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Abstract:

Based on predicted changes in the magnitude and distribution of global precipitation, temperature and
river flow under the IPCC SRES A1B and A2 scenarios, this study assesses the potential impacts of
climate change and CO2 fertilization on global agriculture. The analysis uses the new version of the
GTAP-W model, which distinguishes between rainfed and irrigated agriculture and implements water
as an explicit factor of production for irrigated agriculture. The results suggest that a partial analysis of
the main factors through which climate change will affect agricultural productivity lead to different
outcomes. Our results show that global food production, welfare and GDP fall in the two time periods
and SRES scenarios. Higher food prices are expected. Independently of the SRES scenario, expected
losses in welfare are marked in the long term. They are larger under the SRES A2 scenario for the
2020s and under the SRES A1B scenario for the 2050s. The results show that countries are not only
influenced by regional climate change, but also by climate-induced changes in competitiveness.
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1 Introduction

Water is essential. The impact of climate change on water resources is therefore one of the
most important reasons for concern about unabated greenhouse gas emissions. However,
while many studies have focussed on the natural science aspects of water availability, the
human response is crucially important: Adaptation could potentially alleviate the impact of
falling water resource but maladaptation may exacerbate the situation. Adaptation, including
adaptation to changing water resources, is often studied at the local scale. However, farmers
are the biggest global water users and farmers operate, directly or indirectly, at the world
market for agricultural products. This paper therefore looks at the impacts of climate-change-
induced changes in water resources on agriculture in the context of international trade.

Current observations and climate projections suggest that one of the most significant
impacts of climate change is likely to be on the hydrological system, and hence on river flows
and regional water resources (Bates et al. 2008; Strzepek and McCluskey 2007). Principal
climate variables affecting water availability are precipitation, temperature and potential
evaporation. Precipitation is the source of all freshwater resources and determines the level of
soil moisture, which is essential in the formation of runoff and hence river flow.! Soil
moisture is determined not only by the volume and timing of precipitation, but also by a
complex interaction and feedbacks with evaporation and temperature (IPCC 2001b).

By itself, an increase in precipitation would increase soil moisture. However, even
with higher precipitation, surface runoff may decrease in some river basins due to greater
evaporation in a warmer atmosphere (IPCC 2001a). Temperature is particularly important in
snow-dominated regions, determining the timing of snowmelt and thus the seasonality of
available water. In regions with little or no snowfall, surface runoff is much more dependent
on rainfall than on temperature (Bates et al. 2008; Barnett et al. 2005).

Climate model simulations suggest that global average precipitation will increase as
global temperature rise. As a result, global water availability is expected to increase with
climate change. However, large regional differences are expected. At high latitudes and in

some wet tropical areas, river flow and water availability are projected to increase. An

! Runoff and river flow are closely related and its distinction can be vague. Runoff is the amount of precipitation
which flows into rivers and streams following evaporation and transpiration by plants, usually expressed as units
of depth over the area of the catchment. River flow or streamflow is the water flow within a river channel,

usually expressed as a rate of flow past a point (IPCC 2001a).



opposite trend is projected for some dry regions at mid-latitudes and in the dry tropics
(Falloon and Betts 2006; Bates et al. 2008). In many regions, the positive effects of higher
annual runoff and total water supply are likely to be offset by the negative effects of changes
in precipitation patterns, intensity and extremes, as well as shifts in seasonal runoff.
Therefore, the overall global impacts of climate change on freshwater systems are expected to
be negative (Bates et al. 2008).

Precipitation intensity and variability are expected to rise under a warmer climate,
increasing the risks of flooding and drought in many regions. Alcamo et al. (2007a) estimated
an increase in future average water availability in Russia, but also a significant change in the
frequency of high and low runoff events; which eventually change the positive effect of more
water supply. In many of the main crop areas in Russia, changes in the frequency of extreme
climate events could double the frequency of food production shortfalls in the 2020s and
triple in the 2070s.

In addition, the projected increase in precipitation intensity is expected to exacerbate
water pollution and produce adverse effects on surface and groundwater quality as well as
increase the risk of soil erosion (Boxall et al. 2009; Falloon and Betts 2009; Macleod et al.
2010). Similarly, more frequent and intense droughts are expected to spread water stress and
increase land degradation, increasing the risk of water and food shortages. Changes in
precipitation patterns may also affect groundwater recharge rates (Bates et al. 2008).

Shifts in the amount and seasonality of river flows caused by changes in monthly
precipitation and temperature are expected to impact aquatic and riparian ecosystems and
modify the availability of water for irrigation, industrial and domestic use. Barnett et al.
(2005) projected a decline in the water stored in glaciers and snow cover in the tropical
Andes and in many Asian mountain regions, affecting adversely river flow and water supply
during the long dry seasons. Changes in river flow would also affect the capacity of
hydroelectric power generation.

In addition to affecting water supply systems, climate change will also affect water
demand. Higher temperatures and changes in precipitation patterns are expected to increase
irrigation water demand for crops. Based on a revised SRES A2 scenario, Fischer et al.
(2007) estimated an increase in global irrigation water requirements of 45 percent between
2000 and 2080. Irrigation water requirements were projected to increase by around 50 percent
in developing regions and 16 percent in developed regions. Fischer et al. (2007) found that
two-thirds of the increases in irrigation water requirements were related to an increase in the

average daily requirements caused by warming and changed precipitation patterns; and one-

4



third was related to the extended crop calendars in temperate and sub-tropical zones. In turn,
irrigation can also alter local and regional climate (Boucher et al. 2004).

Rosenzweig et al. (2004) pointed out that while changes in the hydrological systems
will influence the demand for and supply of water for irrigation, in addition future socio-
economic pressures will increase the competition for water between irrigation needs and non-
agricultural users due to population and economic growth. Global estimates show an increase
in the number of people living in water-stressed regions despite the projected increase in
global water availability, suggesting that regional precipitation patterns and demographic and
socio-economic factors play an important role on future global water stress (Arnell 2004,
Alcamo et al. 2007Db).

Agriculture is by far the biggest global user of freshwater resources and consequently
highly vulnerable to climate change. Globally, around 70 percent of all available freshwater
is used for irrigation, 22 percent is used by industry and 8 percent is used for residential
purposes (United Nations 2003). In most developing countries, the agricultural sector
provides the main livelihood and employment for most of the population and contributes
considerably to national GDP. Therefore, reductions in agricultural production caused by
future climate change could seriously weaken food security and worsen the livelihood
conditions for the rural poor (Commission for Africa 2005).

The World Bank (2007) identifies five main factors through which climate change
will affect the productivity of agricultural crops: changes in precipitation, temperature,
carbon dioxide (CO,) fertilization, climate variability, and surface water runoff. Increased
climate variability and droughts will affect livestock production as well. Crop production is
directly influenced by precipitation and temperature. Precipitation determines the availability
of freshwater and the level of soil moisture, which are critical inputs for crop growth. Based
on an econometric analysis, Reilly et al. (2003) found that higher precipitation leads to a
reduction in yield variability. Therefore, higher precipitation will reduce the yield gap
between rainfed and irrigated agriculture, but it may also have a negative impact if extreme
precipitation causes flooding (Falloon and Betts 2009).

Temperature and soil moisture determine the length of growing season and control the
crop’s development and water requirements. In general, higher temperatures will shorten the
freeze periods, promoting cultivation in cool-climate marginal croplands. However, in arid
and semi arid areas, higher temperatures will shorten the crop cycle and reduce crop yields

(IPCC 2007). A higher atmospheric concentration of carbon dioxide enhances plant growth



and increases water use efficiency (CO, fertilization) and so affects water availability (e.g.
Betts et al. 2007; Gedney et al. 2006; Long et al. 2006).

