climate change.

■ 	 Additional analyses are needed to quantify the 
effects of extreme weather events and the 
implications for banana productivity and 
management. More analyses are also required to 
better understand the impacts on pest and 
disease dynamics for banana and tropical crops.

main chapter messages
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1.	 Introduction

Banana and plantain are among the 
top ten crops globally in area, yield and 
calories, occupying seventh or eighth place 
depending on the category. The diverse set 
of cultivar groups making up banana and 
plantain are a source of income, food supply 
and dietary diversity for millions of rural and 
urban households throughout the tropics and 
subtropics. Banana is also a major export crop, 
the most widely consumed fruit, generating 
income and employment for millions of 
households. Unlike many other crops, which 
have crop cycles of 3-5 months, banana is a 
semi-perennial crop with a crop cycle nearly a 
year long under optimum conditions and even 
longer with lower temperatures or more erratic 
water supply. The vulnerability of the crop to 

climate change is an important consideration, 
demanding specific tools suited to banana growth 
habit and crop cycle. 

Bananas and plantains figure among the top 
ten crops worldwide, ranking behind maize, rice, 
wheat, cassava, and potatoes, but ahead of 
sorghum, millet and sweet potatoes. The group 
comprising banana and plantain, unlike many of 
the other top ten crops, is made up of a diverse 
set of cultivar groups, each with a different genetic 
makeup, not just varieties of a single species. 
This diversity adds an additional dimension to 
any analyses of this crop. Nearly half of global 
production is the Cavendish group, which is the 
most important banana in world trade, followed by 
cooking bananas of diverse types, other dessert 
bananas and finally plantains (Table 1).

Although banana is considered a tropical crop, 
needing a uniform warm and rainy climate year-
round, in practice bananas are grown throughout 
the tropics and subtropics. Bananas are found in 

table 1 
Banana production in tonnes by cultivar group and region for 2011

Tonnes Cooking bananas Dessert bananas Total

Plantain AAB 
group

Highland 
bananas + ABB

+ other ABB 
+AAA+AA

Cavendish Gros Michel & 
others

North America 0 1 000 8 000 100 9 100

South America 5 664 779 416 491 12 479 463 3 927 750 22 488 483

Central 
America

783 830 63 835 7 551 531 81 500 8 480 696

Caribbean 1 061 898 669 130 1 125 518 199 930 3 056 476

West and 
Central Africa

8 981 861 758 796 2 349 174 485 342 12 575 173

East Africa 944 716 12 574 031 2 726 439 874 516 17 119 702

North Africa & 
Middle East

1 031 135 879 1 969 375 71 871 2 178 156

Asia 2 130 774 10 726 630 32 034 984 12 942 172 57 834 560

Oceania 1 286 530 043 674 681 259 556 1 465 566

Europe 2 20 422 641 30 422 693

World Total 19 570 177 25 875 855 61 341 806 18 842 767 125 630 605

Source: Fruitrop, 2011
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southern Europe, northern Africa, Pakistan, northern 
India and China at their northern extreme and in 
Argentina, Paraguay, South Africa and Australia 
at their southern extreme. They are also grown in 
the tropics into mid-altitudes of higher than 1 500 
metres above sea level in the Andes, Himalayas, 
Kilimanjaro and the East African Highlands.

The production and consumption of the 
different groups vary geographically. Cavendish 
is concentrated in Asia and Latin America and 
the Caribbean, while cooking bananas are 
found primarily in Asia (India, Indonesia and the 
Philippines) and East Africa. Other dessert bananas 
are found primarily in Asia and Latin America. 
Plantains are concentrated in West and Central 
Africa and Latin America, but production is also 
found in East Africa and Asia.

The effects of climate change on agriculture 
have been proposed in terms of both productivity 
and the risk of disruption of production, with 
implications for food security and income for 
millions of households worldwide. The increase 
in average temperature that characterizes climate 
change is likely to generate an increase in the 
frequency and severity of extreme and moderate 
weather events resulting in additional episodic 
losses. This converts into increased vulnerability in 
agriculture over the medium and long term unless 
measures are taken to strengthen the resilience of 
production systems.

This study examines the effects of climate 
change on banana. The study also contributes 
to the global effort to build the response capacity 
of sectors linked to commodities of global 
importance. The study’s main objectives are to:  

1.	 Quantify the effects of climate change on 
growing conditions for banana globally;

2.	 Estimate the impacts of climate change on 
indicators of banana productivity;

3.	 Estimate the potential effects of climate 
change on the primary banana leaf disease;

4.	 Identify major changes in potential areas 
gained and lost in subtropical and tropical 
highlands and tropical lowlands due to climate 
change for 2030, 2050 and 2070.

2.	 Climatic zones suitable for 
banana production

To classify areas according to a range of suitability 
criteria for banana production, a spatial modelling 
procedure was developed and implemented in 
ArcGIS (Esri Inc.), using Esri Model Builder. Actual 
Mean Monthly Temperature and Precipitation 
(Spatial resolution: – 5 kilometre (km) – 2.5 arc-
min) were used for the global classification analysis 
found in the portal WorldClim (Hijmans et al., 
2005).

Three categories of lands were identified in 
the initial round of analysis (see Table 2 for key 
temperature parameters for banana growth). 
Areas not suitable for banana production were 
defined as areas having three or more months 
with temperatures below 13 oC. Globally suitable 
areas were classified into tropical and subtropical 
banana production areas. Tropical areas have a 
relatively uniform average monthly temperature 
throughout the year, while subtropical areas were 
considered those which have a difference between 
the warmest and coolest months of greater than 
8 oC (as well as with fewer than three months 
below 13 oC).

For both the tropics and subtropics, 
subcategories were identified based on average 
annual temperature, total annual rainfall and length 
of the dry season (Table 4). A month is considered 
dry if it has less than 60 mm precipitation. Three 
categories of average annual temperature were 
identified: 13-18 °C, 18-24 °C and >24 °C. While 
banana will survive in the 13-18 °C range, leaf 
emission is very slow and a stem may take over 
two years to flower. Assuming no water limitations, 
in the 18-24 °C range, planting to harvest will 
generally take between 12 months and 24 months, 
while in the >24 °C range, a stem will produce a 
bunch in less than one year. For assessing total 
annual rainfall, four categories were proposed: 
<900 mm, 900‑1500 mm, 1500-2500 mm and 
>2500 mm. Depending on length of dry season, 
banana may suffer growth limitations at below 
1500 mm/year of rainfall, while if rainfall is above 
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this amount conditions for growth are more 
favourable. Two categories for length of dry season 
are used: three months or fewer with less than 
60 mm of monthly rainfall (i.e. “dry”) and more 
than three dry months. The combination of total 
annual rainfall and length of dry season provides 
an indication both of viability for banana growth 
without irrigation and of the conditions for leaf 
diseases. With fewer than three dry months and 
greater than 150 mm/month of rainfall, banana 
grows well year-round without irrigation. Such 
conditions are also more favourable for leaf 
diseases.

Based on these parameters, the current 
suitability for banana cultivation can be mapped 
and quantified (Figure 1, Table 3). Currently across 
the globe the land area not suitable for banana – 
140 million square kilometres – is far larger than 
the tropical and subtropical lands suitable for 
banana. Potential banana lands in the subtropics 
and tropics are split about evenly, with around 40 
million square kilometres in each climatic region.

For the subtropics, the vast majority of lands 
(36 million km2) receive less than 900 mm of rainfall 
annually (Figure 2, Table 5) and over half of these 
also experience annual temperatures between 13-
18 °C. These lands are suitable for banana only 
with special practices. Around seven million square 
kilometres in the subtropics offer more favourable 
rainfall and temperature conditions for banana.

For the tropics, in terms of temperature, all 
lands are suitable except high elevations, which 

represent only about two million square kilometres 

(Table 5). Suitable areas in terms of temperature 
and rainfall, including the extremely wet zones with 
over 2500 mm rainfall, represent around 30 million 
square kilometres. This can be contrasted with a 
current area under banana and plantain production 
of 126 000 square kilometres (calculated based on 
10 tonnes/hectare approximate yield).

3.	 Climate change impacts 
through 2070 on areas of 
climatic zones for banana 
suitability  

The impact of climate change on the land area 
for agroclimatic zones was also mapped and 
quantified using climate change projections based 
on data from the Climate Change, Agriculture and 
Food Security (CCAFS) data portal (Ramirez and 
Jarvis, 2008) with a resolution of five kilometres. 
Projections were done for 2030, 2050 and 2070, 
assuming scenario A2 and the average of 20 
general circulation models (GCMs). Tropical and 
subtropical areas are combined in this analysis, 
although shown separately in Table 5.

Over the projected period, the most important 
banana-growing areas will increase substantially 
in area (Figure 2). Zones 131, 231, 331 and 431 
will all increase substantially in area. In each of 

table  2 
Key temperature parameters for banana growth

Temperature (°C) Effect of temperature on banana growth

47 Thermal danger point, leaves die

38 Growth stops

34 Physiological heat stress starts

27 Optimum mean temperature for productivity

13 Minimum mean temperature for growth, field chilling

6 Leaf chlorophyll destruction

0 Frost damage, leaves die
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the rainfall regimes (represented by the first digit 
in Table 5), there is a decline in the areas with 
cooler temperatures (represented by second 
digit of 1 (13-18 °C)) and an increase in higher 
temperatures (represented by second digit of 2 or 
3 (18-24 °C or >24 °C)). Table 5 also highlights a 
new category, 141, to identify those areas which 
will be subject to excessively high temperatures 
(>35 °C for at least three months per year). 
These areas first appear in 2050 and increase 
substantially by 2070, although they make up only 
a small percentage of area suitable for banana.

This broad overview of suitability based on 
temperature and rainfall indicates that lands 
suitable for banana production will continue 

to be widely available for banana-growing in 
the subtropics and tropics even with climate 
change. However, there will be an increase in 
climatic zones with higher temperatures and 
the appearance of areas not suitable due to 
extended periods of extremely high temperatures. 
This suggests that if temperatures continue 
to increase beyond 2070, more areas in the 
tropics may be lost for banana production due to 
excessively high temperatures.

table 3 
Total area (in km2) for three categories of suitability for banana currently and with  

climate change 

Category Current 2030 2050 2070

Not Suitable 141 224 300 134 962 475 132 472 650 130 299 200

Subtropical 41 201 350 40 346 450 40 194 675 39 829 175

Tropical 43 189 025 46 952 150 49 593 750 52 132 700

figure 1 
Current global distribution, showing unsuitable, subtropical and tropical regions for banana
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table 4 
Agroclimatic zones 

> 3 dry
months

(1)

<900 mm (1) 900-1500mm  (2)

13-18 °C
(1)

18-24 °C
(2)

>24 °C
(3)

>35 °C
(4)

13-18 °C
(1)

18-24 °C
(2)

>24 °C
(3)

>35 °C
(4)

111 121 131 141 211 221 231 241

< 3 dry
months

(2)

<900 mm (1) 900-1500mm  (2)

13-18 °C
(1)

18-24 °C
(2)

>24 °C
(3)

>35 °C
(4)

13-18 °C
(1)

18-24 °C
(2)

>24 °C
(3)

>3 5°C
(4)

112 122 132 142 212 222 232 242

> 3 dry
months

(1)

1500-2500 mm (3) >2500 mm (4)

13-18 °C
(1)

18-24 °C
(2)

>24 °C
(3)

>35 °C
(4)

13-18 °C
(1)

18-24 °C
(2)

>24 °C
(3)

>35 °C
(4)

311 321 331 241 411 421 431 441

< 3 dry
months

(2)

1500-2500 mm (3) >2500 mm (4)

13-18 °C
(1)

18-24 °C
(2)

>24 °C
(3)

>35 °C
(4)

13-18 °C
(1)

18-24 °C
(2)

>24 °C
(3)

>35 °C
(4)

312 322 332 342 412 422 432 442

4. 	Climate change projections 
for 24 banana-growing 
areas in Latin America, 
Africa and Asia

To further explore the implications of climate 
change for banana-growing, we identified 24 
sites where banana is an important crop, located 
in contrasting climatic zones in Latin America, 
Africa and Asia (Table 7). Eight sites were chosen 
from each major continent, with no more than 
two sites per country. These sites represent 13 of 
the climatic zones in Table 5. They include seven 
subtropical sites, five tropical highland sites, six 
wet/dry tropical sites and six wet tropical sites (see 
Figures 3-6 for the different groupings and their 
projected climate change). For each site, changes 
in average temperature and monthly rainfall were 
projected for 2030, 2050 and 2070, using data 

from the CCAFS database portal (Ramirez and 
Jarvis, 2008) with a resolution of five kilometres. 
Projections assume scenario A2 and an average of 
20 GCMs.

The subtropical sites (Figure 3) show a 
marked difference between a cooler season when 
minimum temperatures are as low as 10 °C and 
a high sun season with elevated temperatures. 
Two sites have extremely high temperatures in 
the summer season – Salta, Argentina and Uttar 
Pradesh, India – with temperatures ranging above 
40 °C, especially for 2050 and 2070. Rainfall 
is highly variable for the different sites. Some 
sites have highly uniform rainfall distribution from 
month to month, while others receive a major part 
of the annual rainfall in only a few months. The 
projections for the next decades show little major 
change in monthly rainfall distribution.

For the tropical highland sites (Figure 4), 
temperatures are quite uniform throughout the 
year, except for the site in China, which is a 
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table 5 
Changes in area (in km2) in climatic zones for banana in subtropical and tropical  

regions for climate change projections through 2070

Value Subtropical Tropical

  Current 2030 2050 2070   Current 2030 2050 2070  

0 0 1 350 1 750 1 875 +          

111 1 907 000 1 202 500 775 525 542 900 - 616 725 382 125 253 025 183 900 -

112 4 450 3 375 12 575 16 950 + 3 975 3 400 1 475 1 275 -

121 17 749 650 15 634 075 13 442 900 11 594 125 - 2 495 050 1 638 800 1 234 875 933 800 -

122 3 400 1 200 3050 17 175 + 9 700 2 975 4 225 3 050 -

131 16 018 350 21 161 325 25 159 125 28 595 100 + 4 653 925 5 556 050 6 085 825 6 333 975 +

132 0 0 0 25 + 3 600 5 425 4 950 5 325 +

141 0 0 225 30 700 + 0 0 0 17 975 +

  35 682 000 38 002 475 39 393 400 40 796 975 + 7 783 000 7 588 775 7 584 375 7 479 300 -

211 251 325 266 700 241 575 205 875 - 326 900 199 475 126 225 85 100 -

212 472 000 229 150 171 200 159 975 - 82 800 57 375 49 450 50 450 -

221 1 384 225 1 299 950 1 370 450 1 319 475 - 4 449 025 2 900 100 2 138 425 1 234 025 -

222 1 067 550 1 580 275 1 842 650 1 962 050 + 772 075 355 225 232 675 151 400 -

231 1 756 375 2 299 825 2 600 575 3 034 800 + 6 807 200 8 279 450 8 957 925 9 626 725 +

232 24 225 74 700 168 725 241 200 + 601 775 916 975 943 325 1 065 850 +

  4 956 000 5 750 600 6 395 175 6 923 375 + 13 400 000 12 708 600 12 448 025 12 213 550 -

311 89 900 69 950 51 825 38 025 - 78 375 32 575 17 475 8 650 -

312 166 950 106 700 69 300 51 200 - 182 175 109 200 81 500 63 275 -

321 760 350 602 375 521 200 445 975 - 1 167 375 561 550 374 200 275 825 -

322 808 575 1 237 050 1 491 850 1 707 725 + 1 669 025 829 525 620 600 494 750 -

331 404 525 764 225 1 087 850 1 372 525 + 2 930 250 3 813 325 4 377 875 4 755 450 +

332 14 425 25 875 107 600 250 525 + 8 185 925 8 539 500 8 319 750 7 963 500 -

  2 245 000 2 806 175 3 329 625 3 865 975 + 14 213 000 13 885 675 13 791 400 13 561 450 -

411 17 200 11 725 8 825 7 275 - 800 2 300 2 525 1 400 +

412 3 225 2 625 2 375 3 150 - 98 825 76 000 64 125 55 375 -

421 128 850 103 875 94 850 86 600 - 56 125 41 575 31 275 25 700 -

422 31 975 33 625 39 025 42 600 + 792 950 506 150 393 100 312 050 -

431 116 025 190 700 257 125 317 800 + 384 025 421 500 457 500 494 250 +

432 5 750 21 200 35 600 50 600 + 4 830 875 5 115 850 5 422 300 5 686 100 +

  303 000 363 750 437 800 508 025 + 6 164 000 6 163 375 6 370 825 6 574 875 +
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figure 2 
Map showing changing distribution for climatic zones for banana suitability (Table 4) A: Current, B: 2050

A: Current

B: 2050
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highland area (1300 metres above sea level), 
although subtropical in location. For the 
China site, winter temperatures are limiting 
for banana growth, although according to 
climate change projections, the winter cold 
will be moderated. Temperatures in the other 
sites – even by 2070 – range between 15 and 
30 °C, well within the acceptable parameters 
for banana growth. Several sites will shift to 
the agroclimatic zone which has temperatures 
>24 °C. Rainfall distribution varies from site to 
site. Sites such as Kawanda, North Kivu and 
Armenia have no dry months, while the other 
sites have seasonal dry periods. The monthly 
rainfall distribution is not projected to change 
over the period studied. 

