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Abstract International trade plays an important role in facil-
itating global food security in the face of a changing climate.
In considering this issue, it is useful to distinguish between
two different time scales: inter-annual and inter-decadal. Inter-
annual adjustments in international trade can play an impor-
tant role in shifting supplies from food surplus regions to
regions facing food deficits which emerge as a consequence
of extremeweather events, civil strife, and/or other disruptions
The first section of the paper explores the evidence on in-
creased inter-annual supply side volatility, as well as historical
and prospective analyses of adaptation to such volatility and
the role international trade can play in mitigating the adverse
impacts on food security. In the long run, we expect that the
fundamental patterns of comparative advantage will be altered
by the changing climate as well as availability of technology
and endowments (water for irrigation, labor force, capital
stock). In a freely functioning global economy, long run trade
patterns will respond to this evolving comparative advantage.
However, historical food trade has not been free of obstacles,
with both tariff and non-tariff barriers often limiting the ad-
justment of trade to the changing economic landscape. This
section of the paper capitalizes on a newly available library of
climate impact results in order to characterize the tails (both
optimistic and pessimistic) of this distribution. We then ex-
plore the potential for a more freely functioning global trading
system to deliver improved long run food security in 2050.

Keywords Climate change impacts . Food security . Price
volatility . International trade . Climate change adaptation

Introduction

This paper examines the role of international trade in manag-
ing the food security risks posed by climate change. We dis-
tinguish between two distinct types of risks. The first pertains
to the occurrence of extreme weather events. Climate scien-
tists predict that increased concentrations of greenhouse gas-
ses (GHGs) in the atmosphere will lead to greater frequency
and intensity of extreme heat, as well as precipitation
(Diffenbaugh et al. 2005, 2007; IPCC 2013). The ensuing
damage to crops from heat waves, drought, and flooding are
predicted to be significant (Schlenker and Lobell 2010;
Schlenker and Roberts 2009) and are likely to contribute to
increased commodity price volatility (Diffenbaugh et al.
2012), which in turn can translate into greater vulnerability
of the poor to poverty and malnutrition (Ahmed et al. 2009).
Mitigating these risks will require a broad range of adapta-
tions, including increased commodity stockholding, more
flexible farming practices and economic policies and in-
creased openness to international trade. However, even with
these adaptations in place, it is likely that commodity markets
will be more volatile in the future — both due to greater
supply-side volatility, as well as due to diminished willingness
of wealthier households to curb their volume of food con-
sumption in the face of shortages.

The second type of food security risk posed by climate
change is that which results from long run, secular changes
in average temperature and precipitation as GHGs accumulate
in the atmosphere. As these changes will be gradual, there is
greater scope for adaptation, provided that the changes are
anticipated and appropriate long term investments can be
made (Hertel and Lobell 2014). The IPCC Working Group
II foresees that the probability of climate change having
Bnegative impacts on average crop yields becomes likely in
the 2030s^, with Bmedian yield impacts from 0 to −2 % per
decade over the rest of the century^ (IPCC 2014). However,
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these trends in global yields mask considerable variation in the
regional impacts of climate change (Rosenzweig et al. 2014),
with much of the tropics being hit hard by rising temperatures,
while some temperate producing regions are expected to ben-
efit from longer growing seasons. These differential geograph-
ic impacts of climate change suggest that international trade
will necessarily play an important role in moving crops and
livestock products from surplus to deficit regions (Reilly et al.
2002; Tobey et al. 1992).

In this paper, we explore these linkages between climate
change, international trade, and food security by drawing on
the existing literature, as well as by adding some original
analysis of the long run impacts of climate change. In the latter
case, we seek to explore the tails of the current distribution of
climate impact results. To date, most of the studies of long run
climate impacts have focused on ‘most likely’ outcomes.
However, the analysis of Hertel et al. (2010) demonstrates
that, while the most likely outcomes typically have modest
impacts on the poor, the tails of this distribution could have
significant consequences— both positive and negative for the
world’s food insecure populations. In order to explore this
issue in greater depth, we exploit a newly published library
of 36,000 climate impact results (Elliott et al. 2014;
Rosenzweig et al. 2014; Villoria et al. 2014). From this ar-
chive, we take a sample of several of the most extreme com-
binations of forcings, climate model results, as well as esti-
mated crop impacts, and assess the potential impacts on mal-
nutrition in the developing world by mid-century under alter-
native international trade regimes.

Food insecurity and extreme inter-annual events

Why this is important Extreme weather events have long been
a source of food insecurity. Failure of the annual monsoons to
come soon enough, or excessive rainfall in 19th century India
was a great source of food insecurity (Burgess and Donaldson
2010). One of the biggest problems in confronting such pro-
duction shortfalls was the difficulty of transporting large
amounts of grain from unaffected, or lightly affected regions
to the most severe deficit regions of the country. Indeed, in
their study of Indian railroad expansion between 1861 and
1930, Burgess and Donaldson (2010) found that the introduc-
tion of railroads led to diminished local price and real income
volatility in response to regional productivity shocks. They
also found that mortality rates became less sensitive to varia-
tion in rainfall following railroad penetration. Clearly trade—
be it inter-regional or international — can play an important
role in buffering the impacts of heterogeneous weather
shocks.