Climate variability, especially changes in rainfall patterns, is particularly important
for rainfed agriculture. Soil moisture limitations reduce crop productivity and increase the
risk of rainfed farming systems. Although the risk of climate variability is reduced by the use
of irrigation, irrigated farming systems are dependent on reliable water resources, therefore
they may be exposed to changes in the spatial and temporal distribution of river flow (CA
2007).

The aim of our paper is to assess how climate change impacts on water availability
influence agricultural production world-wide. As climate variables we use predicted changes
in global precipitation, temperature and river flow under the IPCC SRES A1B and A2
scenarios from Falloon and Betts (2006) and Johns et al. (2006) and include the effect of CO,
fertilization as well. All these variables play an important role in determining agricultural
outcomes. Temperature and CO, fertilization affect both rainfed and irrigated crop
production. While precipitation is directly related to runoff and soil moisture and hence to
rainfed production; river flow is directly related to irrigation water availability and hence to
irrigated production. The analysis is carried out using the new version of the GTAP-W
model. Unlike earlier studies we are able to take into account changes in river flow since
GTAP-W distinguishes between rainfed and irrigated agriculture and implements water as an
explicit factor of production for irrigated agriculture. The GTAP-W model (Calzadilla et al.
2008a) is a global computable general equilibrium (CGE) model that allows for a rich set of
economic feedbacks and for a complete assessment of the welfare implications of alternative
development pathways. Therefore, our methodology allows us to study the impacts of future
availability of water resources on agriculture and within the context of international trade
taking into account a more complete set of climate change impacts (see section 2 for more
details on the literature).

The remainder of the paper is organized as follows: the next section briefly reviews
the literature on economic models of water use including studies of climate change impacts.
Section 3 describes the revised version of the GTAP-W model. Section 4 focuses on the
future baseline simulations. Section 5 describes the data used and lays down the simulation
scenarios. Section 6 discusses the principal results and section 7 concludes.



2 Economic models of water use

Economic models of water use have generally been applied to look at the direct effects of
water policies, such as water pricing or quantity regulations, on the allocation of water
resources. Partial and general equilibrium models have been used. While partial equilibrium
analysis focus on the sector affected by a policy measure assuming that the rest of the
economy is not affected, general equilibrium models consider other sectors or regions as well
to determine the economy-wide effect; partial equilibrium models tend to have more detail.
Most of the studies using either of the two approaches analyze pricing of irrigation water only
(for an overview of this literature see Johansson et al. 2002). Rosegrant et al. (2002) used the
IMPACT model to estimate demand and supply of food and water to 2025. While the
IMPACT model covers a wide range of agricultural products and regions, other sectors are
excluded; it is a partial equilibrium model.

Studies of water use using general equilibrium approaches are generally based on data
for a single country or region assuming no effects for the rest of the world of the
implemented policy (for an overview of this literature see Calzadilla et al. 2008a or Dudu and
Chumi 2008). All of these CGE studies have a limited geographical scope. Berittella et al.
(2007) and Calzadilla et al. (2008a) are an exception. Calzadilla et al. (2008a) used the global
CGE model GTAP-W, which accounts for water resources use in the agricultural sector, to
analyze the economy-wide impacts of enhanced irrigation efficiency. They found that
regional and global water savings are achieved when irrigation efficiency improves. Not only
regions where irrigation efficiency changes are able to save water, but also other regions are
induced to conserve water. They show mostly positive welfare gains for water-stressed
regions; for non-water scarce regions welfare gains are more mixed and mostly negative.
Calzadilla et al. (2010) used the same model to investigate the role of green (rainfall) and
blue (irrigation) water resources in agriculture. They evaluated different scenarios of
sustainable water use in the agricultural sector and found a clear trade-off between economic
welfare and environmental sustainability. In a combined analysis using the IMPACT and
GTAP-W models, Calzadilla et al. (2009) evaluated the efficacy of two adaptation measures
to cope with climate change in Sub-Saharan Africa. They found that an increase in
agricultural productivity achieves better outcomes than an expansion of irrigated areas, due to
the low initial irrigated areas in the region.

Using a previous version of the GTAP-W model, Berrittella et al. (2006, 2007, 2008a
and 2008b) analyzed the economic impact of various water resource policies. Unlike the

predecessor GTAP-W, the revised GTAP-W model, used here, distinguishes between rainfed
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and irrigated agriculture. The new production structure of the model introduces water as an
explicit factor of production and accounts for substitution possibilities between water and
other primary factors.

Despite the global scale of climate change and the fact that food products are traded
internationally, climate change impacts on agriculture have mostly been studied at the farm
(e.g. Abler et al. 1998), the country or the regional level (e.g. Darwin et al. 1995; Verburg et
al. 2008; Calzadilla et al 2009). Early studies of climate change impacts on global agriculture
analyzed the economic effects of doubling the atmospheric carbon dioxide concentration
based on alternative crop response scenarios with and without CO; effects on plant growth.
Results indicate that the inclusion of CO; fertilization is likely to offset some of the potential
welfare losses generated by climate change (Kane et al. 1992; Reilly et al. 1994; Rosenzweig
and Parry 1994; Tsigas et al. 1997; Darwin and Kennedy 2000).

While theses approaches were unable to analyze adaptation options at farm or
regional level, global CGE models that capture regional changes in agricultural inputs and
managements options avoid these limitations. Darwin et al. (1995) used the Future
Agricultural Resources Model (FARM) to study the role of adaptation in adjusting to new
climate conditions. The FARM model differentiates six land classes according to the length
of the growing season and is composed of a global CGE model and a geographic information
system that links climate with production possibilities at regional-level. The results suggest
that farm-level adaptations might mitigate any negative impacts induced by climate change.
In a more recent analysis, Darwin (2004) suggested that regions with a relatively large share
of income from agricultural exports may be vulnerable not only to direct climate-induced
agricultural damages, but also to positive impacts induced by greenhouse gas emissions
elsewhere.

Based on the general equilibrium Basic Linked System (BLS) model, Fischer et al.
(1994, 1996) studied the potential biophysical responses of major food crops to a doubling of
CO,, concentrations as well as the socio-economic consequences for the period 1990-2060.
Parry et al. (1999) used the same model to look at the world’s food security, estimating that
climate change may increase the number of people at risk of hunger by around 80 million
people in 2080. The BLS model has been used in conjunction with the Agro-Ecological Zone
(AEZ) model to analyze potential impacts of climate change in agro-ecological and socio-
economic systems up to 2080 (Fischer et al. 2005; Fischer et al. 2007; Tubiello and Fischer
2007). The results suggest regional and temporal asymmetries in terms of impacts due to

diverse climate and socio-economic structures. Adaptations on-farm and via market
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mechanisms are going to be important contributors to limiting the severity of impacts.
Mitigation efforts could potentially reduce the global cost of climate change and decline the
number of additional people at risk of malnutrition.