For the remaining two blocks of sites, wet/
dry tropics (Figure 5) and wet tropics (Figure 6), 
average temperatures are projected to increase 
over the next 50 years by over 3 °C, from 25 °C 
to 28 °C, but remain largely within a favourable 
range of 25-30 °C. Maximum temperatures 
will reach the danger zone for banana in the 
India site by 2070, although even for current 
production, occasional heat waves may cause 
damage to new banana plants and to emerging 
bunches. On average, rainfall is not highly 
variable, except for the sites in Central America 

and the Caribbean, where rainfall is projected to 
decline by 2050 and 2070.

Five of the 24 sites will shift agroclimatic 
categories due to temperature change over 
the period from the present to 2070: Kawanda, 
Uganda; Butembo, Democratic Republic of the 
Congo (DRC); Mzuzu, Malawi; Salta, Argentina; 
and Armenia, Colombia (Table  6). These sites 
will shift from an 18‑24 °C temperature range to 
a >24 °C temperature range. Three sites will shift 
the climatic zone to which they are mapped due 
to rainfall changes: Rivas, which will become drier; 
Kawanda, which is projected to become wetter; 
and La Vega. In La Vega several months hover 
right around the limit of 60mm/month, which is 
considered the difference between a dry month 
and a wet month and thus changes the length of 
the dry season based on rainfall.

In summary, based on this analysis of 24 sites: 

•	 All sites demonstrate the linear increase in 
temperatures – average as well as minimum 
and maximum temperatures – which has made 
climate change a concern for humankind.

•	 Only three sites show trends towards 
extremely high temperatures – two in India 
and one in Argentina – which may limit banana 
growth.

table 6 
Shift in agroclimatic zone for sites showing change in category with climate  

change (other sites unchanged)

Region Country Town Current 2030 2050 2070

Africa Uganda Kawanda 222 222 322 332

Africa DRC Butembo 312 322 322 322

Africa Nigeria Akwa Ibom 432 432 432 432

Africa Malawi Mzuzu 321 331 331 331

Africa DRC Kisangani 332 332 332 332

America Argentina Salta 121 121 131 131

America Colombia Armenia 322 322 322 332

America Dominican Rep. La Vega 222 221 221 221

America Nicaragua Rivas 331 231 231 231
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table 7 
Agroclimatic zone for selected sites grouped by zones

Zone Region Country City/Prov-
ince

Town Longitude Latitude

121 Africa South Africa Nelspruit Nelspruit 30.97 -25.47

121 America Argentina Salta Salta -63.86 -23.92

131 Asia India Bagalkot Karnataka 75.69 16.19

222 Africa Uganda Kampala Kawanda 32.52 0.41

222 America Dominican 
Rep.

La Vega La Vega -70.71 19.06

222 Australia & 
Oceania

Australia Queensland Brisbane 153.02 -27.47

231 Africa Burundi Bujumbura Bujumbura 29.36 -3.38

231 Asia India Uttar Pradesh Uttar Pradesh 80.12 27.81

232 Africa Ghana Kumasi Kumasi -1.60 6.69

312 Africa DRC Kivu Norte Butembo 29.28 0.13

321 Africa Malawi Mzuzu Mzuzu 34.07 -11.64

321 Asia China Yunnan Puer 100.99 22.78

322 America Brazil St. Catarina Corupá -49.30 -26.44

322 America Colombia Quindío Armenia -75.72 4.53

331 America Nicaragua Rivas Rivas -85.64 11.51

331 America Ecuador Los Rios Pichilingue -79.46 -1.10

332 Africa DRC Kisangani Kisangani 25.18 0.53

332 America Peru Ucayali Pucallpa -74.58 -8.38

332 Asia Philippines Davao Region Davao 125.46 7.22

421 Asia Taiwan Kaohsiung Kaohsiung 120.66 23.06

431 Asia Philippines Bani Bani 119.86 16.24

432 Africa Nigeria Akwa Ibom Akwa Ibom 7.86 4.80

432 America Costa Rica Guapiles Guapiles -83.26 10.04

432 Asia Indonesia Cent. 
Kalimantan

Palangkaraya 114.26 -1.70
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•	 In most sites the rainfall distribution during 
the year and the amount of rainfall per month 
are quite stable from the present through 
2030, 2050 and 2070. The sites in Central 
America and the Caribbean are projected to 
experience declines in monthly rainfall, while 
sites in Uganda and Burundi show a tendency 
to increase. 

5. 	Changes in potential 
productivity for 24 key 
banana-growing areas in 
Latin America, Africa and 
Asia for 2030, 2050 and 2070

The analysis in the previous section is based 
on general growing conditions for banana and 
provides an overview of the effects of average 
climate change. Diverse tools have been used 
to convert the general requirements for growth 
into more quantified effects. For example, niche 
modelling, such as with Maxent, Bioclim and 
Ecocrop, has been used in many different crops. 
Ecocrop has been used in banana (van den Bergh 
et al., 2012). Models such as Ecocrop use annual 
data for temperature and rainfall which limits their 
applicability for crops that have a 12‑ month cycle 
and that may use irrigation.

To establish a quantitative index of the effects 
of changing temperature and water availability on 
banana growth, we developed a calculation using 
monthly temperature and rainfall. Leaf emission 
rate is a key variable in banana productivity, 
because the rate of leaf emission is closely 
correlated to the length of the vegetative cycle and 
the development time from one bunch to the next 
for each banana mat. Leaf emission rate is highly 
influenced by temperature and available water. 
Three calculations were carried out: 1) effect of 
temperature alone, measured by growing degree 
days (GDD); 2) thermal development units (TDU), 
in which GDD are reduced by excess or insufficient 
available soil water for optimum growth; and 3) 

water deficit, based on a water balance using 
natural rainfall and optimum crop needs. All three 
calculations were carried out for current conditions 
and 2030, 2050 and 2070.

5.1	 Method to estimate banana GDD  
and TDU

The basic concept of GDD is that plant development 
will occur when temperatures exceed a base 
temperature and cease when a non-lethal maximum 
temperature is exceeded. GDD assigns a heat value 
to each day, then the values are added together 
to give an estimate of the amount of seasonal 
growth that banana plants have to achieved. If the 
temperature is only slightly above base temperature, 
few GDD are accumulated.  If the temperature is 
just below the non-lethal maximum temperature, 
then a higher amount of GDD are accumulated.  
Depending on the unit of time of the calculations 
and the temperatures, the number of growing 
degree days are accumulated for the period. To 
estimate GDD for banana, monthly temperatures 
were used.  A base temperature of 13 oC was 
subtracted from the monthly average temperature 
to give an average GDD. If the average GDD were 
calculated to be a negative number that number 
was made equal to zero. If the mean monthly 
temperature exceeded 35 oC, then the GDD would 
be 0, due to high temperatures (Thomas et al., 
1998; Turner and Lahav, 1983). Monthly GDD were 
calculated by multiplying daily GDD calculated 
based on monthly temperatures by the number of 
days of each month and then summing GDD for 
each month for the year. The total number of GDD 
for the year was then converted to the number of 
leaves by dividing by 108 oC, the number of GDD 
needed to generate a new leaf. Some effect of 
photoperiod on GDD accumulation has been shown 
by Fortescue, Turner and Romero (2011), but that 
effect was not included in this analysis. 

The calculation of number of leaves/year by 
means of TDU uses GDD reduced by the effects of 
water limitation. The relationship between TDU and 
GDD for a time period is:
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figure 3 
Average monthly temperature and rainfall projections for subtropical banana-growing areas,  

using average values for 20 GCMs under scenario A2. A: Nelspruit (South Africa), B: Salta (Argentina),  
C: Brisbane (Australia), D: Uttar Pradesh (India), E: Corupá (Brazil), F: Kaohsiung (Taiwan)
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figure 4 
Average monthly temperature and precipitation projections for highland tropical banana growing areas,  

using average values for 20 GCMs under scenario A2. G: Puer (China) subtropical highland, H: Kawanda (Uganda),  
I: Bujumbura (Burundi), J: North Kivu (DRC), K: Mzuzu (Malawi), L: Armenia (Colombia)
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figure 5 
Average monthly temperature and precipitation projections for wet/dry tropical banana-growing areas,  

using average values for 20 GCMs under scenario A2. M: Karnataka (India), N: La Vega (Dominican Republic),  
O: Kumasi (Ghana), P: Rivas (Nicaragua), Q: Pichilingue (Ecuador), R: Pucallpa (Perú) 
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figure 6 
Average monthly temperature and precipitation projections for wet tropical banana-growing areas, using average 

values for 20 GCMs under scenario A2. S: Guapiles (Costa Rica), T: Akwa Ibom (Nigeria),  
U: Central Kalimantan (Indonesia, V: Davao (Philippines), W: Bani (Philippines), X: Kisangani (DRC)
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TDU = GDD * Pf * Wf (oC d)

Where: Pf is a scalar (0.0 to 1.0) for photoperiod 
and Wf is a scalar (0.0 to 1.0) for soil water balance. 
Pf was not taken into account in this study. The soil 
water balance (Wf) was estimated monthly, from 
the ratio of rainfall/potential evaporation (Rain/PET), 
taking Wf as 1.0 if the ratio fell between 1.0 and 1.1. 
If Rain/PET was above 1.1 then Wf = 1 + 0.2 (1– 
Rain/PET), allowing for a negative effect for excess 
of water (Fortescue et al., 2011).

5.2	 Method to estimate water deficit 
for bananas

The irrigation water need or water deficit for 
banana was estimated on a monthly basis and 
calculated for the year as the difference between 
the crop water need and that part of the rainfall 
which can be used by the crop, known as effective 
rainfall. Actual evapotranspiration (AET) is the 
quantity of water that is removed from the soil 
due to evaporation and transpiration processes 
(Allen et al., 1998). AET is dependent on solar 
radiation and temperature as well as the vegetation 
characteristics, quantity of water available in the 
soil and soil hydrological properties (mainly soil 
water retention curves):

AET = Ksoil * Kc* PET (mm/month)

Where: Ksoil = reduction factor dependent on 
volumetric soil moisture content (0-1), Kc = banana 
crop coefficient dependent on the development of 
the crop (0.3-1.3). The crop coefficient (Kc) is used 
to estimate the crop water use for reference PET 
for different crops or vegetation types. A Kc value 
for banana of 1.15 was taken from the literature 
(Allen et al., 1998; Freitas, et al., 2008; Silva and 
Bezerra, 2009). 

The effective rainfall in this study was estimated 
using an empirical formula from FAO/Water 
Resources, Development and Management Service 
(AGLW) based on analysis carried out for various 
climatic data (Clarke et al., 2001; Smith, 1992).

Both TDU and AET depend on an estimation 
of potential evaporation (PET). The Hargreaves 
model was chosen (Hargreaves and Allen, 
2003), as it performed almost as well as the 
FAO Penman-Monteith model, but required 
less parameterization (Hargreaves and Allen, 
2003; Trajkovic, 2007). To calculate PET, 
the Hargreaves model uses mean monthly 
temperature and global solar radiation at the 
surface, measured in units of water evaporation.

5.3	 Method to estimate water 
deficit for bananas

The calculations for annual leaf emission 
based on GDD (Table 8) show the effects of 
the linear increase in temperature alone on 
total leaf emission for a 12-month period. 
From the present to 2070, GDD will increase 
by 30 percent, i.e. about 1000-1200 across all 
sites. This increase results from the increase in 
monthly average temperatures. This represents 
an increase in leaf emission of about 10 
leaves, although a few sites show slightly 
lower increases. This increase represents more 
potential bunches/hectare per year. The site in 
Uttar Pradesh, India, is notable, since by 2070, 
the site is no longer viable for banana based on 
an extended period of over three months with 
average temperatures of about 35 °C.

The calculation of leaf emission based on 
TDU takes into account not only the effects of 
temperature, but also the water limitations for 
rainfed production (Figure 7, Table 8). In those 
sites where total leaf emission continues to 
be limited by water, rather than temperature, 
leaf emission rates are stable or increase only 
slightly. In other sites with more uniform rainfall 
throughout the year, such as Kisangani, Corupá 
and Armenia, leaf emission increases by up to 
ten leaves over the 12-month period by 2070.

The differences between increases 
in leaf emission based on GDD and TDU 
highlight the importance of water availability in 
banana productivity. This is projected using a 



chapter 9: an assessment of global banana production and suitability  
under climate change scenarios

281

calculation of water deficit (Table 9). From the 
present through 2070, the increase in average 
temperature will result not only in an increased 
leaf emission potential and the accompanying 
increase in number of bunches, but also an 
increase in crop water demand to meet PET. 
The amount of water to be applied as irrigation 
to meet plant needs will increase by 12‑15 
percent over the period. The demands are 
higher for the drier sites than for sites with 
rainfall >2500 mm/year.

6. 	Changes in leaf diseases 
for six key banana-
growing sites in Latin 
America, Africa and Asia 
for 2030, 2050, and 2070

In addition to effects on leaf emission and water 
demand, average climate change may also affect 
the conditions for disease incidence and severity. 
The most important leaf disease, Mycosphaerella 
fijiensis or black leaf streak (BLS), was used as 
an indicator of the projected effect of climate 
change on banana pest management.

Six of the 24 sites were chosen for 
more detailed analysis based on the rainfall 
categories – three subtropical sites: Salta (121); 
Brisbane (222); and Puer (321), one tropical 
upland site: Kawanda (222) and two tropical 
sites: Pichilingue (331); and Davao (332).

To project the effect of changes in average 
climate on BLS, daily weather data are needed. 
The simulator program MarkSim works at a 
scale of 30 arc-seconds to simulate daily rainfall 
patterns from the database WorldClim (Hijmans 
et al., 2005). For each of the years 2030, 2050 
and 2070, MarkSim was run ten times to 
generate daily rainfall patterns. These were then 
averaged to obtain a single daily rainfall pattern 
for the location. These daily patterns were then 
used in two calculations for BLS – velocity of 
evolution and state of evolution. 

The velocity of evolution of BLS is linked to 
temperature. The minimum temperature for the 
germination of BLS is 12 oC, the optimal is 27 oC 
and the maximum is 36 oC (Porras and Perez, 
1997). In general, the germination of conidia 
is optimal between 25 oC and 30 oC following 
a quadratic function type-response with an 
estimation of 26.5 oC as an optimal temperature 
for germination. Additionally, almost 100 percent 
germination is presented after 24 hours (Jacome 
et al., 1991; Jacome and Schuh, 1992). For 
ascospore germination, the estimated optimal 
temperature is 25 oC (Jacome et al., 1991; Jacome 
and Schuh, 1992). Ascospores and conidia have 
different responses to relative humidity. Ascospores 
germinate only when relative humidity is higher 
than 98 percent, while conidia germinate in a wider 
range of humidity (88 to 100 percent) (Jacome 
et al., 1991). The daily sum of development rates 
of evolution of BLS was calculated based on 
maximum and minimum daily temperature with a 
simple regression developed by Porras and Perez 
(1997).