The buffering potential of international trade is likely to
become more important in the future, as climate scientists
predict that increases in GHG concentrations in the

atmosphere are expected to result in increases in extreme
weather events — including more hot, wet and dry extremes
(Diffenbaugh et al. 2007; IPCC 2013). Indeed, there is evi-
dence that increases in climate extremes are already occurring
(Easterling et al. 2000). This is expected to result in greater
damage to crop production (Diffenbaugh et al. 2012;
Schmidhuber and Tubiello 2007). While new varieties of
crops can aid in adaptation to such changing environmental
circumstances (Olmstead and Rhode 2011) such adaptation
will take time, and the incentives for adaptation may be muted
by the lower yields often associated with more climate-robust
crop varieties. Indeed, Lobell et al. (2014) found that the push
for higher maize yields in the U.S. has actually resulted in
greater sensitivity of this crop to drought. Diffenbaugh et al.
(2012) found that, in the absence of positive biophysical ad-
aptation, climate change could result in a doubling of the
standard deviation of year-on-year U.S. maize price changes.
This suggests that other adaptations will be required in order
to limit the impact of such supply side shocks on commodity
prices and food insecurity.

Household impacts of climate extremes are heterogeneous Before
progressing further with an analysis of the impact of food
price volatility on food insecurity, it is important to highlight
the great heterogeneity of the poor in developing countries.
Ahmed et al. (2009) follow the categories developed by Hertel
et al. (2009) in breaking households up into seven strata based
on their primary source of income. These include: agricultural
self-employed, non-agricultural self-employed, urban labor,
rural labor, transfer dependent, urban diversified and rural
diversified households. The authors analyzed the poverty im-
pacts of a once-in-30 year extreme climate events focusing on
prolonged heat waves and dry days as well as excessive pre-
cipitation. Their results show that urban, wage labor depen-
dent households are most vulnerable to climate-driven shocks
to agricultural productivity. Like all low-income populations,
they devote a large share of their income to food consumption.
When food prices rise, their real incomes fall sharply and they
must cut their consumption of food, thereby worsening food
security. On average, poverty rates in this stratum rose by
30 % across the authors’ sample of 15 developing countries
in Asia, Africa and Latin America.

In contrast, the agriculture self-employed households are
least affected by extreme climate events, with average poverty
rates rising by just 9 %, and the estimated poverty rate for this
stratum of the population falling in one country (Philippines).
This more modest impact is due to the fact that, as crop pro-
ducers, these households benefit from higher food prices. The
other strata fall in between these extremes. Diversified house-
holds typically obtain some of their income from farming, and
rural labor households can either be hurt by adverse climate
shocks, or they may benefit from the increased demand for
rural labor that ensues following a natural disaster. For
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example, Banerjee (2007) found that rural wages rose in the
wake of flooding due to the need for replanting which boosted
the demand for unskilled rural labor. Ahmed et al. (2009)
found that, on average, an additional 250,000 households will
be at risk of falling into poverty under future inter-annual
weather shocks under end-of-century climate conditions. In-
creased exposures in Bangladesh andMexico contribute to the
majority of the rise in the number of households at risk of
poverty.

Evidence on the historical poverty impact of food price
spikes — albeit emanating from a variety of causes (Abbott
et al. 2011) — is offered by Ivanic and Martin (2008) who
estimated the changes in poverty rates in a sample of 10 de-
veloping countries in the light of the food price spikes of
2007/2008. In assessing the rural poverty impacts, they em-
phasize the adverse impacts on low-income rural producers
who are net buyers of food products. They found that, while
the impacts were heterogeneous— and poverty actually fell in
several countries in their sample— overall poverty rates rose
by an average of 2.7 percentage points in the wake of these
price spikes, with steeper increases in rural areas relative to
urban areas.

In general, there are few studies linking extreme events to
incomes and nutritional outcomes of the poor. Recognizing
that the impact of extreme events will depend both on the
impact of food prices on consumption as well as incomes of
the poor, we proceed to focus on the impact of climate ex-
tremes on commodity price volatility, as this is easier to ob-
serve. It is clear that greater volatility in these prices could
adversely affect low-income urban households who may
spend more than 50 % of their income on food. However,
we must continue to bear in mind that the potential impacts
on those who are food insecure will be extremely diverse—
particularly in light of the heterogeneity in their income
sources as discussed above.

Climate extremes and food price volatility In a recent study,
Diffenbaugh et al. (2012) explored the consequences of antic-
ipated changes in future temperature and precipitation over the
continental U.S. on maize price volatility. They found such
price volatility could increase dramatically in the wake of four
decades of climate change. This is primarily caused by the
adverse yield impacts owing to the increased incidence of
excessive heat — temperatures over 29 °C — during critical
phases of plant development. Furthermore, they pointed to
U.S. biofuels policy as a potential source of further instability,
owing to the existence of quantity targets for ethanol use (the
Renewable Fuel Standard, or RFS), which are independent of
market conditions.