None of these studies have water as an explicit factor of production, as does our
GTAP-W model. Moreover, most of these studies are based on scenarios related to a
doubling of CO; concentration, not taking into account the timing of the expected change in
climate. Despite the considerable uncertainty in future climate projections (IPCC 2007),
detailed information on the impacts of changes in precipitation, temperature and CO,
fertilization on crop yields is available, as well as the benefits of adaptation strategies.
However, there is a lack of information about potential impacts of changes in river flow on
irrigated agriculture. Our approach, based on the global CGE model GTAP-W, allows us to
distinguish between rainfed and irrigated agriculture as well as to analyze how economic
actors in one region/sector might respond to climate-induced economic changes in another
region/sector. We analyze climate change impacts on global and regional agriculture at two
time periods (2020s and 2050s). We use projected changes in global precipitation,
temperature and river flow under the IPCC SRES A1B and A2 scenarios; as well as CO,

fertilization effects on crop growth.

3 The GTAP-W model

In order to assess the systemic general equilibrium effects of climate change impacts on
global agriculture, we use a multi-region world CGE model, called GTAP-W. The model is a
further refinement of the GTAP model® (Hertel 1997), and is based on the version modified
by Burniaux and Truong® (2002) as well as on the previous GTAP-W model introduced by
Berrittella et al. (2007).

2 The GTAP model is a standard static CGE model distributed with the GTAP database of the world economy
(www.gtap.org). For detailed information see Hertel (1997) and the technical references and papers available on
the GTAP website.

® Burniaux and Truong (2002) developed a special variant of the model, called GTAP-E. The model is best
suited for the analysis of energy markets and environmental policies. There are two main changes in the basic
structure. First, energy factors are separated from the set of intermediate inputs and inserted in a nested level of
substitution with capital. This allows for more substitution possibilities. Second, database and model are

extended to account for CO, emissions related to energy consumption.



The new GTAP-W model is based on the GTAP version 6 database, which represents
the global economy in 2001, and on the IMPACT 2000 baseline data. The model has 16
regions and 22 sectors, 7 of which are in agriculture.* The most significant change and
principal characteristic of version 2 of the GTAP-W model is the new production structure, in
which the original land endowment in the value-added nest has been split into pasture land
(grazing land used by livestock) and land for rainfed and for irrigated agriculture. The last
two types of land differ as rainfall is free but irrigation development is costly. As a result,
land equipped for irrigation is generally more valuable as yields per hectare are higher. To
account for this difference, we split irrigated agriculture further into the value for land and the
value for irrigation. The value of irrigation includes the equipment but also the water
necessary for agricultural production. In the short-run the cost of irrigation equipment is
fixed, and yields in irrigated agriculture depend mainly on water availability. The tree
diagram in Figure Al in Annex A represents the new production structure.

Land as a factor of production in national accounts represents “the ground, including
the soil covering and any associated surface waters, over which ownership rights are
enforced” (United Nations 1993). To accomplish this, we split for each region and each crop
the value of land included in the GTAP social accounting matrix into the value of rainfed
land and the value of irrigated land using its proportionate contribution to total production.
The value of pasture land is derived from the value of land in the livestock breeding sector.

In the next step, we split the value of irrigated land into the value of land and the
value of irrigation using the ratio of irrigated yield to rainfed yield. These ratios are based on
IMPACT data. The numbers indicate how relatively more valuable irrigated agriculture is
compared to rainfed agriculture for particular land parcels. The magnitude of additional yield
differs not only with respect to the region but also to the crop. On average, producing rice
using irrigation is relatively more productive than using irrigation for growing oil seeds, for
example. Regionally, on average more crops are grown under irrigation in South America
compared to North Africa or Sub-Saharan Africa.

The procedure we described above to introduce the four new endowments (pasture
land, rainfed land, irrigated land and irrigation) allows us to avoid problems related to model
calibration. In fact, since the original database is only split and not altered, the original
regions’ social accounting matrices are balanced and can be used by the GTAP-W model to

% See Table A1 in Annex A for the regional, sectoral and factoral aggregation used in GTAP-W.

10



assign values to the share parameters of the mathematical equations. For detailed information
about the social accounting matrix representation of the GTAP database see McDonald et al.
(2005).

As in all CGE models, the GTAP-W model makes use of the Walrasian perfect
competition paradigm to simulate adjustment processes. Industries are modelled through a
representative firm, which maximizes profits in perfectly competitive markets. The
production functions are specified via a series of nested constant elasticity of substitution
functions (CES) (Figure Al). Domestic and foreign inputs are not perfect substitutes,
according to the so-called ‘*Armington assumption’, which accounts for product
heterogeneity.”

A representative consumer in each region receives income, defined as the service
value of national primary factors (natural resources, pasture land, rainfed land, irrigated land,
irrigation, labour and capital). Capital and labour are perfectly mobile domestically, but
immobile internationally. Pasture land, rainfed land, irrigated land, irrigation and natural
resources are imperfectly mobile. While perfectly mobile factors earn the same market return
regardless of where they are employed, market returns for imperfectly mobile factors may
differ across sectors. The national income is allocated between aggregate household
consumption, public consumption and savings. The expenditure shares are generally fixed,
which amounts to saying that the top level utility function has a Cobb-Douglas specification.
Private consumption is split in a series of alternative composite Armington aggregates. The
functional specification used at this level is the constant difference in elasticities (CDE) form:
a non-homothetic function, which is used to account for possible differences in income
elasticities for the various consumption goods.® A money metric measure of economic
welfare, the equivalent variation, can be computed from the model output.’

In the original GTAP-E model, land is combined with natural resources, labour and

the capital-energy composite in a value-added nest. In our modelling framework, we

> The Armington assumption of nationally differentiated products is commonly adopted in global trade models
to explain cross-hauling of similar products (when a country appears to import and export the same good in the
same period) and to track bilateral trade flows.

® A non-homothetic utility function implies that with different income levels a households budget shares spent
on various commadities changes.

" The equivalent variation measures the welfare impact of a policy change in monetary terms. It is defined as the

change in regional household income at constant prices that is equivalent to the proposed change.
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incorporate the possibility of substitution between land and irrigation in irrigated agricultural
production by using a nested constant elasticity of substitution function (Figure Al). The
procedure how the elasticity of factor substitution between land and irrigation (oLw) was
obtained is explained in more detail in Calzadilla et al. (2008a). Next, the irrigated land-water
composite is combined with pasture land, rainfed land, natural resources, labour and the
capital-energy composite in a value-added nest through a CES structure.

The IMPACT model provides detailed information on green water use in rainfed
production (defined as effective rainfall); and both green and blue water use in irrigated
production (blue water or irrigation is defined as the water diverted from water systems).® In
the GTAP-W benchmark equilibrium, water used for irrigation is supposed to be identical to
the volume of blue water used for irrigated agriculture in the IMPACT model. An initial
sector and region specific shadow price for irrigation water can be obtained by combining the
social accounting matrix information about payments to factors and the volume of water used
in irrigation from IMPACT. Contrary to blue water, green water used in rainfed and irrigated
crop production has no price. It is modelled exogenously in the GTAP-W model using
information from IMPACT.

The distinction between rainfed and irrigated agriculture within the production
structure of the GTAP-W model allows us to study expected physical constraints on water
supply due to, for example, climate change. In fact, changes in rainfall patterns can be
exogenously modelled in GTAP-W by changes in the productivity of rainfed and irrigated
land. In the same way, water excess or shortages in irrigated agriculture can be modelled by

exogenous changes to the initial irrigation water endowment.