The projected increase in temperatures at all 
six sites could be expected to result in increased 
growth rates for the germination tube of spores 
of BLS and more rapid disease development. As 
shown in Figure 8, response is variable by site, 
but in general by 2050 and 2070 the velocity of 
evolution is projected to increase. 

A second approach to projecting the effect of 
average climate change on BLS is based on the 
state of evolution or advance of the disease. In 
general, leaf infection by BLS ascospores is not 
observed in the absence of leaf wetness. Infection 
by BLS conidia occurs at leaf wetness of between 
0 to 18 hours. Leaf lesions appear 14 days after 
inoculation of plants subjected to 18 hours of leaf 
wetness (cited by Jacome and Schuh, 1992). In 
general, the development of BLS in the field can 
be monitored by the evolution of BLS in leaf four 
(EE4H) or leaf five (EE5H). Taking into account 
the 14-day delay before appearance of the 
disease, Perez et al. (2006) developed a model to 
predict the evolution state of EE4H based on the 
accumulated rainfall for 14 days five weeks before 
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table 8 
Total annual leaf emission based on temperature (GDD) and temperature  

and water (TDU)

Region Country Town GDD TDU

      Current 2030 2050 2070 Current 2030 2050 2070

Africa Uganda Kawanda 25 30 32 36 21 24 24 25

Africa DRC Butembo 15 20 22 26 13 12 14 18

Africa Burundi Bujumbura 34 38 39 44 24 21 19 23

Africa Ghana Kumasi 39 44 46 50 29 32 35 35

Africa Nigeria Akwa Ibom 41 46 47 50 27 28 29 33

Africa Malawi Mzuzu 26 31 32 36 16 17 18 20

Africa DRC Kisangani 37 42 44 48 35 40 41 44

Africa South Africa Nelspruit 19 26 29 33 16 16 17 18

America Brazil Corupá 20 25 27 31 18 21 24 27

America Argentina Salta 27 31 34 37 16 18 19 19

America Colombia Armenia 21 27 28 31 19 26 27 29

America Costa Rica Guapiles 40 44 46 49 35 39 40 43

America Dominican Rep. La Vega 14 18 19 21 21 24 24 26

America Nicaragua Rivas 40 47 51 55 24 27 27 27

America Peru Pucallpa 40 45 48 52 36 38 40 41

America Ecuador Pichilingue 36 41 42 45 19 23 25 28

Asia Taiwan Kaohsiung 24 26 27 29 13 15 17 16

Asia India Karnataka 38 43 44 48 16 16 16 17

Asia India Uttar 
Pradesh

35 41 42 0 17 19 19 0

Asia Philippines Davao 39 43 44 47 35 37 38 41

Asia Philippines Bani 42 47 48 49 17 17 19 18

Asia Indonesia Kalimantan 40 44 46 49 35 37 40 42

Asia China Puer 16 22 23 28 14 18 18 21

Australia 
& Oceania

Australia Brisbane 22 26 28 32 20 23 25 26
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figure 7 
Thermal Development Units (TDU) for current climate and projection for 2050, using average values  

for 20 GCMs under scenario A2. A: Current, B: 2050

A: Current

B: 2050
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Region Country Town Crop Water Demand (AET) Water Deficit  
(AET-effective rainfall)

      Current 2030 2050 2070 Current 2030 2050 2070

Africa Uganda Kawanda 1743 1829 1899 1988 1077 1203 1312 1405

Africa DRC Butembo 1525 1556 1614 1695 651 802 855 873

Africa Burundi Bujumbura 1733 1806 1854 1942 996 1339 1432 1446

Africa Ghana Kumasi 2026 2084 2095 2241 1154 1106 1104 1320

Africa Nigeria Akwa Ibom 1678 1759 1806 1879 613 729 763 777

Africa Malawi Mzuzu 1497 1546 1582 1664 642 699 710 734

Africa DRC Kisangani 1852 2010 2078 2177 794 943 1046 1150

Africa South Africa Nelspruit 1420 1550 1605 1686 992 1165 1215 1312

America Brazil Corupá 1316 1347 1336 1399 358 350 397 391

America Argentina Salta 1820 1858 1879 1985 1383 1360 1366 1458

America Colombia Armenia 1586 1711 1702 1761 370 338 332 565

America Costa Rica Guapiles 1879 1924 1940 2000 105 221 230 260

America Dominican Rep. La Vega 1712 1808 1835 1893 1016 1113 1149 1231

America Nicaragua Rivas 2062 2138 2206 2306 1043 1271 1418 1600

America Peru Pucallpa 1995 2061 2090 2202 977 1104 1124 1241

America Ecuador Pichilingue 1808 1859 1911 2048 844 837 866 954

Asia Taiwan Kaohsiung 1352 1441 1462 1511 410 481 449 526

Asia India Karnataka 2058 2097 2133 2169 1682 1757 1790 1786

Asia India Uttar Pradesh 1887 2055 2078 2043 1300 1434 1428 1439

Asia Philippines Davao 1892 2018 2046 2120 527 669 692 652

Asia Philippines Bani 1849 1928 1946 1971 976 1033 1030 1087

Asia Indonesia Kalimantan 1658 1741 1768 1883 196 281 324 434

Asia China Puer 1716 1700 1753 1973 884 938 957 1119

Australia 
& Oceania

Australia Brisbane 1355 1410 1464 1545 691 706 789 866

table 9 
Banana water demand (AET) and deficit (mm/year) for 24 banana-growing zones for 

current climate and projections



chapter 9: an assessment of global banana production and suitability  
under climate change scenarios

285

the date of prediction and the average potential 
evapotranspiration two weeks before the date of 
prediction (Perez et al., 2006).

This latter approach to projecting the response 
of BLS to average climate change (Figure 9) 
indicates that there will probably be little change 
in the dynamic of BLS seasonally. The lines of 
different colours in the Figure largely overlap 
for each of the locations. Given that the rainfall 
distribution is not projected to change and that this 
calculation is based on wetness parameters, the 
disease will continue to be highly problematic in the 
rainy season and much less aggressive during drier 
periods of the year. 

Bringing together the two calculations for BLS 
epidemiology and management, the following 
implications can be tentatively proposed. The 
period of the year when BLS is the most difficult 
to manage will remain the same – primarily the 
rainy season. The disease may become more 
aggressive, as the velocity of growth of the 
germination tube of the spores is projected to 
increase in response to temperature. However, 
this will only occur in the presence of leaf 
wetness.

7. 	Changes at the margins – 
potential areas lost 
and gained for banana 
production in 2030, 2050 
and 2070

The shift among the different climatic zones for 
banana production globally provides a final view of 
the implications of climate change for the world’s 
capacity to produce bananas. Based primarily 
on changes in average temperature, the world 
will continue to have large land areas which are 
suitable for banana production. We examine first 
the areas lost to production due to excessively 
high temperatures, then look at the trends for shifts 
from unsuitably cold temperatures to 13-18 °C 
and from 13-18 °C to >24°C for each of the major 
continents (Table 10).

By 2070, projections indicate that certain 
areas in Africa and Asia will have at least three 
months with average monthly temperatures 
above 35 °C, conditions not suitable for banana 
production (Table 10). These areas are found in 
the interior of the Sahara and of India. No areas 
are projected to be lost in Latin America and the 
Caribbean.

On the other end of the scale – areas that 
are unsuitable due to extended cold periods 
below 13 °C – there is a decline in all continents 
from the current status through 2070 (Table 10). 
Over five million square kilometres will shift out 
of the unsuitably cold category globally, with 
over 87 percent in Asia, 12 percent in Latin 
America and only very small areas in Africa. 

The category of lands in the range of 
temperature from 13-18 °C will show an 
increase in potential banana-growing area 
based on lands shifting away from unsuitably 
cold, but will also lose lands due to a shift into 
the category 18-24 °C. On balance, the lands 
in this latter category will decline by nearly four 
million square kilometres. Given the global 
nature of increasing temperatures, it can be 
assumed that all shifts are into the next higher 
temperature category. Shifts due to declining 
temperatures are unlikely, as are shifts of lands 
by two categories. The shifts into the 13-18 °C 
range are quite equally distributed among the 
three continents. Combining gains and losses 
over the period of the projections, over nine 
million square kilometres total may be shifting 
into this category.

The category of lands in the range of 
temperature from 18-24 °C will show an 
increase based on lands shifting from 13-
18 °C, but will also lose lands due to a shift 
of lands into the temperature range >24°C. 
Over the period of climate change projections 
done in this study, lands in the range of 
18-24 °C will decline by nearly ten million 
square kilometres – over 60 percent in Africa, 
followed by 25 percent in Latin America and 
the Caribbean, with the remainder in Asia. 
More detailed studies would be useful, but 
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   figure 8 
Sums of velocity of BLS evolution based on temperature.  

A: Salta, (Argentina), B: Brisbane (Australia), C: Puer (China), D: Kawanda (Uganda),  
E: Pichilingue (Ecuador), F: Davao, (Philippines).
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figure 9  
State of BLS evolution based on precipitation and EVT. A: Salta (Argentina),  

B: Brisbane, (Australia), C: Yunnan (China), D: Kawanda (Uganda),  
E: Pichilingue (Ecuador), F: Davao (Phillipines)
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increasing temperatures in tropical highlands and 
in the subtropics are likely to be responsible for 
these projected changes. Several of the 24 sites 
reviewed earlier are projected to shift out of the 18-
24 °C range into more tropical zones. 

The only category that will increase in area 
through 2070 is in the temperature range of 
>24 °C. There will be an increase of nearly 
50 percent globally for lands in this category, from 
40 to 60 million square kilometers. This increase 
is primarily divided between Africa and Asia, with 
seven million square kilometres in each continent 
and the remainder in Latin America.

By 2070, the 60 million square kilometres of 
land area in the temperature category >24 °C will 
provide abundant land for banana production. 
In terms of available rainfall, 44 percent of this 
consists of dry lands with <900mm of annual 
rainfall (agroclimatic zones 131 and 132) (Table 11). 
Banana production under such conditions 
requires supplemental irrigation. Land surface in 
zones 231/232 and 331/332 comprises another 
45 percent of the area in this category, divided 
roughly equally between the two zones. While 
these four zones represent the most favourable 
natural conditions for banana production globally, 
the climatic zone 331 stands out as the best of 
the four. With 1500-2500 mm annual rainfall and 
<3 months of dry season, banana plants will 
grow well throughout the year without additional 
irrigation. The area of land in this category is largely 
stable from current conditions to 2070, although 
for zones 231 and 332, land area will increase by 
50 percent due to climate change (Table 11).

In summary, the effects of climate warming are 
clearly evident in this last analysis. The climatic 
zones with lower average annual temperatures are 
projected to lose land area on all three continents, 
while the land area in the zones with temperatures 
of >24 °C will increase. This change will favour 
potential banana productivity due to the increase in 
bunch number per hectare per year. The average 
temperature for potential banana lands in this 
zone is also likely to increase over the period of 
projections. Among the 24 sites analysed earlier, 
the lowland tropical areas showed an increase from 

25 °C to 28 °C, over the period of the projections. 
While banana productivity is favoured by this 
increase, the appearance of zones with excessive 
heat during certain periods of the year (three 
months >35 °C) in both Asia and Africa indicates 
that climate warming must be addressed.

It is worth noting that bananas are often grown 
in mixed crops with perennials and annuals. Even 
if increasing temperatures are not unfavourable for 
banana, they may be unfavourable for the associated 
crops. We have also used the temperature 
parameters in this study based on the Cavendish 
variety. Other banana cultivars may have other critical 
parameters not yet established. In particular, the 
group of East African Highland cultivars is known to 
perform well at higher elevations. Farmers depending 
on this cultivar group may expand the upper limit in 
altitude for these cultivars as temperatures increase, 
but may need to switch cultivars at lower elevations 
where they are currently grown.

8. 	Implications of climate 
change for global banana 
production

The present study provides the basis for the 
following implications of climate warming on 
banana production and suitability globally:

•	 Growing conditions are suitable for banana 
in wide areas of the subtropics, the tropical 
highlands and the lowland tropics. A 
climatic zoning approach based on monthly 
temperatures, monthly rainfall and length of 
dry season provides the basis for quantifying 
the suitability of global land area for banana 
production. Although much of the global land 
surface is not suitable for banana-growing, 
the land area in two categories of annual 
temperature – 18-24 °C and >24 °C – with 
favourable rainfall, makes up about 37 million 
square kilometres. This stands in contrast to 
the 126 000 square kilometres of land area 
currently occupied by banana and plantain.
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•	 According to global projections of climate 
change based on climatic zoning and the 
24 selected sites representing important 
banana-growing zones, the area not 
suitable for growing banana will decrease 
over the period 2030, 2050 and 2070. 
Land area with lower productivity potential 
due to lower temperatures will decline, and 
land area characterized by temperatures 
>24°C will increase. Calculations using leaf 
emission rate as an indicator of banana 
productivity indicate that, based on 
temperature alone, the leaf emission rate 
will increase by 10 leaves per year across 
most sites.

•	 The productivity of banana based on 
temperature and available water in the 
different agroclimatic zones and the 
24 sites as measured by leaf emission 
rate will increase by 10 leaves per year 
only in the sites with abundant water year-
round. In many other sites with a longer 
dry season only 4-6 additional leaves 
per year are likely in response to climate 
warming. The increased temperature that is 
associated with faster leaf emission rate will 
also be associated with an increased water 
demand of 10-15 percent across the sites 
as a result of increasing temperatures for 
the period through 2070.

•	 Black leaf streak, one of the most important 
leaf diseases of banana, may become more 
aggressive with increased temperatures, 
since the growth of the germination 
tube of spores accelerates with higher 
temperature. However, spore germination 
is primarily based on leaf wetness. The 
climate projections indicate that rainfall 
distribution on average will not change over 
the projection period for any of the 24 sites 
studied and therefore black leaf streak will 
continue to be a challenge during the rainy 
periods, just as it is currently.

•	 An overview of the shifts among different 
climatic zones showed that the climatic 
zones with lower average annual 

temperatures are projected to lose land area 
in all three continents, while the land area 
in the zones with temperatures >24 °C will 
increase. This change will favour potential 
banana productivity. The average temperature 
for potential banana lands in this zone is 
also likely to increase over the period of 
projections. Among the 24 sites analysed, the 
lowland tropical lands showed an increase 
in temperature from 25 °C to 28 °C, over 
the period of the projections. While banana 
productivity is favoured by this increase, the 
appearance of zones with excessive heat 
during certain periods of the year (three months 
>35 °C) in both Asia and Africa indicate that 
climate warming must be addressed. 

•	 Even though increasing temperatures are 
not unfavourable for banana, they may be 
unfavourable for perennial and annual crops 
with which bananas are often grown. Farm 
households growing crops such as coffee, 
with banana as a secondary crop, may 
abandon banana when they abandon coffee 
because of climate change. 

•	 The temperature parameters used in this 
study were based on Cavendish export 
banana. Other banana cultivar groups – in 
particular, the group of East African Highland 
cultivars – is known to perform well at higher 
elevations. This cultivar group may expand 
into higher altitudes as temperatures increase, 
but farmers may need to switch cultivars at 
the lower elevation range. 