Verma et al. (2014) built on the results of Diffenbaugh et al.
(2012) and examined more closely the role of market integra-
tion in adaptation to future climate extremes. They found that
a key determinant of future responses to such extremes resides

in the manner in which the corn and oil markets are integrated.
While binding RFS mandates are very destabilizing,
establishing a tighter connection with energy markets could
actually be beneficial for adaptation. Verma et al. (2014) rec-
ognized that this is a double-edged sword as oil prices are
themselves quite unstable and there is a fear of crop
commodity markets inheriting this instability. However, the
analysis of Verma et al. (2014) suggests that the benefits,
which come from having an additional, very large, price-
responsive source of demand for grain, dominate the potential
costs of being more closely linked to volatile energy markets.
They conclude that the most beneficial economic adaptation is
market-driven integration with energy. However, this will on-
ly occur if oil prices rise beyond recent levels and remain high
enough to attract additional investments and allow for expan-
sion of biofuels production.1

Verma et al. (2014) also examine the impacts of interna-
tional market integration on commodity price volatility in the
context of climate change. In particular, they consider the
potential for Bfree trade^— in this case elimination of import
tariffs — to buffer climate shocks. By conducting their sto-
chastic simulation analysis twice — once with tariffs in place
and once without— they were able to ascertain the impact of
greater market integration on climate-driven commodity mar-
ket volatility. Not surprisingly, they found that this form of
adaptation does indeed reduce price volatility. However, the
impact is relatively modest— particularly when compared to
inter-sectoral integration with energy noted previously. This
finding is influenced by the fact that the authors treated current
trade policies (import tariffs and export taxes) as exogenous
and unchanging. Therefore, in the tariff-laden scenario, they
did not allow tariffs to vary in response to market conditions.
Furthermore, they did not consider the possibility of changes
in export taxes or other restrictions on exports when world
markets spike.

In fact, the political economy of food is such that countries
often have a strong incentive to shield urban consumers from
world price spikes (Anderson et al. 2013), thereby attempting
to avoid the urban unrest which may follow high food prices.
Of course, the fewer countries which allow domestic supply
and demand to adjust to global scarcity, the greater the
adjustment required to equilibrate global supply and
demand. Martin and Anderson (2012) and Anderson and
Nelgen (2012) used a simplified trade framework to estimate
the extent to which national border policy responses to the
2006–2008 food crisis (both export taxes and import tariff
reductions) contributed to increased world market price vola-
tility. They found that changes in border restrictions accounted
for about two-fifths of the rise in international rice prices, one-
fifth of the rise in wheat prices and just 10 % of the rise in

1 At the time of this writing, oil prices have been falling. However, this
may be a transitory phenomenon.
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maize prices. Thus, by understating the contribution of trade
distortions to current market volatility, the estimates of Verma
et al. (2014) would appear also to understate the potential for
trade reforms to mitigate future price volatility.

Ahmed et al. (2011) pointed out that government export
bans can also limit favorable opportunities created by climate
change for some of the world’s poorest countries. Those au-
thors studied Tanzania, examining future projections of adverse
climate impacts (more specifically, severe dry conditions) on
trade, welfare and poverty in that country. Instead of simply
studying impacts on Tanzania, the authors also considered po-
tential impacts in her main trading partners, along with the
world’s major producing regions. They found that many of
her trading partners were expected to experience droughts in
years in which Tanzania was only mildly affected. This opens
the possibility of Tanzania exporting grain in years when the
world’s major producers are adversely affected by extreme
events and world prices are high. However, these are precisely
the conditions under which Tanzania has previously imposed
export bans! Such bans prevent rural producers from taking
advantage of high world prices. It exacerbates the resulting rise
in world prices, and it limits the incentive to invest in improved
agricultural infrastructure, thereby preventing these opportuni-
ties from lifting the incomes of the rural poor.

All of this suggests that, from the point of view of maxi-
mizing the value of international trade as a vehicle for miti-
gating the adverse impacts of extreme events, the most impor-
tant discipline on international trade is likely to be curtailing
the policies aimed at insulating domestic markets from world
price developments. However, it is precisely these types of
policies which have proven to be the major stumbling block
in international trade agreements under the WTO. Many de-
veloping countries count such policies as critical to their do-
mestic food security programs, which seek to ensure stable
(and low) prices for consumers. At the time of this writing, a
temporary resolution has been agreed upon which prohibits
challenges to domestic policies as long as it is line with food
security objectives (WTO General Council 2014). A compre-
hensive WTO agreement on the banning of export restrictions
remains elusive, although there are opportunities outside this
institution wherein voluntary agreements could be reached
(Anania 2013). Overall, movement towards more liberal glob-
al trading regime remains limited.