4 Future baseline simulations
Future climate change impacts on agriculture are analyzed at two time periods: the 2020s and
2050s. Economy-wide climate change impacts are compared to alternative no climate change

benchmarks for each period. To obtain a future benchmark equilibrium dataset for the GTAP-

8 Green water used in crop production or effective rainfall is part of the rainfall that is stored in the root zone and
can be used by the plants. The effective rainfall depends on the climate, the soil texture, the soil structure and
the depth of the root zone. The blue water used in crop production or irrigation is the applied irrigation water
diverted from water systems. The blue water used in irrigated areas contributes additionally to the freshwater

provided by rainfall (Rosegrant et al. 2002).
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W model we use the methodology described by Dixon and Rimmer (2002). This
methodology allows us to find a hypothetical general equilibrium state in the future imposing
projected values for some key economic variables in the initial calibration dataset. In this
way, we impose projected changes in regional endowments (labour, capital, natural
resources, rainfed land, irrigated land and irrigation), in regional factor-specific and multi-
factor productivity and in regional population. We use estimates of regional labour
productivity, labour stock and capital stock from the G-Cubed model (McKibbin and
Wilcoxen 1998). Changes in the allocation of rainfed and irrigated land within a region as
well as irrigation and agricultural land productivity are implemented according to estimates
from the IMPACT model (Rosegrant et al. 2002). Finally, we use the medium-variant
population estimates from the Population Division of the United Nations (United Nations
2004).

The detailed information supplied by the IMPACT model (demand and supply of
water, demand and supply of food, rainfed and irrigated production and rainfed and irrigated
area) to the GTAP-W model allows for a calibration of the baseline year and future
benchmark equilibriums. We use the IMPACT 2050 simulation without climate change to
find a hypothetical general equilibrium in 2020 and 2050. The 2020 data is obtained by linear
interpolation between the 2000 baseline data and the 2050 simulation without climate change.

Compared to the 2000 baseline data (Table B1 in Annex B), the IMPACT model
projects a growth in both harvested area and crop productivity for 2020 under normal climate
conditions (Table B2 in Annex B). The world’s harvested area is expected to increase by
about 1.1 percent between 2000 and 2020. This is equivalent to a total area of 1.3 billion
hectares in 2020, 34.2 percent of which is under irrigation. For the same period, the world’s
crop production is expected to increase by 32.8 percent. Rainfed crop production increases by
31.3 percent, despite a decrease in rainfed area by 0.1 percent. Irrigated crop production and
harvested area increase by 34.8 and 3.5 percent, respectively.

A similar tendency is observed in 2050 (Table B3 in Annex B). Between 2000 and
2050, the world’s crop production is expected to increase by 91.7 percent. Rainfed and
irrigated production increase by 88.0 and 96.8 percent, respectively. For the same period, the
world’s crop area is expected to increase by 2.8 percent. While rainfed crop area decreases by
0.2 percent, irrigated crop area increases by 8.7 percent. In 2050, farmers in Sub-Saharan
Africa, South Asia and China are expected to use around half of the world’s crop area,
accounting for 37.8 percent of the world’s crop production. Sub-Saharan Africa and South

Asia are expected to use around 38.3 percent of the world’s rainfed area and produce around
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22.1 percent of the world’s rainfed production. Similarly, South Asia and China are expected
to use around 56.4 percent of the world’s irrigated area and produce around 41.8 percent of

the world’s irrigated production.

5 Data input and design of simulation scenarios

We analyze climate change impacts on global agriculture based on predicted changes in the
magnitude and distribution of global precipitation, temperature and river flow from Falloon
and Betts (2006) and Stott et al. (2006). They analyzed data from simulations using the
Hadley Centre Global Environmental Model including a dynamic river routing model
(HadGEM1-TRIP) (Johns et al. 2006; Martin et al. 2006) over the next century and under the
IPCC SRES A1B and A2 scenarios. Their results are in agreement with previous studies (e.g.
Arnell 2003; Milly et al. 2005). For consistency, we note here that while these HadGEM1
simulations did include the impact of elevated CO, concentrations on runoff, they did not
include explicit representations of crops, irrigation, groundwater or dams.

A relatively optimistic scenario (A1B) is contrasted with a relatively pessimistic
scenario (A2), covering in this way part of the uncertainty of future climate change impacts
on water availability. As described in the SRES report (IPCC 2000), the A1B group of the Al
storyline and scenario family considers a balance between fossil intensive and non-fossil
energy sources. It shows a future world of very rapid economic growth, global population
that peaks in mid-century and decline thereafter, as well as rapid and more efficient
technology development. It considers convergence among regions, with a substantial
reduction in regional differences in per capita income. The SRES A2 scenario describes a
very heterogeneous world. It considers self-reliance and preservation of local identities, and
continuously increasing global population. Economic development is primarily regionally
oriented and per capita economic growth and technological change are more fragmented and
slower than in other storylines.

The analysis is carried out at two time periods: the 2020s (medium-term) and 2050s
(long-term). Both time periods represent the average for the 30-year period centred on the
given year; the 2020s represents the average for the 2006-2035 period and the 2050s
represents the average for the 2036-2065 period. Predicted changes in precipitation,
temperature and river flow under the two emission scenarios are compared to a historic-
anthropogenic baseline simulation, which represents the natural variability of these variables.

It is the 30-year average for the 1961-1990 period. We use annual average precipitation,
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temperature and river flow data. Therefore, in the current study we do not consider local scale

impacts nor changes in seasonality or extremes.

River Flow

Compared to the average for the 1961-1990 period (historic-anthropogenic simulation),
Falloon and Betts (2006) found large inter-annual and decadal variability of the average
global total river flow, with an initial decrease until around 2060. For the 2071-2100 period,
the average global total river flow is projected to increase under both SRES scenarios (around
4 percent under the A1B scenario and 8 percent under the A2 scenario). The A2 scenario
produced more severe and widespread changes in river flow than the A1B scenario.

Figure 1 shows for the two time periods (2020s and 2050s) and for the two emission
scenarios (A1B and B2) a global map of predicted changes in river flow relative to the 1961-
1990 period. Large regional differences are observed. For both emission scenarios and time
periods, the number of countries subject to decreasing river flow is projected to be higher
than those with increasing river flow. In general, similar regional patterns of changes in river
flow are observed under the two emission scenarios and time periods. Significant decreases in
river flow are predicted for northern South America, southern Europe, the Middle East, North
Africa and southern Africa. In contrast, substantial increases in river flow are predicted for
boreal regions of North America and Eurasia, western Africa and southern Asia. Some
exceptions are parts of eastern Africa and the Middle East, where changes in river flow vary
depending on the scenario and time period. Additionally under the A1B-2050s scenario, river
flow changes are positive for China and negative for Australia and Canada, while opposite
trends were observed for other scenarios and time periods.

Figure 1 about here

River flow is a useful indicator of freshwater availability for agricultural production.
Irrigated agriculture relies on the availability of irrigation water from surface and
groundwater sources, which depend on the seasonality and interannual variability of river
flow. Therefore, river flow limits a region’s water supply and hence constrains its ability to
irrigate crops. Table 1 shows for the two time periods and emission scenarios regional
changes in river flow and water supply according to the 16 regions defined in Table Al
(Annex A). Regional changes in river flow are related to regional changes in water supply by
the runoff elasticities of water supply estimated by Darwin et al. (1995) (Table 1). The runoff
elasticity of water supply is defined as the proportional change in a region’s water supply

divided by the proportional change in a region’s runoff. That is, an elasticity of 0.5 indicates
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that a 2 percent change in runoff results in a 1 percent change in water supply. Regional
differences in elasticities are related to differences in hydropower capacity, because
hydropower production depends on dams, which enable a region to store water that could be
withdrawn for irrigation or other uses during dry and rainy seasons.