The implications summarized here are based 
on projections of average temperature and rainfall. 
Climate warming is also linked to increasing 
volatility of weather. Additional analyses are needed 
to quantify the type and frequency of weather 
events of moderate and extreme variability and 
the implications for banana productivity and 
management. 
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table 10 
Changes in suitability areas (km2) for banana production by major temperature  
categories due to projected climate change through 2070 for three continents

    Current 2030 2050 2070  

Unsuitable

LAC 3 226 450 2 802 200 - 2 568 425 - 2 306 525 -

Africa 109 175 47 075 - 28 850 -         19 100 -

Asia 22 491 675 20 256 675 - 18 891 200 - 17 809 400 -

Total 25 827 300 23 105 950 - 21 488 475 - 20 135 025 -

13-18 °C

LAC 3 312 150 2 502 875 - 2 091 125 - 1 885 300 -

Africa 1 630 625 860 000 - 477 000 - 235 950 -

Asia 7 589 450 7 210 925 - 6 838 750 - 6 485 150 -

Total 12 532 225 10 573 800 - 9 406 875 - 8 606 400 -

18-24 °C

LAC 6 675 800 5 313 650 - 4 783 075 - 4 318 275 -

Africa 9 639 025 7 213 200 - 5 519 750 - 3 616 250 -

Asia 11 119 175 10 331 425 - 9 989 500 - 9 580 650 -

Total 27 434 000 22 858 275 - 20 292 325 - 17 515 175 -

24-35 °C

LAC 12 406 025 14 892 450 + 16 068 550 + 17 001 075 +

Africa 14 843 075 18 070 025 + 20 164 475 + 22 291 875 +

Asia 14 059 675 17 297 875 + 19 375 850 + 21 184 925 +

Total 41 308 775 50 260 350 + 55 608 875 + 60 477 875 +

Unsuitable 
due to high 
temperatures

LAC 0 0 0 0

Africa 0 0 225 + 27 125 +

Asia 0 0   0   21 650 +

Total 0 0   225 + 48 775 +

table 11 
Global land area (km2) for category of lands >24°C under different rainfall regimes 

Climate category Current 2030 2050 2070

131 16 354 225 20 460 100 23 591 850 26 378 825

132 3 325 5 250 4 725 4 950

231 8 055 150 10 132 325 11 109 325 12 206 500

232 583 850 948 275 1 019 725 1 183 700

331 3 270 050 4 555 150 5 441 425 6 103 275

332 7 975 475 8 492 200 8 354 475 8 141 575

431 462 200 604 350 706 675 803 475

432 4 604 500 5 062 700 5 380 675 5 655 575
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■	 The likely impacts of future climate change and 
socio-economic drivers on international trade 
in agrifood commodities would vary 
depending on assumptions regarding how the 
future will evolve as encapsulated by 
‘scenarios’.

■ 	 The projected agrifood trade impacts are also 
likely to vary across economic models, 
depending on model types and underlying 
theoretical structures.

■ 	 To improve understanding on why simulated 
impacts differ across models under specific 

‘scenarios’, results from a recent AgMIP 
(Agricultural Model Intercomparison and 
Improvement Project) economic modelling 
exercise are used, with particular focus on the 
agriculture sector. 

■ 	 The analysis presented in this chapter suggests 
an increasing role for trade under future climate 
change but the extent of the change in agrifood 
trade varies substantially between models.

■	 Based on the insights from the analysis, a 
number of potential issues are recommended 
for future modelling and research.

main chapter messages
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1.	 Introduction

International trade plays an important role 
in improving global wellbeing, by allowing 
comparative advantages to be exploited. 
Changing socio-economics can alter comparative 
advantages and trade flows, and so can climate 
change. In recent decades, the volume of 
agricultural trade has grown in response to 
growing populations and rising incomes, with 
geographical distribution of this trade favouring 
certain developing countries. In the future, 
climate change will potentially have an impact 
on land productivity globally, altering the relative 
productivity of land in one region compared with 
another (see, for example, Nelson et al., 2013). 
In other words, climate change can alter the 
volumes and patterns of international agrifood 
trade through its impacts on national comparative 
and competitive advantages arising from changes 
in production, transport and distribution chains 
(see, for example, WTO-UNEP, 2009). Therefore, 
while the socio-economic drivers of international 
trade are expected to remain important, climate 
change can also potentially alter future international 
competitiveness and agrifood trade patterns. 

A number of studies (see, for example, Reilly 
and Hohmann, 1993; Hertel and Randhir, 2000; 
and Verburg et al., 2008; Nelson et al. 2010) have 
suggested that trade can facilitate “adaptation” 
to climate change in agriculture and food sectors. 
The term “adaptation” is amenable to multiple 
interpretations. To avoid any misinterpretation, 
trade as an adaptation option should be 
understood in the following context: climate 
change causes changes in comparative advantage 
and exploiting these changes will involve changes 
in trade flows. That is, changes in trade flows 
are an “endogenous” response or adaptation to 
climate change. All economic models considered 
in this chapter specify “endogenous” responses to 
changes in socio-economic and climate drivers. 
Many important research questions are concerned 
with identifying how much, where, and how 
different these responses will be, and there is no 

clear consensus that has yet emerged from the 
literature in this regard (see also OECD, 2012). 
Model projections are expected to differ across 
scenarios, due to differences in the underlying 
economic, demographic and technology 
assumptions, and also across models, due to 
differences in the underlying model structures and 
base-year databases.

In this chapter, the likely implications of some 
socio-economic and climate change drivers of 
trade are examined, using six scenarios involving 
two alternative assumptions about the socio-
economic drivers (GDP, population) with varying 
climate change impacts on agricultural productivity. 
These scenarios were designed for a recent 
AgMIP (Agricultural Model Intercomparison and 
Improvement Project) exercise, to examine how 
economic models responded to different kinds of 
shocks – socio-economic and climate (as well as 
bioenergy) – and to improve the understanding 
of why simulated impacts differ across models. 
AgMIP has brought together climate modellers, 
crop modellers and global economic modellers 
from across the world and provides a forum for 
comparison and improved understanding of 
model results under selected socio-economic and 
climatic scenarios. The global economic modelling 
group incorporates both partial equilibrium (PE) 
models of agriculture and food commodities and 
global general equilibrium (GE) models (von Lampe 
et al., 2014). The different models used in this joint 
analysis are described in Table 1a. 

This chapter presents a synthesis of modelling 
results for agrifood trade under the selected socio-
economic and climatic scenarios. In particular, the 
specific objectives of this study are to examine key 
trends and patterns in projected future agrifood 
trade under the different socio-economic and 
climate scenarios and, drawing on the results, 
to shed some light on the relative importance of 
socio-economic and climate drivers, as well as the 
characteristics of the models involved, all of which 
determine trade patterns. 

The following section presents some of the 
key features of the global economic models that 
are being used to project international trade. 
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Section 3 provides an overview of current trends 
in agrifood trade. Section 4 briefly describes 
the scenarios simulated for the AgMIP global 
economic modelling exercise. Section 5 
presents and synthesises key agrifood trade 
results from participating models. The final 
section draws conclusions on the level of 
consistency between model results, identifies 
some key reasons for significant differences 
across models and suggests potential areas for 
future model comparison exercises. 

2. 	Modelling international 
trade

Projections of agricultural trade are dependent 
on the characterization of trade in the models, 
which depends on the supply and demand 
responses specified within the models. These 
responses depend, in particular, on the 
capacity of regions to respond to changes in 
productivity, land-use change and changing 

input mix, and how price and income changes 
affect consumption. A series of papers offers 
some detailed assessment of the specifications of 
the supply side (Robinson et al., 2014), land use 
change (Schmitz et al., 2014) and the demand side 
(Valin et al., 2014) of the AgMIP models.

The specification of international trade varies 
significantly between model classes – i.e. GE and 
PE models, as well as between models within each 
model class. While these differences are important 
in understanding the model results, for brevity only 
the broad characteristics of GE and PE modelling 
of trade are described below. Interested readers 
are directed to AgMIP papers and/or can further 
explore individual model documentations cited 
earlier.

2.1	 Modelling trade in a general 
equilibrium framework

All six GE models utilize the “Armington” approach 
to modelling international trade (Armington, 1969a, 
1969b), which distinguishes domestically produced 

table 1a 
Partial equilibrium and general equilibrium models used in this analysis

Model category Model name Source

Partial Equilibrium (PE)

Global Change Assessment Model (GCAM) Wise and Calvin, 2011

Global Biosphere Management Model (GLOBIOM) Havlík et al., 2011;  2013

International Model for Policy Analysis of 
Agricultural Commodities and Trade (IMPACT) 

Rosegrant et al., 2012

Model of Agricultural Production and its Impacts 
on the Environment (MAgPIE) 

Lotze-Campen et al., 2008

General equilibrium (GE)

Asian Pacific Integrated Model (AIM) Fujimori et al., 2012

Environmental Impact and Sustainability Applied 
General Equilibrium (ENVISAGE)

van der Mensbrugghe, 2013

Predictions and Policy Analysis (EPPA) Paltsev et al., 2005

Future Agricultural Resources Model (FARM) (Sands et al., 2013)

Global Trade and Environmental Model (GTEM) Ahammad and Mi, 2005

Modular Applied GeNeral Equilibrium Tool 
(MAGNET) 

Nowicki et al., 2009
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commodities from comparable commodities 
produced in other countries.3 By differentiating 
domestic goods from comparable imports, these 
models effectively allow for two-way trade flows, 
preventing the problem of over-specialization that 
would otherwise occur in computable general 
equilibrium (CGE) models while also conferring 
some market power on each open economy. 

The two-way trade flows specified in these 
models can be described by means of a two-level 
nested constant elasticity of substitution (CES) 
function, representing a two-level budgeting 
and decision-making process. The first level 
distinguishes between imports and domestically 
produced goods and the second between imports 
from various sources.

The same “Armington” preference structure 
is adopted for each model agent: households, 
government and producers select from 
domestically produced goods and imports based 
on the same two-level budgeting and decision-
making process. Total demand for imports for each 
commodity in an economy is the sum of imports by 
all model agents. Bilateral trade between all model 
regions is determined through a CES function, as 
seen in Equation 1.

(1)

where: 

-	 QMS is bilateral trade in commodity i from 
region r to region s

-	 QM is demand for imports of commodity i by 
region s

3	 An alternative approach to modelling international 
trade in a GE model is to treat domestic commodities 
as identical to (or as perfect substitutes for) 
corresponding imports, and address the issue of 
complete production or import specialization when 
constant returns to scale prevail in production – for 
example, by assuming some sector-specific factors 
of production (see, for example, Taylor and Black, 
1974; Clarete and Whalley, 1988).

-	 PMS is price of commodity i from region r in 
region s

-	 PM is the average price of imports of commodity 
i in region s

-	 b is a parameter representing any exogenous 
preference shift

-	 α is elasticity of substitution (often referred to as 
the “Armington elasticity”). 

Total exports from all regions equal the sum of 
imports to all regions.

 Armington (1969b) lists the characteristics 
that determine the size of the elasticity, including 
the commodity composition of trade (i.e. the level 
of homogeneity within the commodity class), 
the degree and nature of trade restrictions, the 
importance of long-term contracts and loyalty to 
particular sources. The size and diversity of the 
region can also affect elasticities. For example, the 
elasticity could be different for large diverse regions 
compared to single country regions. 

One of the most established sets of Armington 
elasticity estimates is in the Global Trade Analysis 
Project (GTAP) database (Narayana et al., 
2012). Most models used the GTAP database 
as a starting point for their Armington elasticity 
estimates (Table 1b). The most recent GTAP 
database (version 8) has Armington elasticities 

table 1b 
Description of Armington elasticities from the  

CGE models

Model Description of Armington

ENVISAGE Higher than GTAP

EPPA Unmodified from GTAP

FARM Approximately those of GTAP

GTEM Unmodified from GTAP

MAGNET Unmodified from GTAP

Note: AIM is a CGE model that does not specify bilateral 
trade. Therefore, it has a single import/domestic Armington 
structure, rather than the nested approach adopted in other 
models. AIM specifies an Armington elasticity of 0.8 for all 
agrifood commodities across all regions.
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between imports and domestically produced 
goods ranging between 1.3 and 4.5, depending 
on the level of homogeneity within the commodity 
class. The elasticity for wheat, for example, is 
approximately three times that of the “other 
coarse grains” commodity class. In the standard 
GTAP database, these elasticities are assumed 
to be the same for all regions. However, given 
any difference in a commodity class across 
regions, the same elasticity value for the class will 
represent varying levels of product differentiation 
(or degrees of substitutability) for the commodities 
in the class across regions. For example, a given 
elasticity value for the “other coarse grains” 
commodity class will mean a different degree of 
substitutability (that is, a different underlying or 
implied value of Armington elasticity) for corn for 
different regions, depending on the share of corn 
in the “other coarse grains” commodity class 
across regions. 

As pointed out earlier, by treating the 
domestically produced commodity and the 
comparable commodities produced in other 
economies as heterogeneous, the Armington 
approach to modelling international trade confers 
some market power on each open economy. In 
other words, this approach allows changes in 
the international terms of trade of an economy to 
occur under a scenario simulation. Also, all AgMIP 
global GE models specify exchange rates. With the 
choice of particular price indexes – for example, 
gross domestic product (GDP) deflators – as the 
numeraires (relative to which all price changes 
are measured), model simulations will generate 
changes in real exchange rates. The changes in 
the international terms of trade and real exchange 
rates are features of the GE mechanisms that 
can have dominating effects on trade flows, as 
compared with PE modelling.

2.2	 Modelling trade in a partial 
equilibrium framework

The four PE models assume that a commodity 
is homogenous regardless of where in the world 

it is produced and consumed – i.e. that there is 
a single world market for each commodity and 
that consumers do not have a preference for 
domestically produced commodities over imports. 
In modelling terms, these models specify net trade 
by region, rather than in two-way trade flows. In 
the PE models, trade is calculated as the residual 
of regional production and consumption, as 
specified in Equation 2.

(2) 

where:

-	 QT = volume of net trade
-	 QP = domestic production of the commodity
-	 QD = domestic demand for the commodity
-	 QS = change in held stock of the commodity 

The world price (PW) of a commodity is the 
equilibrating mechanism, such that when an 
exogenous shock is introduced in the model, 
PW will adjust and each adjustment is passed 
through to consumer and producer prices in 
each region. Producer and consumer prices differ 
from the PW by transport and other margins and 
by subsidy equivalents. Changes in domestic 
prices subsequently affect commodity supply and 
demand, necessitating their iterative readjustment 
until world supply and demand are in balance. The 
PW is set to ensure that global net trade equals 
zero, representing the market clearing condition, as 
shown in Equation 3. 

(3)

Thus, the net trade projections from these models 
are directly linked to the demand and supply 
functions, whereas imports and exports are linked 
to demand and supply functions, respectively, in 
the GE models.
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3. 	Trade in agricultural 
commodities: Recent trends

Over the past several decades, global agricultural 
trade has expanded in line with increasing 
populations, rising incomes, improved technologies 
and an expansion of agricultural lands. In broad 
terms, international agricultural trade tends 
to flow from countries with large, productive 
land resources and high rates of agricultural 
mechanization and investment to less-developed 

countries that are characterized by rising 
populations and limited productive capacity, such 
as in sub-Saharan Africa (Figures 1 and 2, USDA 
ERS, 2013a, 2013b). Some developing countries, 
such as Brazil and Argentina, export significant 
quantities of agricultural products. Conversely, 
some developed countries, such as Japan and 
Korea, are highly import-dependent.

Wheat is the most widely traded agricultural 
commodity, with exports totalling around 
21 percent of world production (FAOSTAT 2013). 
Collectively, the European Union (EU), the United 

figure 1 
Exports by commodity and region, average over 5 years to 2009, million tonnes (Mt)

Source: FAOSTAT 2013 
Note: Trade data for Europe includes intra-EU trade

Source: FAOSTAT 2013 
Note: Trade data for Europe includes intra-EU trade

figure 2 
Imports by commodity and region, average over 5 years to 2009, million tonnes (Mt)
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States of America, the former Soviet Union, 
Argentina, Australia and Canada account for 
around 90 percent of world exports. Trade in 
coarse grains (corn, barley, sorghum and oats) 
represents around 13 percent of global production. 
Corn is the main commodity, representing around 
three-quarters of global coarse grains production. 
The United States of America is the main exporter 
of coarse grains, followed by the EU and Latin 
America. The main importers of wheat and coarse 
grains are countries in Africa, the Middle East and 
North Asia. For both wheat and coarse grains, 
the EU appears to be both a major exporter and 
importer; however, this is a reflection of significant 
intra-EU trade (FAOSTAT 2013). 

Rice is not heavily traded; exports account 
for only about 4 percent of global rice production 
(FAOSTAT 2013). Southeast Asia is the world’s 
largest rice-exporting region, accounting for around 
50 percent of world rice exports (Figure 1). Thailand 
and Viet Nam are the primary exporters, followed by 
Pakistan, the United States of America and India. 
The major importers of rice are other countries in 
Southeast Asia, sub-Saharan Africa, the Middle East 
and North Africa (FAOSTAT 2013, Figure 2).