The role of international trade in reducing food insecurity
in the face of long run climate change

The long run challenge In the long run, the challenge posed
by climate change is rather different from that of managing
extreme events. On a decadal scale, we expect the fundamen-
tal patterns of comparative advantage to change, with

agriculture expanding in regions which are relatively more
productive and have lower production costs. This will be driv-
en by a variety of factors, including differing rates of growth in
crop productivity, changing variability in environmental fac-
tors such as precipitation, temperature and ground water for
irrigation, as well as shifting availability of economic endow-
ments including labor force and capital for new investments.
In a freely functioning global economy, trade patterns will
respond to the evolving comparative advantage. However,
food trade has never been free of obstacles, with widespread
tariff and non-tariff barriers which limit the responsiveness of
global agricultural production to changing economic forces.
This section of the paper utilizes the SIMPLEmodel of global
agricultural production, consumption and trade (Baldos and
Hertel 2013) in order to explore the long run evolution of
regional demand and supply for food, and the potential for
achieving improved long run food security in the context of
a more tightly integrated global trading system.

The SIMPLE model In contrast to other global models which
emphasize temporal, spatial, and sectoral complexity¸ SIMP
LE (a Simplified International Model of agricultural Prices,
Land use and the Environment) is designed to be as parsimo-
nious as possible, focusing only on the key drivers and eco-
nomic responses which govern long run food consumption
and production. The model has been validated against history
and can faithfully replicate historic changes in crop produc-
tion, area, yield and prices at global scale (Baldos and Hertel
2013). SIMPLE has also been used to analyze climate change
mitigation and adaptation in the agricultural sector (Lobell
et al. 2013), the environmental implications of future agricul-
tural productivity growth (Hertel et al. 2014) and the prospects
for food security by 2050 (Baldos and Hertel 2014).

The basic framework of SIMPLE is summarized in Fig. 1.
Starting with food consumption (top portion, in red), per
capita food demand is driven by exogenous per capita income
growth and food prices, which are endogenously determined
within the model. Food commodities covered in SIMPLE
comprise three categories: crops, livestock products and proc-
essed foods. Consumer responses to income growth and food
prices evolve to reflect shifts in dietary preferences—moving
away from crops towards livestock and processed foods. Per
capita food consumption is then summed over the entire pop-
ulation to derive total food consumption.

The structure of crop production is illustrated at the bottom
portion of Fig. 1 (in green). Crops are produced by combining
land and aggregate non-land inputs. The latter input embodies
all other factors of production— excluding land— which are
used by the crops sector. The non-land input aggregate in-
cludes labor, machinery and working capital, pesticides and
fertilizers, among other things. SIMPLE has been designed to
allow for endogenous changes in crop yields via input substi-
tution between land and non-land inputs. The evolution of
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crop yields is also driven by exogenous assumptions about
productivity trends due to climate change and/or additional
investments in agricultural R&D. Once produced, crops are
allocated towards direct food consumption, feed use in the
livestock sectors, raw input use in the processed food indus-
tries, as well as feedstocks in the global biofuel sector.

National and international markets facilitate interaction
among economic agents and determine equilibrium food
consumption, production and prices. The presence of tar-
iff and non-tariff trade barriers, as well as other trade
costs, diminishes the capacity of markets to respond to
prevailing supply and demand conditions. In this paper,
the SIMPLE model is modified to examine the conse-
quences of market barriers. Starting with the case wherein
trade barriers are present, it is assumed that consumers
and producers can participate in either the global or the
domestic crop markets (middle portion of Fig. 1). Greater
travel time to markets due to large distances and/or poor

infrastructure often increase transaction costs and prevent
some economic agents from accessing international mar-
kets (Disdier and Head 2008; Limão and Venables 2001).
In SIMPLE, this market segmentation is introduced ex-
plicitly. Both consumers and producers have imperfect
access to international markets so domestic and interna-
tional prices do not move in lock-step. Of course, in the
extreme case wherein crop markets are perfectly integrat-
ed, then there is a single global market which determines
the global crop price (Baldos and Hertel 2013). We will
explore the implications of integrated world markets as
well, contrasting the long run impact of climate change
in this context with the outcomes in the segmented mar-
kets case.

In SIMPLE, changes in food security are driven by
changes in average caloric consumption (Baldos and
Hertel 2014). Changes in per capita food consumption
are directly converted to changes into average caloric

Fig. 1 The SIMPLE model with domestic and global markets
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consumption. Furthermore, by characterizing the full dis-
tribution of caloric consumption within a region, using the
lognormal distribution,2 and applying a minimum dietary
energy requirement, it is possible to express malnutrition in
terms of the average shortfall in caloric consumption
amongst the under-nourished population (FAO 2012).
However, it is important to note we are only looking at
one dimension of hunger and a more robust measure of
food security should include adequate consumption of
key macro- and micro- nutrients as well as vitamins.

Figure 2 summarizes how changes in per capita caloric
consumption are translated into shifts in the distribution of
caloric consumption. By way of illustration, Fig. 2 plots the
caloric distribution for Sub Saharan Africa in the years 2006
(solid black line) and 2050 (dashed blue line). The vertical
dotted line within the 2006 distribution represents the mini-
mum caloric requirement. The area to the left of this line is the
fraction of the population which is malnourished, having ca-
loric consumption below the required amount. Going forward
to 2050, rising per capita incomes lead to increased food and
caloric consumption. Greater caloric intake shifts the distribu-
tion, resulting in a thinner tail to the left of the unchanging
minimum caloric requirement. The malnutrition incidence in
2050 is the area bounded by the minimum dietary energy
requirement and the new caloric distribution curve. Once cal-
culated, the malnutrition index may then be combined with
population data to derive the malnutrition headcount within a
region. The average depth of malnutrition may also be com-
puted from the new distribution.