Table 1 about here

Precipitation
Falloon and Betts (2006) pointed out that predicted changes in river flow were largely driven
by changes in precipitation, since the pattern of changes in precipitation were very similar to
the pattern of changes in river flow, and the changes in evaporation opposed the changes in
river flow in some regions. Figure 2 shows for the two time periods and for the two emission
scenarios a global map of predicted changes in precipitation relative to the 1961-1990 period.
Decreases in both river flow and precipitation were predicted for northern South America and
southern Europe while evaporation was reduced — hence the reduction in river flow was
driven mostly by the reduction in rainfall. In high latitude rivers, increases in river flow and
rainfall were predicted along with increases in evaporation, so the river flow changes here
were mostly driven by changes in rainfall. In tropical Africa, increases in river flow and
rainfall were predicted along with decreases in evaporation, so changes in rainfall and
evaporation both contributed to the river flow changes.
Figure 2 about here

The exposure of irrigated agriculture to the risk of changes in climate conditions is
more limited compared to rainfed agriculture which depends solely on adequate soil
moisture. Therefore, rainfed production is highly vulnerable to changes in precipitation.
Regional crop yield responses to changes in precipitation and temperature are based on
Rosenzweig and Iglesias (1994) (Table B4 in Annex B). They used the International
Benchmark Sites Network for Agrotechnology Transfer (IBSNAT) dynamic crop growth
models to estimate climate change impacts on crop yields at 112 sites in 18 countries,
representing both major production areas and vulnerable regions at low, mid and high
latitudes. The IBSNAT models have been validated over a wide range of environments and
are not specific to any particular location or soil type. Rosenzweig and Iglesias (1994) used
the IBSNAT crop models CERES (wheat, maize, rice and barley) and SOYGRO (soybeans)
to analyze crop yield responses to arbitrary incremental changes in precipitation (+/- 20%)

and temperature (+2°C and +4°C).
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Temperature
The regional patterns of temperature increases were similar for the two emission scenarios
and time periods (Figure 3). Larger temperature increases are expected at high latitudes and
under the SRES A1B scenario.
Figure 3 about here

Crop production is directly influenced by precipitation and temperature. Temperature
and soil moisture determine the length of growing season and control the crop’s development
and water requirements. Crop yield responses to higher temperature levels are based on
Rosenzweig and Iglesias (1994) (Table B4 in Annex B).

CO, Fertilization

Our estimates of the CO, fertilization effect on crop yields are based on information
presented by Tubiello et al. (2007). They reported yield response ratios for C3 and C4 crops
to elevated CO; concentrations in the three major crop models (CERES, EPIC and AEZ). The
yield response ratio of a specific crop is the yield of that crop at elevated CO, concentration,
compared by the yield at a reference scenario. In our analysis, we use the average crop yield
response of the three crop models. The CO, concentrations levels in 2020 and 2050 are
consistent with the IPCC SRES A1B and A2 scenarios. Thus, for 2020 and under the SRES
A1B scenario crop yield is expected to increase by 5.5 and 2.4 percent at 418 ppm for C3 and
C4 crops, respectively. For the same period, crop yield increases under the SRES A2 scenario
are expected to be slightly lower, 5.2 and 2.3 percent at 414 ppm for C3 and C4 crops,
respectively. CO, concentration levels in 2050 are expected to be similar for both SRES
scenarios (522 ppm), increasing C3 crop yields by 12.6 percent and C4 crop yields by 5.2

percent.

Simulation Scenarios
Based on the regional changes in river flow (water supply), precipitation and temperature
presented in Table 1, we evaluate the impact of climate change on global agriculture
according to six scenarios. Each scenario is implemented for the two time periods and
emission scenarios presented above. Table 2 presents the main characteristics of the six
simulation scenarios.
Table 2 about here
The first three scenarios are directly comparable to previous studies. They show the

impacts of changes in precipitation, temperature and CO; fertilization on crop yields. These
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scenarios are implemented in such a way that no distinction is made between rainfed and
irrigated agriculture, as was common in previous work. The precipitation-only scenario
analyzes changes in precipitation, the precipitation-CO, scenario analyzes changes in
precipitation and CO, fertilization, and the precipitation-temperature-CO, scenario analyzes
changes in precipitation, temperature and CO, fertilization.

The last three scenarios distinguish between rainfed and irrigated agriculture —the
main feature of the new version of the GTAP-W model. Thus, the water-only scenario
considers that climate change may bring new problems to irrigated agriculture related to
changes in the availability of water for irrigation. Reductions in river flow diminish water
supplies for irrigation increasing the climate risk for irrigated agriculture. In addition, climate
change is expected to affect rainfed agriculture by changing the level of soil moisture through
changes in precipitation. In this scenario, changes in precipitation modify rainfed crop yields,
while changes in water supply modify the irrigation water endowment for irrigated crops.

Future climate change would modify regional water endowments and soil moisture,
and in response the distribution of harvested land would change. Therefore, the water-land
scenario explores possible shifts in the geographical distribution of irrigated agriculture. It
assumes that irrigated areas could expand in regions with higher water supply. Similarly,
irrigated farming can become unsustainable in regions subject to water shortages. In this
scenario, in addition to changes in precipitation and water supply, irrigated areas in GTAP-W
are adjusted according to the changes in regional water supply presented in Table 1. That is,
the relative change in the supply of irrigated land equals the relative change in water supply.

The last scenario, called all-factors, shows the impacts of all climate variables
affecting agricultural production. Temperature and CO; fertilization affect both rainfed and
irrigated crop vyields, precipitation affects rainfed crop yields and water supply influences

both the irrigation water endowment and the distribution of irrigated crop areas.

6 Results

Climate change impacts agricultural productivity, modifying agricultural production world-
wide. Table 3 shows for the two time periods (2020s and 2050s) and SRES scenarios (A1B
and A2) the percentage changes in total crop production by region and simulation scenario.
Let us first consider the three simulation scenarios that do not distinguish between rainfed
and irrigated agriculture. For both time periods, changes in precipitation-only slightly
increase world food production under the SRES A1B scenario and decrease under the SRES

A2 scenario. As expected, the addition of CO; fertilization in the analysis causes an increase

18



in world food production. However, the CO, fertilization effect is not strong enough to
compensate world food losses caused by higher temperatures (compare precipitation-CO,
and precipitation-temperature-CO, scenarios). For the 2050s and under the precipitation-
temperature-CO, scenario, world food production is expected to decrease by around 2.5
percent under both emission scenarios. Our results are thus comparable to Parry et al. (1999),
probably because we used roughly the same input data. Other studies foresee an increase in
the world food production due to climate change.
Table 3 about here

At the regional level, climate change impacts on food production vary widely. Under
the precipitation-temperature-CO, scenario, food production decreases particularly in
developing regions, with the exception of China and Sub-Saharan Africa, where production
increases as other regions lose their comparative advantages. An opposite trend is observed in
developed regions, where food production is expected to increase. Exceptions are the former
Soviet Union, the United States and Canada, regions with high yield responses to temperature
increases.

Patterns in global and regional water use generally follow those observed in
agricultural production. Table 4 shows the effect of the different scenarios on total
agricultural water use. Under the precipitation-temperature-CO, scenario, reductions in
global water use are more pronounced for the 2050s and under the SRES A1B scenario. For
the 2050s, global water use decreases by 2.8 and 2.4 percent for the SRES A1B and A2
scenario, respectively. For the same simulation scenario and time period, reductions in
regional water use are more pronounced in water-scare regions such as North Africa and the
Middle East. Water use in these regions decreases by between 24 to 50 percent, depending on
the SRES scenario. Increases in agricultural water use are higher in China and Australia and
New Zealand, between 9 to 13 percent depending on the SRES scenario.