Around 29 percent of world oilseed production 
is exported, with soybeans accounting for half of 
this trade (FAOSTAT 2013). The United States of 
America is the world’s largest exporter, followed by 
Brazil and Argentina (which appears as part of Rest 
of Latin America in Figure 1). China is the world’s 
largest importer of vegetable oil and oilseeds, India 
is a major importer of vegetable oil, and the EU is 
the largest importer of soybean meal and second 
largest importer of soybeans (FAOSTAT 2013). 

Trade in meat consists of ruminant (sheep and 
cattle) and non-ruminant (pigs and poultry) meat 
and collectively accounts for about 5 percent of 
global production. The major exporters of meat are 
the United States of America, the EU, Brazil and 
Australia, while the major importers are Japan and 
the Republic of Korea, as well as China, Southeast 
Asia, the Middle East and North Africa and the 
former Soviet Union (FAOSTAT 2013).

Trade in dairy products represents around 
9 percent of global dairy production. The main 

exporters of dairy products are the EU, Australia, 
New Zealand and the United States of America. 
The main importers are the Middle East and North 
Africa, China, Japan and the Republic of Korea 
(FAOSTAT 2013).

4.	 Description of scenarios

The AgMIP modelling group simulated eight 
scenarios, each one specified in terms of: socio-
economic characteristics (GDP and population); 
agricultural productivity (based on results of 
climate and crop modelling); and rate of biofuel 
penetration. Table 2 lists the key features of each 
scenario and the following paragraphs briefly 
describe them. These scenarios are described in 
more detail in von Lampe et al. (2014).

The socio-economic scenarios, SSP2 
and SSP3, are the two of the shared socio-
economic pathways (SSP) developed for the Fifth 
Assessment Report (AR5) of the Intergovernmental 
Panel on Climate Change (IPCC). Broadly 
described, SSP2 reflects a world in which 
economic growth is reasonably rapid, sustained by 
relatively high productivity growth, clean technology 
development and an integrated global economy. 
The SSP3 scenario, on the other hand, reflects 
a world of high population growth in developing 
countries, combined with slower economic growth, 
representing a fragmented global economy. 

The AgMIP scenarios S1 and S2 represent 
the SSP2 and SSP3 socio-economic pathways 
but no allowance has been made for the impacts 
of climate change on agricultural productivity 
(Table 2). The AgMIP scenarios S3 to S6 
incorporate agricultural productivity affected 
by climate change, and are derived from a 
combination of outputs from climate and crop 
models assuming a Representative [greenhouse 
gas] Concentration Pathway (RCP) corresponding 
to a radiative forcing target of 8.5w/m2 by 2100. 
More specifically, for scenarios S3 through 
S6, most AgMIP modellers have implemented 
agricultural productivity changes generated 
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though IMPACT modelling, using the outcomes 
of the climate models and crop models (Table 2). 
The only exception is MAgPIE, which has used 
its own endogenously derived technological 
change parameters (for details on the MAgPIE 
methodology, see Dietrich et al., 2013).

In simulating these scenarios, no trade policy 
reforms have been explicitly implemented. Land 
supply has been determined and implemented 
independently by individual modellers (Schmitz 
et al., 2014). Furthermore, the climate change 
scenarios (S3 through S6) have not accounted 
for CO2-fertilization effects of higher atmospheric 
concentration of carbon dioxide (CO2). Many other 
factors, such as extreme events and seasonal 
variability, sea level rises, population health and 
labour productivity – through which climate change 
may affect agriculture and broader economies – 
have not been considered. In terms of adaptation 
to climate change, no explicit measures have been 
considered other than price-driven “endogenous” 
responses to the input and output mix, supply 
and demand, and trade structures. In light of 
these omissions and model implications, the 
results should be read cautiously as first order 
approximation that require more follow up 
investigations where policy issues are factored in. 

5. 	Implications for trade of 
the “socio-economic and 
climatic” scenarios

Various models that were included in the AgMIP 
model comparison exercise differ in their spatial 
resolution/economic regions and in the level of 
aggregation of various agricultural sectors, as 
well as in many other important aspects, such 
as international trade, as discussed earlier. For 
comparability of model results, however, the AgMIP 
exercise involved harmonization of agricultural 
commodity aggregates, spatial aggregates/
economic regions, key model variables and time 
period across models for reporting and analysis. 
Furthermore, with the “base” database for these 
models corresponding to different years, the 
reported results were re-based to 2005 as the 
common base year. For further details on the 
reporting protocol, processes and associated 
issues, see von Lampe et al., 2014 and also 
Nelson et al., 2013. 

Given the focus of this paper and for the sake 
of brevity, the results presented and analysed in this 
section relate to the AgMIP scenarios S1 (“reference 
case”), S2 (“fragmented global economy”) and an 

table 2 
Description of AgMIP scenarios

Scenario 
code

Socio-economic 
characteristics

RCP Climate 
Model

Crop 
Model

Bioenergy

S1 SSP 2 Present climate None None Model-specific

S2 SSP 3 Present climate None None Model-specific

S3 SSP 2 RCP8.5 IPSL-CM5A-LR LPJmL Model-specific

S4 SSP 2 RCP8.5 HadGEM2-ES LPJmL Model-specific

S5 SSP 2 RCP8.5 IPSL- CM5A-LR DSSAT Model-specific

S6 SSP 2 RCP8.5 HadGEM2-ES DSSAT Model-specific

S7 SSP 2 Present climate None None 1st-gen. ca. 6ExaJoule; no 
2nd-gen. (2050)

S8 SSP 2 Present climate None None 1st-gen. ca. 6ExaJoule; 2nd-
gen. ca. 108EJ (2050)
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average of the four climate change scenarios (S3 to 
S6) including, where possible, error bars showing 
the maximum and minimum of the climate change 
scenarios. Also, we have focused only on the key 
trends and on the major exporting and importing 
economies or regions. A more comprehensive set of 
results is available from the authors on request.

5.1	 Agrifood trade in 2050 under 
Scenario S1 (the reference case)

Figure 3 presents global exports of major 
agricultural commodities (wheat and rice) and 
commodity groups (coarse grains and oilseeds) 
in 2050 under Scenario S1, simulated by 
various GE models. (Projected exports from 
the PE models were not available as these 
models specify net trade and do not project 
exports and imports separately.) Exports of 
these commodities and commodity groups are 
projected to grow substantially by 2050, relative 
to the common base year of 2005: by between 50 
and 230 percent in the case of wheat; between 
50 and 190 percent for rice; between 80 and 
140 percent for coarse grains; and between 
90 and 210 percent for oilseeds, depending on 
the model.4 Most models projected that today’s 

4	 As already indicated, the base data sets of these 

largest exporters of rice, coarse grains and 
oilseeds would retain their dominance in the world 
export market in 2050. However, in the case of 
wheat, Canada is projected by most models to 
replace the former Soviet Union to become one of 
the top three exporters in the world. 

Figure 4 shows the growth in global exports 
relative to the growth in global production of five 
commodities and commodity groups (wheat, 
rice, sugar, coarse grains and oilseeds) under 
Scenario S1, simulated by the GE models. The 
solid line indicates equal growth rates in exports 
and production. As can be seen, exports of most 
commodities are projected to grow marginally 
faster than production. 

Not all models have simulated exports and 
imports separately (see Section 2). In what follows, 
we focus on net trade – measured as exports 
minus imports, with a positive net trade quantity 
meaning net exports and negative quantity means 
net imports. 

models were not harmonized. With GE models 
drawing on different versions of the GTAP database 
and PE models calibrated to FAOSTAT data but 
with different starting years, it proved challenging 
to harmonize the base data across models and 
therefore that was not undertaken as part of this 
AgMIP exercise (Nelson et al., 2013). However, for 
reporting and analysis, the model results for selected 
variables, including trade variables, were re-based, 
post-simulation, to the common base year of 2005.

figure 3 
Export by commodity and region in 2050 under Scenario S1, million tonnes (Mt)

Source: AgMIP scenario results
Note: Results are only presented for GE models because PE models specify only net trade
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Most models project that the historical net 
trade status of key regions will be maintained until 
2050 under Scenario S1 (Table 3). Countries with 
large and productive land areas are projected by 
most models to remain key exporters and most of 
the less-developed countries are projected to be 
key importers of agrifood commodities. 

According to most models, the United States 
of America and the former Soviet Union will remain 
net exporters in wheat, and the United States of 
America and Latin America will be net exporters in 
coarse grains at 2050. In the case of rice, Southeast 
Asia, the United States of America and India are 
projected to remain net exporting regions. The main 
net importers of wheat, rice and coarse grains are 
projected to be countries in the Middle East, North 
Africa and sub-Saharan Africa. The United States of 
America and Latin America are projected to remain 
net exporters in oilseeds, with China a net importer.

5.2	 Agrifood trade in 2050: A closer 
look at model agreement

As discussed above, there is some agreement 
across models in terms of key exporters and 
importers by 2050. Here, we explore further 
agreement among models, focusing on net trade 
results for key commodities and trading countries.

Most models project that the United States 
of America will remain a significant net exporter 
of coarse grains and oilseeds under all AgMIP 
scenarios in 2050 (Figures 5 and 6). GCAM is 
the exception, projecting that the United States 
of America will become a net importer of coarse 
grains by 2050. This result in GCAM is primarily 
driven by the assumed corn ethanol production, 
which would increase corn demand by about 
150 million tonnes per year between 2005 
and 2050.

The agreement among models with regard to 
changes in net trade diminishes somewhat for the 
fast-growing developing economies. Some models 
project that China will become a net agricultural 
importer by 2050, whereas other models suggest 
that low population growth and rapid productivity 
growth will ensure that China remains a net 
exporter. Given its growing importance in the global 
economy, the results for China have a significant 
impact on global trade.

The projected net trade in coarse grains 
and oilseeds of China in 2050 are presented in 
Figures 7 and 8, respectively. 

 As can be seen from Figure 7, some models 
project that China will become a net importer of 
coarse grains by 2050. Others project that China 
will remain mostly self-sufficient for coarse grains, 
as in recent years, when net trade was less than 

figure 4 
Index of export and production growth in 2050 under Scenario S1

Source: AgMIP scenario results
Note: Results are only presented for GE models because PE models specify only net trade
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1 percent of domestic supply. For oilseeds, where 
net imports accounted for about 35 percent of 
domestic supply in the base year, the models also 
generally project this pattern to continue, with 
the exceptions of GCAM, MAgPIE, and MAGNET 
(Figure 8). However, GCAM projects that China will 
become a significant net exporter of both coarse 
grains and oilseeds by 2050.

 Notable disagreement among models in 
projected net trade also appears in the case of 
rice trade in India (Figure 9). Currently, India is 
largely self-sufficient in rice. Most of the GE models 
project relatively small changes in its net rice trade 
by 2050. Interestingly, among the PE models, 
GCAM and GLOBIOM project that India will 
become a significant net importer by 2050, driven 
by an approximate doubling in food demand over 
this time, consistent with the assumed population 
and income growth. In contrast, despite similar 

assumed growth in food demand, IMPACT projects 
that India will become a net exporter in the S1 and 
S2 scenarios. This is because, compared with 
GCAM and GLOBIOM, IMPACT projects a relatively 
strong income-related shift from rice towards other 
commodities, predominantly dairy, wheat and 
sugar crops (not shown in Figure 9). 

Consistent across models is the increasing 
import dependency of sub-Saharan Africa for 
staple commodities such as wheat, rice and 
coarse grains (Figures 10, 11 and 12). Figure 10 
shows projections for net imports of wheat 
into sub-Saharan Africa in 2050, with IMPACT 
projecting larger and ENVISAGE and MAGNET 
projecting lower net imports, relative to other 
models. Sub-Saharan Africa currently imports 
a large volume of rice and all models project 
this situation to continue until 2050 (Figure 11). 
However, IMPACT among the PE models and 

table 3 
Net importers and net exporters under Scenario S1 in 2050, by commodity

Commodity Net importer No of models Net exporter No of models

Coarse grains China 5 of 9 Europe 5 of 9

Middle East; North Africa India 7 of 8

Sub-Saharan Africa All Rest of Latin America 6 of 9

6 of 9 USA 7 of 8

Oilseeds China 7 of 9 Brazil All

Europe All Rest of Latin America All

India 6 of 8 Sub-Saharan Africa 5 of 9

USA All

Rice Europe 7 of 9 China 6 of 9

Middle East; North Africa All India 5 of 8

Sub-Saharan Africa All Southeast Asia 7 of 9

USA 6 of 8

Wheat Europe 5 of 9 China 5 of 9

India 5 of 8 Former Soviet Union 7 of 9

Middle East; North Africa All USA 7 of 8

Sub-Saharan Africa All



 
climate change and food systems: global assessments and implications for food security and trade

304

Source: AgMIP scenario results

Source: AgMIP scenario results

GTEM among the GE models project the largest 
net import volumes for all AgMIP scenarios 
under consideration. By 2050, most models 
project that net imports will make up between 
30 and 50 percent of rice consumption in sub-
Saharan Africa (with the highest rates projected 
by IMPACT). As for the coarse grains, a majority 
of the models suggest that sub-Saharan Africa 
will remain a net importer in 2050, with the 
PE models (particularly IMPACT and GCAM) 
projecting substantial import dependence 
(Figure 12).

figure 5 
Net trade in coarse grains in 2050, the United States of America

figure 6 
Net trade in oilseeds in 2050, the United States of America

5.3	 Key drivers of trade: Degree of 	
model agreement

Most of the projected changes in agrifood 
production and consumption, and thus changes 
in international trade in these commodities over 
the projection period, are driven by economic 
and population growth. Comparing results for 
scenarios S1 and S2 also gives some insights 
into likely implications of lower global economic 
growth and the distribution of global economic 
and population growth. While most models show 
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Source: AgMIP scenario results

figure 7 
Net trade in coarse grains in 2050, China

figure 8 
Net trade in oilseeds in 2050, China

Source: AgMIP scenario results

changes in net trade arising from the changes 
in key socio-economic drivers, i.e. GDP and 
population growth (Figures 5 through 12), the 
magnitude of the change in net trade varies across 
models. Furthermore, the direction of change is 
not uniform across models. For GCAM, changes 
from base-year trade patterns typically arise from 
relative forces of the assumed demand drivers – 
i.e. changes in socio-economic drivers and 
future agricultural productivity, as well as biofuel 
mandates assumed for GCAM modelling. Model 
agreement in terms of direction of changes also 

seems to vary across commodities depending 
on the size of the net trade volumes in the initial 
years of the modelled period. More specifically, 
the degree of model disagreement is found to be 
high for small net trade volumes (for example, rice 
trade for India and coarse grains trade for China) 
compared to large net trade volumes (for example, 
coarse grains and oilseeds trade for the United 
States of America and wheat and rice trade for 
sub-Saharan Africa).

Another key production and trade driver, 
included in AgMIP scenarios 3 through 6, is 
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figure 9 
Net trade in rice in 2050, India

climate change impact.5 While all models simulate 
reportable impacts on net trade (with varying 

5	 It is important to note that, although the implications 
of the socio-economic and climate change drivers 
for production and trade have been identified and 
analysed separately, the model results for the 
climate scenarios indeed represent outcomes of 
interactions between these two sets of drivers. In 
addition, impacts of climate change on GDP and/or 
population growth were not simulated, given the way 
the underlying scenarios were modelled. However, 
the models do generate impacts on food prices and 
consumption under various scenarios; these have 
been discussed extensively in von Lampe et al. 
(2014) and are therefore not repeated here.

directions and magnitudes) associated with climate 
change, with the exception of a few cases, the 
models projected no change in the net trade 
status in 2050 of the key exporting and importing 
countries and commodities considered in Figures 5 
through 12.