Experimental design A series of carefully designed exper-
iments has been developed in this paper to evaluate the
range of possible food security changes owing to climate
change under different trade regimes. Starting with the
baseline scenario, the global farm and food system is
projected from 2006 to 2050 in the absence of climate
change. Key growth rates used in the forward-looking
projections are listed in Table 1. In the coming decades,
it is expected that population and per capita incomes will
dictate food demand. The population and income growth
rates are based on the Shared Socio-economic Pathways
(SSP) Database (2013). These SSPs have been specifical-
ly designed for climate change impact assessment by pro-
viding alternative trends in socio-economic development
when climate change impacts are ignored (Kriegler et al.
2012; O’Neill et al. 2014). In this study, SSP 2 is used,
which assumes that fu ture socio-economic and

technological development permits successful implemen-
tation of climate change adaptation and mitigation strate-
gies (Kriegler et al. 2012). The recent assessments of the
potential impacts of climate change on crop yields world-
wide, which are used in this study, are also based on SSP
2 projections (Elliott et al. 2014; Müller and Robertson
2014; Nelson et al. 2014; Rosenzweig et al. 2014).

The global growth rates reported in Table 1 suggest that
income growth will outpace population growth (0.8 % per
annum); thus, per capita income growth (2.4 % per annum)
will be a key driver of future food demand. Regions wherein
strong per capita income growth is expected include China/
Mongolia and South Asia. Note that food consumption in
these regions will likely shape global trends as a large share
of the world’s populace currently reside in these areas. Al-
though population growth is slowing globally, the developing
world will still experience steady population growth — par-
ticularly in Sub Saharan Africa.

In addition to population and income, future food demand
will also be affected by crop feedstock demand for first and
second generation biofuel production. Projections of global
biofuel consumption is based on the BCurrent policies^ sce-
nario published in the World Energy Outlook (IEA 2008,
2012). These forecasts are based on the results of a detailed
world energy model given exogenous growths in GDP and
population as well as assumptions on future energy prices and
technology. With the BCurrent policies^ scenario, all energy
policies for the power and transportation sectors enacted as of
mid-2012 are taken into account.

Sustained growth in agricultural productivity is crucial to
meet ever-increasing food demands in the coming decades. In
this study, estimates of total factor productivity (TFP) growth
rates—a measure of productivity which accounts for total out-
put given over-all input use—are used in future projections.
Regional TFP growth rates for the crops and livestock sectors
are based on adjusted historical estimates from Fuglie (2012)
and projections from Ludena et al. (2007). Lacking detailed
TFP projections for the processed food sector, historical rates
from Griffith et al. (2004) are used, assuming that these rates
apply in the future and across all regions.

Having established the future baseline scenario, the subse-
quent experiments incorporated crop yield impacts of climate
change. Recent projections of food security outcomes based
on the SIMPLE model (Baldos and Hertel 2014) used a nar-
row set of climate change yield shocks generated from a single
crop model and averaged across alternative future climate sce-
narios (Müller et al. 2010). This paper improves on the previ-
ous work by capitalizing on a newly available library of cli-
mate impact results based on the latest Global Gridded Crop
Model (GGCM) inter-comparison project (Elliott et al. 2014;
Müller and Robertson 2014; Nelson et al. 2014; Rosenzweig
et al. 2014). It provides a comprehensive evaluation of the
uncertainties imposed by climate change on future agricultural

2 Early work by FAO (Neiken 2003) found that the log-normal distribu-
tion has a better fit of household data on caloric consumption compared to
other distributions. The log-normal is also widely used in the poverty
literature to calculate the poverty headcount and poverty incidence (see
Foster et al. (1984)) and similar indices can be constructed to measure the
incidence and headcount of caloric undernutrition.
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productivity. These yield impacts vary across crop, space and
time, and also consider the absence/presence of CO2 fertiliza-
tion as well as irrigation. The results of the GGCM inter-
comparison project are available to the public and can be
freely accessed using the AgMIP tool developed by Villoria
et al. (2014) (https://mygeohub.org/tools/agmip). Climate
change productivity shocks are constructed using global
yield projections for the 21st century for four rain-fed crops
(maize, rice, wheat and soybean), generated under differing
assumptions about CO2 fertilization (present in one case, and

absent in the other). The reason for considering the two ex-
tremes for CO2 fertilization is that there remains considerable
uncertainty about the size of these effects (Long et al. 2006).
Early studies were undertaken in artificial environments
(greenhouses) in which the value of improvedwater efficiency
were potentially overstated. This has led some authors to
wholly ignore CO2 fertilization in assessing the crop impacts
of climate change (Nelson et al. 2014). However, we disagree
with this approach and believe it is more appropriate to con-
sider these two scenarios as upper and lower bounds on