Table 4 about here

Table 5 shows changes in welfare by region, time period and scenario. At the global
level, changes in welfare are more pronounced in the 2050s. Although CO, fertilization
improves agricultural production and generates welfare gains (precipitation-CO, scenario),
they are not strong enough to offset the negative effects of changes in precipitation and
higher temperature (precipitation-temperature-CO, scenario). At the regional level, changes
in welfare vary across regions and SRES scenarios. Under the precipitation-temperature-CO,
scenario, welfare gains are expected in most of the developed regions and welfares losses

affect most of the developing regions.
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Table 5 about here

Above, we mimic previous studies. Below we take advantage of the distinction
between rainfed and irrigated agriculture in GTAP-W. As the risk of climate change is lower
for irrigated agriculture, the initial decrease in global irrigated crop production under the
precipitation-only scenario turns into an increase under the water-only scenario (Table 6).
That is, changes in precipitation do not have a direct effect on irrigated crop production but
changes in river flow do (water-only scenario). Therefore, irrigated crop production is less
vulnerable to changes in water resources due to climate change.

Table 6 about here

While global irrigated production decreases and rainfed production increases under
the precipitation-only scenario, an opposite trend is observed under the water-only scenario
(except for the SRES A2 scenario in the 2020s). However, changes in total world crop
production under both scenarios are similar (Table 6). This implies that whenever irrigation is
possible (water-only scenario) food production relies on irrigated crops. As a result, global
water use increases or decreases less and global welfare losses are less pronounced or even
positive (Table 6). For the 2050s, global welfare losses are about half those under the
precipitation-only scenario. At the regional level, differences in the results are marked for
water-scarce regions such as North Africa and the Middle East, where irrigation plays an
important role in crop production.

The distinction between rainfed and irrigated agriculture in GTAP-W allows us to
separate green (rainfall) and blue (irrigation) water used in crop production. While changes in
irrigated production modify the use of blue water resources, changes in rainfed and irrigated
production modify the use of green water resources. Comparing the precipitation-only and
the water-only scenario, blue water use follows the same pattern as irrigated crop production
(Table 6). It decreases under the precipitation-only scenario and increases under the water-
only scenario.

When irrigated crop areas are affected by changes in irrigation water supply (water-
land scenario), global irrigated crop production decreases slightly for the 2020s and increases
for the 2050s (compared to the water-only scenario). The same trend is observed for global
crop production and welfare. Following changes in regional water supply, the world’s
irrigated crop areas expand under both time periods and emission scenarios, except for the
SRES A2 scenario in the 2020s (water-land scenario) (Table 6). For the 2020s, world
irrigated areas are expected to increases by around 0.5 million hectares under the SRES A1B

scenario and decrease by around 4 million hectares under the SRES A2 scenario. For the
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2050s, world irrigated areas increase by about 10 and 4 million hectares under the SRES A1B
and A2 scenarios, respectively. At regional level (results not shown), irrigated areas expand
mainly in the United States (SRES A1B - 2020s), China (SRES A1B - 2050s) and South Asia
(SRES A1B and A2 - 2050s). Irrigated crop areas decline mainly in China and the Middle
East under the SRES A2 scenario in the 2020s.

Impacts of changes in precipitation, temperature, CO, fertilization, river flow and
irrigation area on world agriculture are analyzed in the all-factors scenario. At the global
level, total production decreases by around 0.5 percent in the 2020s and by around 2.3 in the
2050s. The decline is slightly more pronounced under the SRES A2 scenario (Table 3). At
the regional level, total crop production increases in developed regions, with the exception of
the former Soviet Union, the United States and Canada. Total crop production decreases in
most of the developing regions, particularly in the Middle East, Southeast Asia and North
Africa.

Changes in water supply for rainfed and irrigated agriculture lead to shifts in rainfed
and irrigated production. Despite the increase in irrigated crop areas, global irrigated
production declines between 3 to 6 percent, depending on the SRES scenario and time period.
Expected declines are marked for the SRES A2 scenario and for the 2050s (Table 6, all-
factors scenario). Irrigated crop production declines mainly in the United States, the Middle
East, North Africa and South Asia (results not shown). These are regions with high negative
yield responses to changes in temperature and where irrigated production contributes
substantially to total crop production.

Changes in irrigated production drive changes in water use under the all-factors
scenario. Blue, green and total water use decline with irrigated production. Under the SRES
A2 scenario, climate change leads to a reduction in total water use world-wide by around 1.3
percent in the 2020s (82 cubic kilometres) and around 2.3 percent in the 2050s (187 cubic
kilometres). Declines are less pronounced under the SRES Al scenario (Table 4). At regional
level, total water use declines largely in the Middle East, the former Soviet Union, Southeast
Asia and the United States. Total water use reductions in these regions most than double in
the 2050s.

Climate change modifies agricultural productivity affecting crop production and
hence food prices. Figure 4 shows the percentage changes in sectoral crop production and
world market prices for the all-factors scenario compared to the baseline simulations.
Sectoral crop production decreases and market prices increase under both emission scenarios

and time periods. With the exception of vegetables, fruits and nuts, larger declines in sectoral
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production and hence higher food prices are expected under the SRES A2 scenario in the
2020s. Changes in sectoral production and food prices are more pronounced in the 2050s and
vary according to the crop type and SRES scenario. Higher market prices are expected for
cereal grains, sugar cane, sugar beet and wheat (between 39 to 43 percent depending on the
SRES scenario).

Figure 4 about here

Changes in agricultural production and prices induce changes in welfare. For the all-
factors scenario, global welfare losses in the 2050s (around 283 and 269 billion USD under
the SRES A1B and A2 scenario, respectively) are more than 15 times larger than those
expected in the 2020s. Global welfare losses are slightly larger under the SRES A2 scenario
in the 2020s and under the SRES A1B scenario in the 2050s (Table 5). The largest loss in
global GDP due to climate change is estimated under the SRES A1B scenario at 280 billion
USD, equivalent to 0.29 percent of global GDP (Table 6).

Figure 5 shows changes in global welfare by scenario and individual input variable.
Comparing the differences between water-land and all-factors on the one hand and
precipitation-only and precipitation-temperature-CO, on the other hand, we see that adding
carbon dioxide fertilization and warming to the mix has a clear negative effect on welfare.
Comparing the individual effects of the input variables on welfare, we find that there is a
small positive effect of carbon dioxide fertilization and a large negative effect of warming.
However, the negative effect of warming is much smaller if we distinguish between rainfed
and irrigated agriculture (by considering changes in river flow) and let irrigated areas adjust
to the new situation.