Most models have projected that climate 
change will have some negative effect on coarse 
grains and oilseeds exports from the United States 
of America (Scenarios S3 to S6 relative to Scenario 
S1, Figures 5 and 6). However, according to results 
from the crop models used in the AgMIP study, 
crop yields in the United States of America are 

figure 10 
Net trade in wheat in 2050, sub-Saharan Africa

Source: AgMIP scenario results

Source: AgMIP scenario results
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Source: AgMIP scenario results

figure 11 
Net trade in rice in 2050, sub-Saharan Africa

figure 12 
Net trade in coarse grains in 2050, sub-Saharan Africa

Source: AgMIP scenario results

generally less affected by climate change than 
in other countries/regions, and consequently the 
impacts on the net exports from the United States 
of America are also projected to be relatively 
small, with the exception of GCAM and IMPACT 
models for coarse grains, and GLOBIOM and 
GCAM models for oilseeds. According to most 
models, projected impact of climate change on 
Chinese trade in coarse grains and oilseeds will 
be a reduction in net imports (Scenarios S3 to S6 
relative to Scenario S1, Figures 7 and 8). A majority 
of models suggest somewhat increased import 
dependency for rice and wheat in sub-Saharan 

Africa (Scenarios S3 to S6 relative to Scenario S1, 
Figures 10 to 11). 

The error bars in Figures 5 to 12 reflect the 
projected minimum and maximum net trade across 
Scenarios S3 to S6. All the PE models, apart from 
MAgPIE, show far larger variations in net trade 
across the various climate change scenarios than 
the GE models. This may be linked to the ways 
these two types of model specify international 
trade. 
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5.4	 Production-exports nexus: Degree 
of model agreement

Figure 13 shows the difference between Scenario 
S2 and Scenario S1 in the projected volumes 
of global production (on the horizontal axis) and 
exports (on the vertical axis) in 2050 for the following 
crop commodities: wheat, rice, coarse grains, sugar 
and oilseeds. Only results from GE models are 
considered, as PE models only consider net exports 
for modelled regions (and the global sum of net 
exports is zero). Modelling results presented show 
a positive correlation between projected changes 
in production and projected changes in exports. 
That is, if global production is projected to rise (or 
fall) by 2050 under Scenario S2 relative to Scenario 
S1, then exports are also projected to rise (or fall) 
by 2050 under Scenario S2 relative to Scenario S1, 
with the exception of MAGNET projections. 

There is no consensus among models on 
whether global production and exports will be 
higher under Scenario S2 than under Scenario 
S1. Relative to Scenario S1, ENVISAGE projects 
strong declines in global production and exports 
under Scenario S2, whereas GTEM projects 
strongly rising production and exports. With faster 
population growth under Scenario S2 relative to 
Scenario S1, food consumption and production 
are expected to increase. A slower income growth 

under Scenario S2 relative to Scenario S1 would 
have the reverse effect for most goods. With 
relatively high income elasticities, slower income 
growth could drive declining food demand despite 
increasing population.

Figure 14 plots the projected changes in 
global production and exports for all modelled 
crops in 2050, similarly to Figure 13, but under 
climate change Scenarios S3 to S6 relative to 
Scenario S1. Each point in Figure 14 represents 
the likely impacts of climate change by 2050 on 
the production and exports of a particular crop 
projected by a particular GE model. Virtually all 
models project lower global production for all 
modelled crops under climate change. Most 
models project exports to decrease by much 
less than the projected decline in production 
or, interestingly, to increase against declining 
production under Scenarios S3 to S6 relative to 
Scenario S1. This seems to suggest an increasing 
role of trade under climate change.

6. 	Discussion and 
conclusions

The modelling results confirm that economic 
growth and population growth will continue to drive 

figure 13 
Changes in global production and export volumes in 2050: Scenario S2 relative to Scenario S1

Source: AGMIP modelling results
Note: Results are only presented for GE models because PE models specify only net trade
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international trade. Most models suggest that the 
net trade status of key exporting and importing 
countries/regions would remain the same in 2050 
under various AgMIP scenarios considered in the 
paper, even when climate change is taken into 
account. However, the results have only focused 
on few important traded commodities and major 
exporters and importers. 

There are significant differences across models 
in terms of projected trade in key commodities. 
The differences in model results seem to be 
somewhat heightened in cases of small trade 
volumes involving less-developed and/or fast-
developing countries. For example, the projected 
capacity of China and India to meet domestic 
demand for key commodities varies significantly 
across models under the scenarios considered. 
A close assessment of land supply and land use 
would reveal additional reasons for the lack of 
model agreement.

PE models and GE models specify and treat 
trade differently, which seems to influence model 
results in many cases. In some cases, small 
initial values for trade can restrict its growth in 
GE models, to well below estimates from the PE 
models. In other cases, the “Armington” product 
differentiation assumption (or the lack of it) can 
lead to very large differences in projected trade 
patterns across models. This area of modelling 
warrants further investigation.

Despite the differences, modelling results in 
this chapter seem to suggest an enhanced role for 
international trade under climate change. Virtually 
all GE models project global production of key 
crops to be lower under climate change than 
otherwise. Most models also project exports to 
decrease by much less than the projected decline 
in production attributable to climate change. Some 
even project exports to increase against declining 
production due to climate change. 
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■	 Climate variability and change will add further 
stresses on a global food production system 
that needs to respond to future trends of 
increasing population, changes in diet and 
urbanisation.

■ 	 The impacts of climate change on food 
security will vary from one part of the world to 
another and hinder progress towards a world 
without hunger.

■ 	 The stability of whole food systems may be at 
risk under climate change, largely due to short 
term variability and extreme events in 
agricultural markets.

■ 	 Climate change risks to agricultural output, to 
food systems and for food security will increase 
over time and so should not be ignored by those 
making medium- and long-term planning 
decisions about food security.

main chapter messages
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1.	 Introduction

The overall level of hunger in the world has been 
steadily falling since the widespread introduction 
of “green revolution” technologies brought more 
productive crop varieties and better agricultural 
technologies to large parts of Asia and elsewhere. 
The number of hungry people has fallen from an 
estimated 980 million globally in 1990-1992 to 
about 850 million in 2010-2012 (FAO, 2012). The 
boost to production resulting from adoption of 
green revolution varieties has also contributed to 
a long-term decline in global food prices. Areas 
of persistent hunger still remain; many of these 
are in parts of Africa (von Grebmer et al., 2012). 
However, recently much attention has been 
focused on looking ahead to the challenges of the 
feeding the world now and in the near future. How 
can the global food system cope over the coming 
decades with increases in the human population, 
changes in diet, climate change and greater 
demands on energy and water resources (Godfray 
et al., 2010), in addition to the challenges of food 
insecurity that already exist?

Food security is a broad concept, defined by 
the World Food Summit in 1996: food security 
“exists when all people, at all times, have physical 
and economic access to sufficient, safe and 
nutritious food to meet their dietary needs and 
food preferences for an active and healthy life” 
(FAO, 1996). Food security means more than just 
the production of food and encompasses aspects 
of food availability, access, utilization and stability 
(Box 1).

The effectiveness of the agricultural sector is 
only one among many influences that determine 
whether an individual, community or population 
is food-secure. However, when considering the 
potential impacts of climate change on global food 
security, agriculture is a key sector because it is 
inherently sensitive to climate variability and change, 
whether attributable to natural causes or to human 
activities. Climate change resulting from emissions 
of greenhouse gases is expected to exert a direct 
impact on crop production systems for food, feed 

or fodder, affect livestock health, and alter the 
patterns and balance of trade of food products. 
The potential range and extent of indirect impacts 
on food security are large and will be factors in 
addition to direct impacts. All of these impacts will 
vary with the degree of warming and associated 
changes in rainfall patterns, and from one location 
to another. It is likely that climate variability and 
change will add further stresses on food production 
and food security in the future. This paper takes 
a broad view of the complex impacts of climate 
change on food security, with the aim of identifying 
robust conclusions based on research evidence 
to date. It also attempts to frame the existing 
evidence in a way that is accessible to those making 
policy decisions on climate change and food 
security, guided by the recognition that, despite 

The formal definition of food security by 
the Food and Agricultural Organization 
of the United Nations (FAO) has the 
following four components:

1.	 Availability: availability of sufficient 
quantities of food of appropriate 
quality, supplied through domestic 
production or imports;

2.	 Access: access by individuals to 
adequate resources (entitlements) 
for acquiring appropriate foods for a 
nutritious diet;

3.	 Utilization: utilization of food 
through adequate diet, clean water, 
sanitation and health care to reach 
a state of nutritional well-being in 
which all physiological needs are 
met;

4.	 Stability: reliable access to adequate 
food at all times, for populations, 
households or individuals.

box 1 
Food security 
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the complexity and uncertainties of knowledge 
regarding climate change impacts on food security, 
it is necessary to make robust policy choices now, 
to better prepare for the challenges of climate 
change to food security in the future.

2.	 Climate change

Multiple observations have provided increasing 
evidence that the climate is changing. Many pieces 
of evidence support the conclusion that the Earth 
has warmed since pre-industrial time – i.e. the 
middle of the eighteenth century. Evidence ranges 
from direct measurements of climate (for example, 
Figure 1) to observations of change in the natural 
environment that correlate with a warming world 
(IPCC, 2007a). Global mean temperature has risen 
by 0.8°C since the 1850s, with warming found in 
three independent temperature records over land 
and sea and in the ocean surface water (IPCC, 
2007b).

The Berkeley Earth Surface Temperature 
project (BEST) (Richard, 2012) reassessed 
existing records of global temperature. The project 
was independent of any previous organizations 
that have analysed global warming, and used 
different methods. BEST analysed temperature 
measurements dating back to before the 1800s 

from sources around the world. The interim 
project findings were almost indistinguishable from 
previous records of global temperature (Figure 2).
The BEST project concluded that “the global 
warming trend is real”. The project also rejected 
concerns raised by some climate sceptics that 
the warming trend is dominated by an urban heat 
island effect, poor station quality and the risk of 
data selection bias. 

Climate change can result from natural causes, 
from human activities, through the emission of 
greenhouse gases, such as carbon dioxide (CO2), 
methane and nitrous oxides, and from changes in 
land use. CO2 levels in the atmosphere have gone 
up from about 284 ppm in 1832 to 395 ppm in 
2013 (Tans and Keeling, 2013; www.esrl.noaa.
gov/gmd/ccgg/trends/global.html). Fundamental 
physics indicates a clear theoretical link between 
more greenhouse gases in the atmosphere and 
increased global warming. The key question for 
scientists is whether or not the warming observed 
since pre-industrial times can be largely attributed 
to human activities.

Three independent reviews since 2007 have 
found strong evidence for human causes of climate 
change. The headline findings are: 

■ 	 “Most of observed increase in globally 
averaged temperature since the mid-20th 

figure 1 
Decadal changes in global mean temperature from 1850 to 2009 (from Pope et al., 2010)
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century is very likely (more than a 90% chance) 
due to observed increase in anthropogenic 
greenhouse gas concentrations”, 
Intergovernmental Panel on Climate Change 
(IPCC, 2007, WG1).

■ 	 “There is strong evidence that the warming of 
the Earth over the last half-century has been 
caused largely by human activity, such as the 
burning of fossil fuels and changes in land use”, 
The Royal Society (2010).

■ 	 “A strong, credible body of scientific evidence 
shows that climate change is occurring, is 
caused largely by human activities, and poses 
significant risks for a broad range of human 
and natural systems”, United States National 
Science Academy (2010).

A recent study by Huber and Knutti (2012) 
reported that at least three-quarters of the 
temperature rise observed in the past 60 years 
is due to human activity and that natural climate 
variability is extremely unlikely to have contributed 
more than one-quarter of the observed global 
warming. The study findings reinforce previous 
reports that greenhouse gases, in particular CO2, 
are the main cause of recent global warming. It 
calculated a net warming value of 0.5oC (since the 
1950s), which is very close to the actual observed 
temperature rise of 0.55oC. The study was also 

able to model the contribution of solar radiation, 
commonly cited by climate sceptics as the cause 
of global warming. Solar radiation only contributed 
around 0.07oC of the recent warming. This study 
produces even higher confidence that human-
induced causes dominate the observed global 
warming.

Finally, the IPCC 5th Assessment Report, 
published recently, concluded that “there is a clear 
human influence on the climate” and that “it is 
extremely likely that human influence has been the 
dominant cause of observed warming since 1950” 
(IPCC, 2013a).

3.	 Climate variability and 
agriculture

Agriculture is sensitive to variability in weather and 
climate (principally rainfall and temperature) at a 
range of time and spatial scales, as evidenced 
from observations of crop plants, the behaviour of 
soft commodity prices and the productivity of the 
entire agricultural sector.

In many monsoon-affected regions of the 
world, clear, large-scale correlations are seen 
between seasonal rainfall and national crop 
yields and even gross national products (GNPs). 
For example, between 1966 and 1990, the total 

figure 2 
Decadal land-surface average temperature (from Richard, 2012; Figure at 

http://www.bbc.co.uk/news/science-environment-15373071

Source: Berkeley Earth Project
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average annual monsoon rain over all of India 
varied from about 450 mm to over 1200 mm. 
Over the same period, the yield of groundnut, an 
oilseed crop, varied from 600 kg/ha to over 1200 
kg/ha as a country average. Within these country 
averages considerable variation in rainfall and yield 
existed, from state to state and from one district 
to another. Challinor et al. (2004) analysed these 
spatial and temporal patterns and found that just 
over half (52%) the variation in crop yield over this 
time period and from one district to another in 
India could be attributed to variability in the total 
monsoon rains alone (Figure 3). There is a simple, 
large-scale, coherent correlation between variability 
in rainfall and crop yield in India, demonstrating 
the importance of that simple metric of climate in 
India for rainfed crop production. Such large-scale 
patterns can even be found between rainfall and 
GDP growth in countries where the agricultural 
sector represents a large share of national income. 
For example, de Jong (2005) found an association 
between rainfall variability and GDP growth over an 
18-year period in Ethiopia (Figure 4). Given such 
examples of the sensitivity of agriculture to natural 
variability in climate, it is not surprising that there 
are many potential ways in which climate change 
due to human influences could also have an 
impact on agriculture and food security.

4.	 Impacts of climate change 
on food availability

Much of the early literature on the impacts of 
climate change on food availability focused on 
direct effects on crop plants. Increasing the 
concentration of CO2, one of the main greenhouse 
gases, enhances the productivity of most crops, 
due to enhanced rates of photosynthesis (Drake 
et al., 1997). This boost to productivity is apparent 
for all crops that use the C3 photosynthetic 
pathway2, such as wheat, barley, rice and soybean. 
Reviews of hundreds of plant studies found an 
average yield gain of 33 percent for these crops 
(Kimball et al., 1983). Although there is some 
disagreement about whether the full extent of 
these benefits to crops can always be found under 
field conditions (Long et al., 2006), we can expect 
increasing CO2 to benefit the productivity of most 
food crops, pasture grasses and feed crops.

There are, however, a number of important 
crops that have a different response to elevated 
CO2. Maize, sorghum, millet and sugar cane 
use the C4 photosynthetic pathway. The leaf 
photosynthetic rates of C4 plants are not 
substantially enhanced by elevated concentrations 

2	 See chapter, section 2.3 for a detailed definition of 
C3 and C4 pathways.

figure 3 
Patterns of seasonal rainfall (left, cm) and yield of groundnut (right, kg ha-1) in India from 1966 to 1990

Source: Challinor et al., 2004)
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of CO2; yield gains in these plants grown under 
elevated CO2 are much more modest than for C3 
plants – for example, no yield change is observed 
for maize (Long et al., 2006). There is a small 
improvement in the efficiency of water use for both 
C3 and C4 crops under enhanced CO2 conditions.