Table 1 Future growth rates of
key drivers

Data sources from left to right:
population and income growth
from the Shared Socio-economic
Pathways (SSP) Database (2013),
World Energy Outlook (IEA
2008, 2012), total factor
productivity growth for crops,
livestock and processed food
sectors from Fuglie (2012),
Ludena et al. (2007) and Griffith
et al. (2004) respectively

Regions Population Per capita
income

Biofuel Total factor productivity

Crop Livestock Processed food

Eastern Europe −0.13 3.20 1.33 1.04

North Africa 1.05 3.07 1.24 −0.30
Sub Saharan Africa 2.05 3.49 0.63 0.43

South America 0.73 2.47 1.33 2.64

Australia/New Zealand 1.23 1.32 0.82 0.42

European Union+ 0.27 1.27 0.95 0.42

South Asia 1.07 4.17 0.77 1.71

Central America 0.83 2.02 1.32 2.64

Southern Africa 0.73 2.62 1.16 0.43

Southeast Asia 0.80 3.69 1.29 2.38

Canada/US 0.74 1.17 1.17 0.42

China/Mongolia 0.07 5.26 1.61 2.38

Middle East 1.43 2.06 1.02 −0.30
Japan/Korea −0.17 1.56 1.29 0.42

Central Asia 0.67 4.68 1.33 1.04

World 0.83 2.41 5.80 0.95 2.15 0.89

Fig. 2 Distribution of caloric
consumption for Sub Saharan
Africa in 2006 (solid black line)
and in 2050 (dashed blue line).
Within each distribution, the area
to the left of the minimum daily
caloric consumption (dotted black
line) is the fraction of the
population who are
undernourished
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climate impacts for any given combination of crop model/
SSP/ global circulation model (GCMs).

Available yield projections for most global crop models
remain somewhat limited. Given the crop coverage and CO2

fertilization assumptions covered in this paper, only two glob-
al crop models have adequate data for all five GCMs.3 These
are the pDSSAT and the LPJmL crop models.4 Productivity
shocks were calculated given future climate generated using
GCMs under the RCP8.5 scenario which assumes that GHG
emissions and atmospheric concentrations are expected to rise
sharply in the future. Grid-cell yield outcomes were aggregat-
ed from the grid cell to each region in the SIMPLE model
using gridded crop production data from Monfreda et al.
(2008). We then aggregated across all four crops using crop
production values from FAOSTAT (2014) to derive the final
productivity shocks for each region.

For purposes of assessing the full range of uncertainties in
climate impacts, it is important that the two crop models un-
derpinning these estimates derive from the two major families
of crop modeling approaches and therefore reflect significant
differences in underlying base data and assumptions regarding
the expected impacts of climate change on crop yields. The
pDSSAT model is a site-based crop model and is calibrated
using data from controlled field experiments at specific loca-
tions. On the other hand, the LPJmL model is a global eco-
system crop model and therefore relies on production data
collected at the level of administrative units such as counties,
provinces and countries. These two models also embody dif-
ferences in the input data on climate and soils as well as on the
assumptions regarding fertilizer application rates, crop culti-
vars and initial level of atmospheric CO2 (Rosenzweig et al.
2014).

Figure 3 summarizes the crop yield impacts from climate
change which are used in the future projections. When CO2

fertilization effects are considered (top panel, Fig. 3), the yield
reductions are much lower, relative to the estimated impacts
when CO2 fertilization is ignored (bottom panel, Fig. 3). In-
deed, crop yields in some regions might even rise in the pres-
ence of CO2 fertilization, based on the current parameterization

3 These consist of HADGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-
CHEM, GFDL-ESM2M, NorESM1-M. For convenience, these models
are mentioned in the paper as HADGEM, IPSL, MIROC, GFDL,
NORESM, respectively.
4 The EPIC model also has sufficient data but it is not available in the
version of the AgMIP tool that we used in this study.

Fig. 3 Changes in crop yields due to climate change with (top panel) and
without (bottom panel) CO2 fertilization effects (in % per annum over the
period, 2006–2050). These are based on aggregated grid-cell level yields

for rain-fed maize, soybean, wheat and rice for each crop model and
GCM model combination
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of these cropmodels. Across cropmodels, the pDSSATmodel
(right-hand panels, Fig. 3) generates more conservative esti-
mates of crop yield impacts relative to the LPJmL model (left
panels, Fig. 3). If CO2 fertilization effects are omitted then the
expected crop yield reductions from climate change are gen-
erally steeper under the LPJmL model (lower left panel,
Fig. 3). Looking at the Sub Saharan Africa (SS_Afr) and
South Asia (S_Asia), regions which are most vulnerable to
food insecurity, the observed reductions in crop yield growth
are quite notable under the LPJmL and HADGEM model
combination (−1.1 and −0.3 % per annum, respectively). As
most of the world’s malnourished reside in these regions, we
pay special attention to the future food security trends in Sub
Saharan Africa and South Asia in the advent of climate
change.