Figure 5 about here

At the regional level, welfare varies widely showing that regions are not only
influenced by regional climate change, but also by climate-induced changes in
competitiveness. Figure 6 shows, for the all-factors scenario, changes in welfare as a function
of the regional changes in precipitation and the terms of trade. Each (x,y) pair contains
information for a specific region, time period and emission scenario. Temperature is the main
climate variable explaining welfare changes. Figure 6(a) shows a negative relationship
between welfare and temperature. Temperature alone is able to explain around 20 percent of
the variation in regional welfare (R* = 0.21). However, this negative trend is mainly driven by
large welfare losses and temperature increase in the former Soviet Union for the 2050’s (right
bottom of the figure). The adjusted trend line without those observations shows no

relationship between welfare and temperature, suggesting that positive and negative welfare
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impacts are likely to be distributed unevenly. Climate change impacts agricultural
productivity and hence modifies the comparative advantages of regional agricultural
production. Figure 6(b) shows a clear positive relationship between changes in regional
welfare and the terms of trade. Around 70 percent of the regional variations in welfare are
explained by changes in the terms of trade (R = 0.71).
Figure 6 about here

Under the all-factors scenario, welfare declines mainly in regions with high yield
responses to changes in temperature (the former Soviet Union, South Asia, the Middle East
and Southeast Asia). Regional welfare gains are relatively low in magnitude compared to
welfare losses. Regions like South America, Sub-Saharan Africa and China benefit through
shifts in competitiveness and international trade. Although both developed and developing
regions are expected to face welfare losses, climate change is expected to reduce welfare in a

higher number of developing regions.

7 Discussion and conclusions
In this paper, we use a global computable general equilibrium model including water
resources (GTAP-W) to assess climate change impacts on global agriculture. The distinction
between rainfed and irrigated agriculture within the production structure of the GTAP-W
model allows us to model green (rainfall) and blue (irrigation) water use in agricultural
production. While previous studies do not differentiate rainfed and irrigated agriculture, this
distinction is crucial, because rainfed and irrigated agriculture face different climate risk
levels. Thus, in GTAP-W, changes in future water availability have different effects on
rainfed and irrigated crops. While changes in precipitation are directly related to runoff and
soil moisture and hence to rainfed production, changes in river flow are directly related to
irrigation water availability and hence to irrigated production.

We use predicted changes in precipitation, temperature and river flow under the IPCC
SRES A1B and A2 scenarios to simulate climate change impacts on global agriculture at two
time periods: the 2020s and 2050s. We include in the analysis CO, fertilization as well. Six
scenarios are used, the first three scenarios analyzes agricultural impacts of changes in
precipitation, temperature and CO, fertilization without differentiating between rainfed and
irrigated crops. The last three scenarios fully exploit the GTAP-W model and discriminate
impacts in rainfed and irrigated systems.

The results show that when only projected changes in water availability are

considered (precipitation-only and water-only scenario), total agricultural production in both
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time periods is expected to slightly increase under the SRES A1B scenario and decrease
under the SRES A2 scenario. As expected, the inclusion of CO, fertilization in the analysis
causes an increase in world food production and generates welfare gains (precipitation-CO,
scenario). However, it is not strong enough to offset the negative effects of changes in
precipitation and temperature (precipitation-temperature-CO, scenario). For the 2050s and
under the SRES A1B scenario, global agricultural production is expected to decrease by
around 2.6 percent and welfare losses reach more than 327 billion USD. Results for the SRES
A2 scenario are less pronounced.

Distinguishing between rainfed and irrigated agriculture, we find that irrigated
production is less vulnerable to changes in water resources. When irrigation is possible, food
production relies on irrigated crops, thus welfare losses are less pronounced. For the 2050s,
global welfare losses account for less than half of the initially drop (compare precipitation-
only and water-only scenario).

A joint analysis of the main climate variables affecting agricultural production
(precipitation, temperature, river flow and CO, fertilization) shows that global food
production declines by around 0.5 percent in the 2020s and by around 2.3 in the 2050s.
Declines under the SRES A2 scenario are slightly more pronounced (all-factors scenario).
While crop production increases in many developed regions (exceptions are of the former
Soviet Union, the United States and Canada), it decreases in most of the developing regions
(mainly in the Middle East, Southeast Asia and North Africa).

Despite the increase in irrigated crop areas promoted by a higher irrigation water
supply, global irrigated production declines between 3 to 6 percent, depending on the SRES
scenario and time period. Irrigated crop production declines in regions with high negative
yield responses to changes in temperature as well as regions where irrigated production
contributes substantially to total crop production (the United States, the Middle East, North
Africa and South Africa).

Global blue, green and total water use decline in the all-factors scenario. Climate
change leads to a reduction in total water use world-wide by around 1.3 percent in the 2020s
(82 cubic kilometres) and around 2.3 percent in the 2050s (187 cubic kilometres) (SRES A2
scenario). At regional level, total water use declines largely in the Middle East, the former
Soviet Union, Southeast Asia and the United States.

Declines in food production rise food prices. Higher market prices are expected for all
crops, mainly for cereal grains, sugar cane, sugar beet and wheat (between 39 to 43 percent

depending on the SRES scenario).
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Changes in agricultural production and prices induce changes in welfare and GDP.
Global welfare losses in the 2050s are expected to account for more than 265 billion USD,
around 0.28 percent of global GDP (all-factors scenario). Independently of the SRES
emission scenario and time period, the results show that regional welfare decreases with
higher temperature levels and increases with improvements in the terms of trade. Thus,
regions are not only affected by regional climate change, but also by climate-induced
competitiveness changes.

Several limitations apply to the above results. First, in our analysis changes in
precipitation, temperature and river flow are defined based on regional averages. We do not
take into account differences between river basins within the same region. These local effects
are averaged out. Second, we use annual average precipitation, temperature and river flow
data, therefore we do not consider changes in the seasonality nor extreme events. Third, we
have made no attempt to address uncertainty in our scenarios, other than by the use of two
emission scenarios from only one climate model, which could generate biased estimates.
Forth, in our analysis we do not consider any cost or investment associated to the expansion
of irrigated areas. Therefore, our results might overestimate the benefits of some scenarios.

These issues should be addressed in future research.
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Figure 1. Percentage change in annual average river flow under the two emission scenarios and for the two time periods, with respect to

the 30-year average for the 1961-1990 period (historic-anthropogenic simulation)
Own calculations based on Falloon and Betts (2006).
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Figure 2. Percentage change in annual average precipitation under the two emission scenarios and for the two time periods, with respect to

the 30-year average for the 1961-1990 period (historic-anthropogenic simulation)

Own calculations based on Falloon and Betts (2006).
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Figure 3. Percentage change in annual average temperature under the two emission scenarios and for the two time periods, with respect to
the 30-year average for the 1961-1990 period (historic-anthropogenic simulation)

Own calculations based on Falloon and Betts (2006).
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Figure 5. Changes in global welfare by scenario (combined effect) and input variable
(individual effect), results for the 2050’s

Individual effects on welfare are computed as follows: Precipitation is the precipitation-only scenario.
Temperature is the difference between the precipitation-temperature-CO, and precipitation-CO, scenarios.
Carbon dioxide fertilization (CO,) is the difference between the precipitation-CO, and precipitation-only
scenarios. River flow is the difference between the water-only and precipitation-only scenarios. Irrigated land

area is the difference between the water-land and water-only scenarios.
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Table 1. Percentage change in regional river flow, water supply, precipitation and temperature with respect to the average over the
1961-1990 period