Warmer temperatures affect the rate at which 
crops grow and develop, and potentially affect 
the survival of plants and seeds at extremes of 
temperature. The duration from sowing to flowering 
to crop harvest is determined by temperature 
regime and by day-length (Craufurd and Wheeler, 
2009). In a warmer climate, we expect the areas 
where crops are grown to shift northwards in 
the northern hemisphere and southwards in the 
southern hemisphere. Where the appropriate 
genetic material is available, farmers at a particular 
location can adapt to these changes using new 
varieties or crops with longer durations; that 
is, with higher thermal requirements for crop 
development. Where longer-season varieties 
cannot be used, crop yields will decline with 
warmer temperatures because less radiation will 
be captured and used for crop yield in seasons of 
shorter duration. For example, an analysis of more 
than 20 000 variety trials of maize across Africa 
found that, for each degree day spent above 30oC, 
final maize yield was reduced by 1 percent under 
optimal rainfed conditions and by 1.7 percent 

under drought conditions (Lobell et al., 2011). In 
the future, with a shift to adapted varieties, some 
of the negative impacts of warmer temperature 
can be partly offset, although there are important 
differences among the world’s major crops – such 
as between C3 and C4 crops, and between 
crops grown in temperate and tropical latitudes. 
For example, a synthesis of adaptation studies of 
wheat yield found that adaptation counteracted the 
equivalent of 4.5 to 5oC of warming in the mid to 
high latitudes, but only 1.5 to 3oC at low latitudes 
(Easterling et al., 2007). Beyond these values 
of temperature warming, the impacts of climate 
change exceed adaptive capacity.

Extremes of hot temperature will become 
more frequent under climate change (Figure 5). 
Even without any changes in the distribution of 
daily temperature, a warmer mean distribution 
will increase the frequency of extremely hot days. 
Increased climate variability, which is expected 
under climate change, will further increase the 
frequency of extreme temperatures. Where 
extremely hot days coincide with a sensitive stage 
of crop development, such as flowering, we find 
dramatic decreases in seed or grain yields (Wheeler 
et al., 2000). For example, an increase in maximum 
temperature above 30oC reduced the seed set of 
rice cultivar IR64 by 7 percent per degree increase 
in heat stress (Jagadish et al., 2007). What is 

figure 4 
Variation in GDP growth with total seasonal rainfall variation in Ethiopia 

Source: de Jong (2005), World Bank (2005)
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less well understood is how these extremely hot 
temperatures may affect the quality of seeds and 
grains for food processing (Madan et al., 2012) or 
for animal feed.

4.1	 Global studies of impacts on crop 
production and yield

The first attempts to examine the potential impacts 
of various scenarios of climate change on crop 
productivity were done using simulations at single 
sites. A crop model simulation would usually 
compare the output of a run of years under current 
climate conditions with a set of simulations using 
the current climate plus a change derived from a 
climate change scenario. Rosenzweig and Parry 
(1994) produced the first global assessment of 
the potential impacts of climate change scenarios 
on crops. They used the output of three General 
Circulation Models (GCMs), each with high 
temperature sensitivity (warming of 4-5.2oC) 
and run with twice the baseline atmospheric 
CO2 equivalent concentrations. They used crop 
models for wheat, maize, soybean and rice, 
ran the simulations at 112 sites in 18 countries 
and aggregated the output to a national level by 
combining the climate change yield signal with 
crop production statistics. The projected change in 

crop yield varied with climate model and in different 
parts of the world. Most of the scenarios showing 
increases in yield were simulated in northern 
Europe, while yield change was negative across 
most of Africa and South America (Rosenzweig 
and Parry, 1994; Figure 6a).

Since 1994, more complete knowledge of 
the effects of climate on crop plant physiology 
has been gained and incorporated into crop 
simulation models, the simulation methods for 
impact studies are more advanced and the 
computing power and datasets to run global 
simulations have improved. As a consequence, 
more studies of the impacts of climate change 
on crop yield and production at a global scale 
have been published. Landmark studies include 
those by Cline (2007), Parry et al. (2004) and 
most recently the World Bank (World Bank, 
2010; Figure 6b). These studies used different 
techniques for estimating climate change impacts; 
the study by Cline, using Ricardian statistical 
economic models, was quite different in method 
from the others, which used more traditional crop 
simulation model approaches.

Despite these differences in method and the 
16-year period over which these studies were 
conducted, the general pattern of change in crop 
productivity has remained the same across all four 
global studies, although the magnitude of crop 

figure 5 
Changes in wheat yields over a range of temperature changes with (green lines) and without (red lines)  

adaptation and at two latitude ranges (from Easterling et al., 2007)
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impacts varies at global scale. In general, crop 
yields experience more negative impact across 
many parts of the tropics, compared with higher 
latitudes where yield impacts can be positive, 
especially in the northern hemisphere. Precise 
projections vary according to the climate model 
scenario used and the time scale over which the 
projection is done – with simulations becoming 
more negative further into the future; however, the 
broad-scale pattern of climate change impacts 
has been consistent over the 20 years or so of 
research. It seems reasonable to conclude that 
there is a robust and coherent pattern of impacts 
of climate change on crop productivity, and most 
likely on food availability, at a global scale.

Within this consistent broad-scale pattern of 
climate change impacts on food availability it is 
also clear that many of the negative impacts occur 
in developing countries, where there is already 
a high level of food insecurity. Wheeler and von 
Braun (2013) showed a close spatial association 
between the global distribution of negative impacts 
on crops and areas where food insecurity is high, 
as quantified by the International Food Policy 
Research Institute (IFPRI) Global Hunger index 
(Von Grebmer et al., 2012). A number of concerns 
for food security underlie this simple association. 
Many negative impacts on crops are projected in 
areas where current climate conditions are already 
marginal (hot or dry) for productive cultivation 
of crops. In addition, technologies and farm 
management systems that could aid adaptation 
to negative climate change impacts are absent or 
underutilized in many developing countries, where 
direct climate impacts are projected to be greatest. 
Such considerations led Wheeler and von Braun 
(2013) to suggest that climate change impacts will 
hinder progress towards a world without hunger.

Studies of crop yield impacts under climate 
change across Africa and South Asia have recently 
been the subject of a systematic review (Knox 
et al., 2012). Systematic methods for summarizing 
research evidence are rare in the field of agricultural 
research; they are found more commonly in the 
health and medical literature. Knox et al. (2012) 
reviewed 1144 existing studies of the impacts of 

climate change on a selection of crops (wheat, 
maize, sorghum, millet, rice, cassava and sugar 
cane) in Asian and African countries. Systematic 
review protocols require that each study be 
screened against a strict set of inclusion criteria. 
Of the initial studies, 52 were selected for meta-
analysis on the basis of strict quality criteria. The 
projected average mean change in yield of all crops 
across both regions was -8 percent by the 2050s. 
Across Africa, yields changed by -17 percent 
for wheat, -5 percent for maize, ‑15 percent for 
sorghum and -10 percent for millet. Across South 
Asia yields changed by ‑16 percent for maize and 
-11 percent for sorghum under climate change 
averaged over studies examining projections from 
2020 to 2080. The magnitude of yield impacts 
increased over this period. No mean change in 
yield was detected for rice, possibly because most 
of the simulations in Asia were of rice grown in 
paddies, which would tend to minimize any signal 
from changes in rainfall.

Within these mean yield impacts, Knox et al. 
(2012) were able to identify some common 
features of different impact methods. For example, 
variation in the projected mean yield change for 
all crops was smaller in studies that used an 
ensemble of more than three GCMs. Complex 
simulation studies using biophysical crop models 
showed the greatest variation in mean yield 
changes. The authors concluded that evidence of 
the impact of climate change on crop productivity 
in Africa and South Asia is robust for wheat, maize, 
sorghum and millet but is inconclusive, absent or 
contradictory for rice, cassava and sugar cane.

4.2	 Local, national and regional 
studies of impacts on crop 
production and yield

The impacts of climate change are expected to 
vary from one part of the world to another and to 
change over time. Consideration of local contexts 
within the large-scale global trends discussed in 
the previous section is important for providing 
information to farmers and their advisers seeking 
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to adapt to these new challenges, because many 
adaptation actions are undertaken at the farm 
or national scale. Global estimates generally 
simulate the impacts of changes in mean seasonal 
temperature and monthly rainfall on crop yields, 
whereas the evidence from crop experiments 
suggests that it is the extremes of climate, which 
are often local, that will have the most severe 
impact on crop productivity (Wheeler et al., 2000). 
More detailed crop simulations, possible at country 
and regional scales, could also consider these finer 
time scales of weather extremes.

National scale assessments of the impacts 
of climate change on crops can potentially use 
information with finer resolution on climate, 
soils, and topography for crop simulation. This 
is especially relevant for large countries such as 
China, as its large natural climate variability adds 
a further level of uncertainty to projections. For 
example, interannual variation in the East Asian 
summer monsoon and the El Niño Southern 
Oscillation account for 14 percent and 16 percent, 
respectively, of the variation in maize yields 
from year to year (Tao et al., 2004), and national 
maize yields decline by 5 percent during an El 
Niño phase (Tao et al., 2004). Changes in some 
climate parameters, principally temperature and 
precipitation, during the last fifty years (Wang 
et al., 2004; Zhai et al., 1999) may have already 
advanced the harvest date of crops in China (Dong 
et al., 2009).

Much finer grid scales of 5-20 km place even 
greater limits on the skill of predictive science than 
national and global scales. Additional uncertainties 
arise from: the method by which the output of 
global-scale climate models is downscaled; 
whether input data (such as crop, soils, typography 
and management information) are available across 
the domain for crop simulation at this scale; and 
general questions about the skill of the simulation 
methods across a fine-scale domain. It is not 
surprising that the sheer complexity of food 
production systems at a very fine scale makes 
them difficult to reproduce in numerical models.

A simple visual comparison of fine-scale 
projections of climate change impacts for maize 

crops in East Africa illustrates the challenges of 
coping with uncertainty (Figure 7; Thornton et al., 
2009). This projection gives fine-scale information 
that is completely absent from projections at the 
broad scale (Figure 6). However, comparison of 
different fine-scale impact studies often shows 
disagreement in both the signal and magnitude 
of the simulated changes in crop productivity at 
any one location. Of course, as in global studies, 
each regional study varies in terms of data inputs 
and simulation methods used, and so in a sense 
these studies reflect the uncertainty space for crop 
impacts under climate change at these fine scales. 
One further level of analysis is needed to help with 
the interpretation of small-scale impacts: a test of 
how well these fine-scale simulations compare with 
observations in the current climate. Such tests of 
model skill are found in some studies at the global 
scale – for example, Osborne et al. (2012).

5.	 Impacts on food access, 
utilization and stability

Climate change impacts on food access, utilization 
and stability are often less direct than those on 
food availability; however, these dimensions of 
food security do have strong links to climate 
change. Perhaps because the impacts are more 
indirect, the evidence is less well-developed for 
these dimensions of food security. Wheeler and 
von Braun (2013) reviewed the evidence of food 
security impacts of climate change following 
publication in 1990 of the first IPCC report. They 
concluded that studies of the impacts of climate 
change on the food availability dimension of 
food security dominated the evidence base, with 
70 percent of publications on this single dimension 
alone. Wheeler and von Braun (2013) summarized 
the main indirect effects of climate change on food 
access, utilization and stability as described in the 
following paragraphs.

Access to food depends on levels of household 
and individual income. Two approaches have 
been used to assess the impacts of climate 
change on access to food: top-down models 
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figure 6 
Global Global impacts of climate change on crop productivity from simulations  

published in 1994 (top, from Rosenzweig and Parry, 1994) and in 2010  

(bottom, from World Bank, 2010)

Source: Wheeler and von Braun, 2013
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that attempt to link macro shocks to household 
level responses and adaptation outcomes; and 
community and household level studies that try to 
assess climate change effects from the bottom up. 
The International Food Policy Research Institute’s 
(IFPRI) International Model for Policy Analysis of 
Agricultural Commodities and Trade (IMPACT) 
model is an example of a top-down approach. 
It connects climate change scenarios with food 
supply effects and market and price outcomes, 
and traces the economic consequences of food 
availability drivers to access and utilization of food, 
including food energy consumption and children’s 
nutrition (Brian et al., 2009; Nelson et al., 2010).

 Studies at the micro level of communities and 
households that are exposed to climate shocks 
capture more adaptation capabilities than macro 
models such as IMPACT – for example, asset 
drawdown, job-switching migration, social policy 
responses and collective action for assistance 
(Kato et al., 2011; Silvestri et al., 2012; Trærup, 
2012). Although these approaches provide fine-
scale detail, they omit the associated risks of 
climate change that cut across broad regions. 
Given the expected changes in the geography 
of agricultural production under climate change, 
the comparative advantage to producing certain 
products at regional and international levels is also 
likely to alter. This will have production implications 
for all agricultural output – food, feed, fuels and 
fibres – and that will affect food trade flows, with 
implications for farm incomes and access to food 
(Hertel, et al., 2010).

The utilization of food is closely linked with the 
general health environment and with water and 
sanitation. Any impact of climate change on the 
health environment also has an impact on food 
utilization. The clearest link found in the literature 
on climate change is the research on freshwater 
resources. There is widespread agreement that 
climate variability and change will have an impact 
on water resources and the availability of clean 
drinking water (Kundzewicz et al., 2007; Delpa 
et al., 2009). Hygiene is also likely to be affected 
by extreme weather events, such as flooding in 
environments where sound sanitation is absent 

(Griffith et al., 2006; Hashizume et al., 2008; Shimi 
et al., 2010). Additionally, uptake of micronutrients 
is affected negatively by diarrheal diseases, 
which are strongly correlated to temperature 
(Schmidhuber and Tubiello, 2007).

Other indirect impacts of climate change on 
nutrition may be seen through risks to the safety 
and quality of food. Contamination of food by 
mycotoxins is a major health and nutrition issue 
in areas where changes in climate could increase 
human exposure to toxins in the food chain. For 
example, the soil-borne fungus Aspergillus flavus 
can infect the pods of groundnut or developing 
grains of maize, where under certain conditions 
it produces the mycotoxin, aflatoxin. The chain 
of influence on the processes that lead to 
contaminated produce are complex, but they are 
partly dependent on weather conditions close 
to the time of harvest and during crop storage. 
Increased storage costs and storage pest attacks 
may result from ecological shifts in a warmer world 
(Paterson and Lima, 2010; Tefera, 2012). Science 
and innovation have a role to play here, such as 
the progress in recent years on improving food 
utilization through fortification and biofortification3, 
which connects food availability with the utilization 
dimension of food security, such as through the 
development of vitamin A-enhanced sweet potato 
varieties (Bouis, 2003; Nestel et al., 2006).

 While problems of insufficient and poor-quality 
food persist, changes in the global environment 
are creating new nutritional issues, such as 
the “nutrition transition”—a process by which 
globalization, urbanization and changes in lifestyle 
are linked to changes in diet towards excess 
caloric intake, poor-quality diets, and low physical 
activity. Together, such changes can lead to 
rapid rises in obesity and chronic diseases, even 
among the poor in developing countries (Popkin 
et al., 2012). The nutrition transition will unfold in 
parallel with the climate change process in coming 
decades.

3	  Biofortificationapplies plant breeding techniques to 
enhance desirable nutrient elements. Fortification is 
adding desirable nutrients to food intake in whatever 
form. 
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Wheeler and von Braun (2013) concluded that 
the stability of entire food systems may be at risk 
under climate change, largely because of short-
term variability and extreme events in agricultural 
markets. Climate change is likely to increase food 
market volatility from the production and supply 
side (see, for example, Mearns et al., 1996). 
Stability can also be endangered from demand-
side shocks, such as bioenergy subsidy and quota 
policies (Beckman et al., 2012), and a broader set 
of risks that can trigger ripple effects for broader 
destabilization of food security. These include: 
the risk of high and volatile food prices, which 
temporarily limit poor people’s food consumption 
(Arndt et al., 2012; Campbell et al., 2010; de 
Brauw, 2011; Torlesse et al., 2003); financial and 
economic shocks, which lead to job loss and credit 
constraints (Smith et al., 2002); and risks posed 
by political disruptions and failed political systems 
(Berazneva and Lee, 2013). These complex system 
risks can assume a variety of patterns, and can 
become catastrophic in combination.

6.	 Mitigation and adaptation 
in the agricultural sector

A key incentive for adaptation in the agricultural 
sector is that the world is already committed to 

some degree of climate change resulting from past 
emission of greenhouse gases (IPCC, 2007b) and 
can expect a further degree of climate change from 
future greenhouse gas emissions. A need already 
exists for adaptation to the impacts on global 
food security that will be experienced because 
of emission of greenhouse gases in the past. 
Adaptation can address potential negative impacts 
or it may exploit any opportunities that may arise 
from climate change (for example, Figure 6). It is 
important to recognize possible opportunities even 
though negative impacts, quite rightly, get the bulk 
of attention, particularly in developing countries.