Future food security impacts of climate change The global
impacts of climate change on future food security under dif-
ferent trade regimes are summarized in Fig. 4. These ranges
represent the percent deviations in global malnutrition count
in the presence of climate change relative to the 2050 baseline
wherein climate change impacts are ignored. The upper and
lower bounds in Fig. 4 highlight the outcomes in the absence
and presence of CO2 fertilization effects, respectively. Absent
CO2 fertilization, adverse temperature and precipitation from
climate change dampens agricultural productivity. To meet

increased food demand in the future, farmers offset these un-
favorable productivity shocks by using more inputs. However,
such a response will drive up production costs leading to
higher food prices and increased food insecurity. When CO2

fertilization effects are considered, climate change can give
rise to improved crop yields, relative to baseline, resulting in
greater crop output and lower food prices in some regions.
Across crop models, greater uncertainty in global food secu-
rity is observed under the LPJmL crop model (Fig. 4, bottom
panels). Indeed, across all GCMs the upper bounds of the
deviations in global malnutrition headcount are generally
higher under the LPJmL model than with the pDSSAT model
(Fig. 4, top panels). Of course, this is expected as the projected
reductions in crop yields are generally greater with the LPJmL
crop model—especially when CO2 fertilization effects are
omitted.

Market barriers have significant implications for future
food security in the presence of climate change impacts,
as the range of malnutrition outcomes are substantially
smaller when markets are tightly integrated (Fig. 4, right
panels). In particular, the size of the adverse impacts (red
upper bounds in Fig. 4) is diminished under integrated
markets especially under the LPJmL crop model and
HADGEM global circulation model where the rise in
global malnutrition count due to climate change — when
CO2 fertilization effects are omitted — is dampened from

Fig. 4 Global food security
impacts of climate change under
different trade regimes for each
crop model and GCM model
combination. Green lower and
red upper bounds (with and
without CO2 fertilization effects,
respectively) represent deviations
in global malnutrition count
relative to the 2050 baseline
without climate change
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a rise in 54.8 % to an increase of 30.6 %, relative to the
2050 baseline. Note that productivity impacts from climate
change alter the comparative advantage of crop production
worldwide. When markets are perfectly integrated, farmers
in regions which are least affected by adverse climate
change shocks (or face favorable productivity impacts)
are encouraged to respond to these changes by expanding
crop production and increasing input use. Of course, out-
put only expands up to the point where excess profits are
exhausted, and this is facilitated by the fact that greater
factor demand pushes up input prices and hence the over-
all cost of crop production in the climate-favored regions.
Likewise, under integrated world markets, consumers can
more readily adapt by purchasing crops in regions wherein
market prices are relatively lower. If adverse yield impacts
in one region can be offset by yield improvements in the
rest of the world then it is possible that food prices will be little
affected by climate change. In the presence of fully integrated
world markets, it is the net global effect of climate change
which is critical for long-run food production and food secu-
rity. Introduction of trade barriers (market segmentation) hin-
ders access to the world markets; thus the regional impacts of
climate change play a relatively more important role in shap-
ing regional food security.

We now shift our attention to Sub Saharan Africa and
South Asia as, by 2050, most of the world’s undernourished
will reside in these regions. By mid-century, the number of
persons exposed to extreme hunger in these regions declines
significantly under our baseline scenario, highlighting the im-
portance of other factors — particularly income growth and
technological progress in agriculture—in determining future
food security (Baldos and Hertel 2014). Given the future base-
line, around 49 M and 81 M persons are undernourished in
South Asia and Sub Saharan Africa, respectively (from 302M
and 158 M in 2006, respectively) assuming that market bar-
riers remain. The number of malnourished persons in Sub
Saharan Africa far exceed those in South Asia due to the fact
that expected population growth in Sub Saharan Africa is
roughly twice as large as the growth in South Asia (2.1 % vs
1.1 % per annum, respectively). If markets are completely
integrated then the malnutrition count in these regions de-
clines further (to 25 M and 27 M persons, respectively).

Figure 5 highlights the changes in regional food security in
the advent of climate change. Specifically, the figure summa-
rizes the percent and absolute changes in regional malnutrition
count (top and bottom panels, respectively). Given these
ranges, it appears that Sub Saharan Africa and South Asia
are quite vulnerable to climate change — particularly under