Local context and detail are vital to adaptation 
in practice. Autonomous adaptation is likely to 
take place spontaneously. In the farming sector, 
for example, a sorghum farmer – without any new 
technology or climate-smart policy incentives – 
can make decisions about the timing of sowing 
and harvesting, the choice of crop types from 
those available, and the management of labour, 
providing that he or she has access to a range 
of technologies and the knowledge to use them 
effectively. However, this does not rule out features 
of adaptation that operate at much larger scales, 
such as the development of agrotechnologies and 
the importance of national and international policies. 
Clearly, there are both large-scale and small-scale 
aspects to adaptation to climate change impacts.

figure 7 
Projected yield changes for maize in East Africa for the year 2050 

(from Thornton et al., 2009)
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Planned adaptation requires investment and 
significant lead times, to cover capital costs and/
or for development of technology. For example, 
the development of heat-tolerant crop varieties, 
or the installation of post-harvest storage facilities 
for a warmer climate, require considerable 
expertise, capital investment and long lead times. 
However, many production-related adaptation 
actions will remain local by nature. More broad-
scale adaptations are often trade-related and/or 
public policy-related, such as social protection for 
nutrition.

There will never be “perfect” adaptation of 
agriculture to climate change. Some negative 
impacts are likely to remain even after adaptation 
actions and investment. This “residual damage” 
may result in increased food insecurity and dealing 
with it requires a degree of resilience to climate 
change (Pingali et al., 2005). The concept of 
“resilience” came from the field of ecology and 
describes the ability of an ecological system to 
recover from a shock, climatic or otherwise. In 
recent years, those working on adaptation to 
climate change have applied these concepts to 
other natural and social systems. The thinking 
is that better resilience to climate variability and 
change can be increased by building institutional 
capacity to respond to shocks, investing in 
infrastructure, establishing social protection 
measures and the like. An appealing aspect of 
this approach is that it does not matter what the 
precise degree of projected climate change is for a 
particular location or time frame – a more resilient 
agricultural system, better able to cope with the 
impacts of variability in the current climate, should 
be better prepared for climate change.

Crop technologies that provide better 
protection against extreme weather events can 
be a useful contribution to more resilient food 
production systems and, in many cases, can 
be the only effective approach. For the example 
of heat stress effects on flowering, described in 
Section 4, the impact of extreme heat depends on 
the timing of the sensitive crop phase (flowering), 
the degree of heat at that time and the genetic 
tolerance of that crop variety to heat during this 

sensitive phase (Wheeler et al., 2000). The duration 
of the heat-sensitive phase is often short – a matter 
of a few days, or even just the morning hours 
within the day (Prasad et al., 1999). Agricultural 
management options to mitigate these impacts 
are therefore limited. In theory a more heat-tolerant 
crop variety could be sown at the start of a season 
when hotter than average weather conditions 
are forecast by seasonal climate models, but this 
strategy contains two serious drawbacks. First, no 
climate model can forecast, three to six months 
ahead of time, the air temperature in a particular 
location at the fine time scale required to anticipate 
heat stress at flowering. Second, even if a robust 
forecast of heat wave conditions were available at 
the time of sowing, it is unlikely that there would be 
a supply of seed of alternative varieties available 
in sufficient quantities to allow large numbers of 
farmers to change their sowing plans at the last 
moment. The seed system itself would need to 
be responsive to changes in agricultural decisions 
about sowing, and that requires large-scale, 
concerted, sector-wide management long before 
the time of sowing.

Crop improvement programmes that provide 
planting material with increased tolerance for 
extreme weather in current varieties – or varieties 
that are at least as acceptable as current 
ones – are a valuable part of an adaptation and 
resilience strategy. For the crop heat stress 
example, Jagadish et al. (2008) have identified 
more heat-tolerant genotypes of rice based on 
the N22 variety. Considerable progress has also 
been made throughout Asia in breeding rice with 
tolerance to flooding. Flash floods and typhoons 
often result in heavy production losses for paddy 
rice. In Bangladesh and India alone, such losses 
amount to an estimated 4 million tonnes of rice 
per year – enough to feed 30 million people. Five 
days of complete submergence will destroy most 
rice crops. However, identification of submergence 
tolerance displayed by an Indian variety, called 
FR13A, has led to successful breeding of 
submergence-tolerant varieties known as “scuba” 
rice that can withstand up to 17 days of complete 
submergence. Marker-assisted backcrossing 
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was used to transfer flood-tolerant traits, such as 
the gene sub1A, into commercially valuable rice 
varieties without losing useful characteristics – 
such as high yield, good grain quality or pest and 
disease resistance.

 Typically, during a flood, rice plants will extend 
the length of their leaves and stems in an attempt 
to escape submergence. The sub1A gene is 
activated when the scuba rice plant is submerged, 
effectively making the plant dormant and allowing 
it to conserve energy until the floodwater recedes. 
This gene also induces tillering (production of 
lateral branches), once water has receded. Six 
rice “mega varieties” – flood-tolerant versions 
of high-yielding local rice varieties, popular with 
farmers and consumers – were tried and tested 
on farmers’ fields across Asia. The first variety 
developed, Swarna-Sub1, showed high survival 
under submerged conditions compared to the 
original variety Swarna, and gave yield advantages 
of 1 to 3 tonnes per hectare over Swarna when 
submerged. The improved Swarna-Sub1 variety 
is now targeted to replace Swarna on some 5 
to 6 million hectares of rice in eastern India and 
Bangladesh. The development of new Sub1 
varieties is now underway in Cambodia, Indonesia, 
Lao PDR, Myanmar, the Philippines, Thailand 
and Viet Nam. Salt tolerance has already been 
introduced into Sub1 varieties and the introduction 
of drought tolerance and tolerance to stagnant 
flooding is currently being examined.

A recent programme developed by the 
International Livestock Research Institute seeks 
to increase the stability of the livelihoods of small-
scale herdsman in northern Kenya, who are 
vulnerable to drought. An innovative insurance 
product has been developed that uses satellites to 
detect the “greenness” of the natural pasturelands 
as an indicator of potential mortality of livestock. 
Herdsman pay about one-third of the cost of one 
animal as the premium to insure 10 animals. When 
a shortage of pasture is detected, the insurance 
pays out. The Government of Kenya intends to 
roll out the livestock insurance product further in 
2014, providing herdsmen with improved financial 
resilience to climate variability.

The agriculture sector is a major contributor to 
human-induced climate change, through emissions 
of greenhouse gases and changes in land use. 
Estimates vary regarding the contribution of the 
agriculture sector to climate forcing, but are usually 
in the range of 20 to 25 percent of the global total 
(IPCC, 2007b). The latest IPCC report estimates 
that the net temperature change attributable to the 
agriculture sector will be about 1oC over a 100-
year time horizon (IPCC, 2013b). Processes such 
as methane generation from paddy rice cultivation 
and from ruminant livestock, nitrous oxide release 
from fertilizers applied to soils and agricultural 
energy use are the dominant contributors. Smith 
et al. (2013) termed these factors supply-side 
options. They can be targeted to reduce climate 
forcing from agriculture, depending on the balance 
of costs. In contrast, demand-side options address 
both climate mitigation and food security targets; 
examples include reduction of waste throughout 
the food chain and large-scale changes in diet 
towards more efficient and lower-emission options. 
Smith et al. (2013) identify these demand-side 
mitigation options as potentially the most effective 
interventions for achieving multiple gains from the 
agricultural sector.

7.	 Understanding and 
working with uncertainty 
about climate change 
impacts on food security

Many aspects of climate change are subject to 
uncertainties, although those who study climate 
change impacts are better equipped than 
those in other disciplines for trying to quantify 
these. It is important to acknowledge a fair 
degree of uncertainty in the evidence of climate 
change impacts on food security that arise 
from projections of climate change, sources of 
natural variability in climate and future emissions 
of greenhouse gases, as well as uncertainties 
in our understanding of the underlying science, 
both of climate and impacts. Hawkins and Sutton 
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(2009) showed how the uncertainties from intrinsic 
variability, climate models and emission scenarios 
on global temperature can change over time. 
Such trends in sources of uncertainty over time 
will also be apparent with respect to impacts 
on food systems. Food systems, however, are 
ultimately driven by people and their behaviour, 
responding to real and perceived changes in their 
local climate. Additional uncertainties regarding 
the impacts of climate change on people arise 
because there are many influences on people’s 
lives other than climate, making it difficult to 
second-guess how individuals, communities and 
countries will respond to climate change and its 
impacts on food systems.

Most evaluations of possible climate change 
impacts use the output from a climate model, 
usually a GCM. Models of climate change impact 
on agriculture vary in scale from global to local. 
Whichever scale is chosen, there is a reliance on 
GCMs to accurately simulate changes in climate 
variables, which are then averaged for a likely 
regional value or downscaled to give an indication 
of local change. Climate models are not always 
able to accurately simulate current climates 
(Semenov and Barrow, 1997) and the uncertainty 
inherent in any modelling process should be taken 
into consideration in any assessment of climate 
change impacts. Climate models are particularly 
prone to errors in rainfall, which is sometimes 
excluded (Mall et al., 2004) or modified (Žalud 
and Dubrovsky, 2002) in agricultural impact 
assessments. Most studies use present-day 
climate maps to train the models, and adjust these 
using modelled differences (“anomalies”) between 
current and future results from the GCM in order to 
project future impacts.

GCM models typically operate on spatial scales 
of about 200 km, which is much larger than the 
spatial scale of most crop models (Hansen and 
Jones, 2000; Challinor et al., 2003). To overcome 
differences in spatial scale, climate data can be 
downscaled to the scale of a crop model (e.g., 
Wilby et al., 1998), or a crop model can be 
matched to the scale of climate model output (e.g., 
Challinor et al., 2004).

Simulation modelling of crop growth, 
development and yield has traditionally focused on 
field-scale simulations, using detailed information 
on soils, climate, crops and management as 
inputs to the modelling. Therefore, for climate 
change impact studies, there is a spatial disparity 
between the scale of projections of climate derived 
from GCMs at grid sizes of 200 km or more and 
field-based crop simulations. One method that 
addresses this difference in spatial scale and the 
heterogeneity of small-scale crop management 
is to upscale crop parameter values. A Bayesian 
approach4 has been developed to upscale crop 
parameter values for paddy rice in Japan using a 
crop parameter ensemble to represent small-scale 
heterogeneity in crop characteristics (Iizumi et al., 
2009).

Climate input for crop simulation models 
can also be downscaled to field scale. For 
example, the computing power of the Earth 
Simulator supercomputer at the Japan Agency 
for Marine-Earth Science and Technology in 
Yokohama, Japan, is being used to run higher 
resolution global climate models at grid sizes 
of 25 km. Crucially, higher resolution produces 
weather-resolving climate models with improved 
descriptions of water and other fluxes between 
the land surface vegetation and the atmosphere. 
Statistical downscaling using weather generators 
can also provide weather data directly at a point 
scale, for input to crop simulation models based 
on the features of observed weather at that point. 
For example, the Long Ashton Research Station 
(LARS) weather generator has been used to study 
the impacts of extremes of weather on wheat; for 
simulations in the United Kingdom, this approach 
has revealed the importance of extremes of high 
temperature for the yield of wheat under climate 
change (Semenov, 2009).

Another approach to bridging the scales of 
climate and crop models is to use an intermediate 
complexity crop model that is run at the same 
spatial scale as a climate model. The General 

4	 A statistical approach based on probabilistic 
inferences.
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Large Area Model (GLAM) for crops takes this 
approach and, because it is process-based, it is 
able to reproduce the effects of variability in climate 
on crop yields (Challinor et al., 2004). In addition 
to climate, crop management and agricultural 
technology have strong influences on yields 
attained in farmers’ fields.

Projections of impacts on food systems to 
date have used the output of climate models 
to drive crop simulations for future conditions. 
However, climate and land surface processes are 
intrinsically linked by feedbacks – for example, in 
the exchange of energy, carbon and water. The 
dynamic nature of natural vegetation change has 
often been included in the land surface schemes of 
climate models or integrated Earth system models; 
these have been used to explore the role of land 
surface processes in global environmental change 
but croplands have only recently been included 
(for example, Osborne et al., 2008). Cultivating 
crops that require management such as irrigation, 
fertilizer application and harvesting, will also affect 
the interaction between the land surface and 
atmosphere.

The research science community routinely 
explores the uncertainty in climate change 
impacts and understanding of the contributions 
of different sources of uncertainty to climate 
change projections of some aspects of food 
security continues to increase. However, real 
issues may arise regarding how this uncertainty is 
communicated to those who want to use research 
evidence. Despite the very real uncertainties in the 
underlying science, decisions still need to be made 
by a whole range of decision-makers, from policy-
makers to practitioners in the agricultural sector. 
Moreover, decisions can only be made using the 
best evidence that is available at the time and they 
cannot wait until “perfect” knowledge is achieved. 

8.	 Towards climate-
compatible food policies

A reasonable aspiration for many of those working 
in national and international policy bodies is to 

use evidence from the research community to 
develop new policies and to inform policy-relevant 
decisions. Although original research outputs 
can be important sources of evidence for policy, 
synthesis reports are particularly vital. Clearly, there 
is an important role for regular synthesis reports, 
such as those of the IPCC and relevant reports of 
series such as the World Development Reports, 
whose 2010 edition concerned development 
and climate change. However, such extensive 
reports require considerable commitment from 
thousands of experts over long periods of time. 
Although these reports have good coverage of 
emerging consensus findings from the evidence 
on climate change impact, they inevitably lack a lot 
of country- or location-specific detail. In addition, 
the period between major synthesis reports can be 
quite long – such as the seven years that elapsed 
between the IPCC 4th and 5th assessment reports. 
So there is also an important role for national and 
international organizations, such as think tanks 
and consultancy organizations, to provide finer-
level and more rapid analyses tailored to specific 
policy requirements for information and knowledge. 
Web-based global knowledge networks have 
also been created to disseminate climate change 
knowledge – for example, the Climate and 
Development Knowledge Network (www.cdkn.
org) – and these can be portals for sharing more 
experiences and lessons of policy initiatives. For 
all these sources of information for policy-makers, 
the way in which knowledge is communicated is 
paramount.

9.	 Conclusions

Much attention has been focused recently on 
how the global food system can cope over the 
coming decades with increases in the human 
population, changes in diet, and greater demands 
on energy and water resources. Climate variability 
and change will add further stresses to food 
production in the future. Understanding these 
complex impacts on food crops is a grand global 
challenge for research. The impacts of climate 

http://www.cdkn.org
http://www.cdkn.org
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change on food security will vary from one part 
of the world to another and they will change over 
time. Local context within large-scale global trends 
is important for providing information to farmers 
and their advisers seeking to adapt to these new 
challenges. Adaptation strategies and investment 
will be needed in response to climate change, from 
developing new technologies – such as improved 
crop and livestock varieties – to building resilience 
to climate within agricultural communities.

In addition to these challenges from climate 
change, there is clearly a need for a more 
productive agricultural sector, in order to meet the 
increasing demand for food products expected 
over the coming decades and hence to contribute 
to global food security. On balance, we should 
anticipate substantial risks to the volume, volatility 
and quality of food crop and animal feed supply 
chains as the result of climate change. Adaptation 
strategies and investment informed by high-quality 
research evidence will be needed, both to respond 
to climate change and to meet the anticipated 
higher demand for food products in the years to 
come. Those making policy decisions will need 
robust, evidence-based advice on which to base 
their actions.

Based on the current evidence regarding 
climate change impacts on food security, one clear 
message for decision-makers, whether as policy-
makers, retailers or practitioners, is that there is no 
single trajectory of climate change impacts for the 
future. Instead, there will be a range of possible 
outcomes – some more likely than others – and all 
of them will depend on the part of the world being 
considered. Nevertheless, we can be confident 
about one thing: the climate change risks to 
agricultural output, to food systems and to food 
security will increase over time and therefore must 
not be ignored by those making medium- and 
long-term planning decisions about food security. 
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