Fig. 5 Regional food security
impacts of climate change under
different trade regimes given
LPJmL crop model and HADG
EM GCM model. Green lower
and red upper bounds (with and
without CO2 fertilization effects,
respectively) represent deviations
in regional malnutrition count
relative to the 2050 baseline
without climate change
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the productivity shocks predicted by the LPJmL crop model
and HADGEM general circulation model. The range of mal-
nutrition headcount — in percentage changes relative to
2050 — for South Asia is greater than the range for Sub
Saharan Africa when trade distortions persist (upper left panel,
Fig. 5). This is expected since the adverse climate change
yield impacts are higher in the former region (−1.1 % per
annum) than in the later region (−0.3 % per annum). Of
course, this range is significantly reduced when markets are
fully integrated (upper right panel, Fig. 5) which suggests that
future gains in food security in South Asia is relatively more
sensitive to trade liberalization than in Sub Saharan Africa
given the climate change impacts under the LPJmL crop and
HADGEM global circulation models. In terms of absolute
changes relative to the 2050 baseline (i.e., millions of mal-
nourished people), the range of outcomes in Sub Saharan Af-
rica exceed those in South Asia since the number of malnour-
ished persons by 2050 is greater in the former region than in
the latter region. Due to the negative impacts of climate
change in these regions, removal of trade barriers can offer
significant reduction in the number of malnourished persons
in these parts of the world (lower panels, Fig. 5). The range of
change, relative to baseline, in the malnutrition count is
narrowed down from −17 M to 67 M persons to around
−8 M to 17M persons for Sub Saharan Africa while for South
Asia the range is reduced from −7 M to 56 M persons to
roughly −6 M to 12 M persons.5 When markets are fully
integrated, the adverse regional impacts of climate change
are mitigated as consumers can more readily adapt to chang-
ing market conditions by tapping the world markets. These
findings are robust across crop model and GCM model com-
bination (Figs. 6, 7 and 8 in the Appendix). Although climate
change is critical for regional food security, it is important to
bear in mind that the contribution of climate change on global
future food security is relatively small when compared to other
drivers of the global farm and food system (Baldos and Hertel
2014; Schmidhuber and Tubiello 2007) (see Fig. 9 in the
Appendix). Overall, our findings highlight the importance of
international trade in mitigating the adverse impacts of climate
change on future global and regional food security— a point
highlighted in previous studies as well (Reilly et al. 1994;
Tobey et al. 1992).

Of course our focus here on food prices and consumption is
only part of the story, climate change can have significant
distributional impacts through its effect on household earn-
ings—particularly those active in the agricultural sector. In
their general equilibrium analysis of long run climate trends,

Hertel et al. (2010) conclude that the poverty impacts of ad-
verse climate change are most severe amongst non-
agricultural households in Africa and South Asia. In contrast,
they found the poverty rates fall amongst agricultural house-
holds in those regions which are most lightly affected by cli-
mate change (e.g., parts of Latin America) where the effect of
rising commodity prices are, on net, beneficial.

Summary and conclusions

The changing climate will reshape the global farm and food
system, leading to increased frequency and intensity of ex-
treme weather events, which, in turn, are expected to lead to
greater inter-annual volatility in food supply. Furthermore, the
expected food price impacts of these extreme events are likely
to hit hardest those who are already vulnerable to poverty and
hunger. In the longer-run, shifts in temperature and precipita-
tion trends will alter the comparative advantage of food pro-
duction across the world and could potentially dampen agri-
cultural productivity growth in regions which have high prev-
alence of hunger. In order to strengthen future food security,
adaptation to both inter-annual and inter-decadal impacts of
climate change is needed. International trade offers an impor-
tant opportunity to manage both these risks.

Based on our review of the literature, we expect that im-
proved integration across markets and removal of trade distor-
tions can contribute to the mitigation of food price volatility
from climate extremes. However, it is important to recognize
that there are significant political challenges in formulating and
adopting trade agreements which will reduce existing barriers to
trade in international food markets. Focusing on the long-run,
we utilize a newly available library of crop yield projections
under climate change to examine a wide range of climate
impacts using an economic model of global agriculture.
Depending on the crop model, GCM model and assumptions
on CO2 fertilization, we see that climate change contributes to
considerable uncertainty in the number ofmalnourished persons
worldwide by mid-century. We found that the populations in
Sub Saharan Africa and South Asia are relatively more vulner-
able to the long-term food security impacts from climate
change. However, we also clearly see significant moderation
in the range of malnutrition count when markets are fully inte-
grated, highlighting the importance of international trade in mit-
igating the long-term food security impacts of climate change.
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5 In Baldos and Hertel (2014) wherein market barriers are ignored, the
baseline malnutrition counts by 2050 in Sub Saharan Africa and in South
Asia are around 47 M to 26 M persons, respectively. The ranges of
malnutrition counts relative to the future baseline given climate change
are around −16 M to 13 M persons for Sub Saharan Africa and −7 M to
5 M for South Asia.
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Appendix

Fig. 6 Food security impacts of climate change in Sub Saharan Africa
under different trade regimes for each crop model and GCM model
combination. Green lower and red upper bounds (with and without

CO2 fertilization effects, respectively) represent deviations in regional
malnutrition count relative to the 2050 baseline without climate change
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Fig. 8 Food security impacts of
climate change in the Rest of the
World under different trade
regimes for each crop model and
GCM model combination. Green
lower and red upper bounds (with
and without CO2 fertilization
effects, respectively) represent
deviations in regional
malnutrition count relative to the
2050 baseline without climate
change

Fig. 7 Food security impacts of
climate change in South Asia
under different trade regimes for
each crop model and GCMmodel
combination. Green lower and
red upper bounds (with and
without CO2 fertilization effects,
respectively) represent deviations
in regional malnutrition count
relative to the 2050 baseline
without climate change
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