Elasticity Changes in river flow (%) Changes in water supply (%) | Changes in precipitation (%) | Changes in temperature ( °C)
Regions of water 2020s 2050s 2020s 2050s 2020s 2050s 2020s 2050s

supply* | AlB A2 AlB A2 AlB A2 AlIB A2 | AlB A2 AlB A2 AlB A2 AlB A2
United States 0.469 | 11.60 3.03 5.29 230 | 544 142 248 108 | 630 291 6.55 3.01 175 183 376 3.73
Canada 0.448 5.59 8.02 0.46 422 | 251 359 021 189 | 624 631 9.40 9.72 224 203 437 424
Western Europe 0342 | -581 -0.77 -421 -046| -199 -026 -144 -0.16| 0.68 2.07 0.25 1.48 182 178 324 317
Japan and South Korea 0.426 7.57 785 1160 10.67 | 323 334 494 455| 438 455 6.80 5.40 147 151 293 268
Auwustralia and New Zealand 0.341 6.82 11.67 -5.05 6.10 | 233 398 -172 208]|-0.08 491 -892 -6.13 105 110 204 224
Eastern Europe 0.299 | -11.60 -8.03 -11.92 -16.52 | -3.47 -240 -357 -494| 122 1.70 252 -0.32 149 164 319 3.14
Former Soviet Union 0.453 2.68 3.62 7.76 818 | 121 164 352 371 7.08 859 1376 1297 | 230 258 469 456
Middle East 0.223 831 -20.18 -32.61 -2384| 185 -450 -7.27 -532|-218 -413 -1284 -893 140 142 287 291
Central America 0.318 | 16.17 -10.28 -585 -1985| 514 -327 -186 -631| 283 -549 -935 -15.39 123 119 238 236
South America 0318 | -397 -651 -9.08 -1241 | -1.26 -2.07 -289 -395|-3.70 -469 -7.87 -8.90 121 105 237 237
South Asia 0279 | -391 -0.33 11.16 899 | -1.09 -0.09 311 251)|-1.78 1.60 1.56 2.62 126 108 260 245
Southeast Asia 0.324 404 -072 1391 554 | 131 -023 451 180 | 210 -0.84 5.17 1.03 118 117 254 238
China 0412 | -6.07 -7.64 878 -0.67 | -250 -3.15 3.62 -0.27|-1.94 -3.32 6.22 191 148 152 316 2.88
North Africa 0.223 | -3.16 7.66 6.99 20.07| -0.70 171 156 448 |-561 -9.24 -2256 -25.27 144 150 266 281
Sub-Saharan Africa 0.223 4.42 975 17.78 2526 | 0.99 217 397 563|-382 -245 -288 -1.49 1.06 094 208 203
Rest of the World 0324 | -422 -429 15091 027 ] -137 -139 515 0.09]-1.13 -0.69 8.31 0.52 183 167 362 347

Source: Own calculation based on Falloon and Betts (2006).
* Regional elasticities of water supply are based on Darwin et al. (1995).
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Table 2. Summary of inputs for the simulation scenarios

Changes in

Precipitation CO, Temperature  River flow Land
Scenario
Precipitation-only X
Precipitation-CO, X X
Precipitation-temperature-CO, X X X
Water-only X X
Water-land X X X
All-factors X X X X X
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Table 3. Percentage change in total crop production for the two time periods and SRES scenarios by region and simulation scenario,
percentage change with respect to the baseline (no climate change) simulations

Regions Baseline | Precipitation-only | Precipitation-CO, | Precip.-Temp.-CO, | Water-only Water-land All-factors
(thousand mt) |  Al1B A2 AlB A2 AlB A2 AlB A2 AlB A2 AlB A2

Results for the 2020s

United States 873,944 1.50 0.76 2.02 1.34 -2.06 -3.59 0.97 0.29 2.03 072 | -161 -3.73
Canada 88,699 3.23 3.88 -0.67 0.08 -1.31 0.44 3.19 3.50 2.53 358 | -2.02 -0.05
Western Europe 638,485 -0.06 0.23 -0.22 0.04 2.39 281 | -0.12 0.13 | -0.33 0.18 2.09 2.72
Japan and South Korea 97,299 0.03 0.14 -0.12 -0.01 0.54 0.63 0.10 0.22 0.51 0.76 1.08 1.31
Australia and New Zealand 118,733 -0.40 3.13 -0.02 3.11 7.25 11.07 | -0.28 277 | -0.44 2.89 7.16 10.76
Eastern Europe 263,636 0.08 0.16 1.77 177 1.59 1.50 0.04 0.11 | -0.09 0.05 141 1.38
Former Soviet Union 410,215 0.44 0.60 0.53 0.66 -4.04 -4.77 0.34 0.46 0.34 052 | -419 -4.95
Middle East 340,539 -1.64 -2.92 -2.01 -3.05 -2.19 -393 | -131 -247| -136 -269| -1.83 -3.62
Central America 299,744 -0.05 -0.33 0.49 0.23 -0.18 -0.42 0.16 -0.29 050 -0.64 042 -0.75
South America 1,496,931 -0.19 -0.13 -0.16 -0.11 -0.06 021| -0.17 -013| -024 -0.15| -0.12 0.19
South Asia 1,373,835 0.00 0.32 1.44 1.66 -1.67 -0.77 | -0.04 0.20 | -0.18 019 | -187 -0.92
Southeast Asia 713,486 0.81 0.03 3.89 3.01 -5.47 -6.40 0.72 0.01 0.81 002 | -548 -6.41
China 1,705,822 -0.39 -0.51 -0.16 -0.25 2.50 238 | -040 -042| -096 -1.05 1.86 1.77
North Africa 180,359 -1.53 -2.68 -2.11 -2.97 -1.67 -342| -046 -067| -054 -052| -0.29 -0.42
Sub-Saharan Africa 751,022 -0.26 -0.07 -0.66 -0.49 0.83 127 | -026 -0.10| -0.29 -0.04 0.79 1.29
Rest of the World 113,851 -0.09 -0.04 0.47 0.50 -1.36 -1.05| -010 -005| -0.15 -0.07| -141 -1.09
Total 9,466,600 0.03 -0.04 0.54 0.46 -0.36 -0.42 0.00 -0.06 | -0.04 -013| -045 -0.53
Results for the 2050s

United States 1,232,174 3.02 1.80 5.88 4.86 -8.04 -9.36 1.33 0.75 2.06 116 | -9.20 -10.12
Canada 106,975 12.56 13.23 9.11 9.75 -7.48 -5.87 | 10.37 10.62 996 10.69 | -10.04 -8.53
Western Europe 640,851 1.34 1.45 4.07 4.22 4.83 5.02 0.90 1.03 0.68 1.09 4.30 4.83
Japan and South Korea 99,685 1.63 1.59 0.43 0.47 492 5.23 1.59 1.58 291 3.06 6.47 6.86
Australia and New Zealand 158,200 -9.25 -5.76 -4.08 -1.12 6.98 999 | -856 -5.61| -880 -5.61 6.95 9.49
Eastern Europe 302,068 0.61 0.23 6.67 6.35 2.92 2.68 0.45 0.05 031 -0.13 2.59 2.29
Former Soviet Union 555,515 3.00 2.94 4.62 4.61 -20.91 -20.07 2.35 2.25 2.52 2.48 | -21.28 -20.42
Middle East 490,596 | -17.47  -11.22 | -12.61 -7.95 -24.10 -17.12 | -16.48 -10.82 | -16.84 -11.05 | -23.24 -16.81
Central America 481,010 -0.52 -0.87 1.56 1.32 -1.64 -203| -039 -068| -064 -152| -1.70 -2.70
South America 2,905,101 -0.24 -0.26 1.21 1.23 -1.84 -1.82 | -024 -026| -028 -0.34| -1.77 -1.81
South Asia 1,932,186 0.82 1.20 4.98 5.24 -3.14 -1.96 0.70 0.93 0.82 1.08 | -3.16 -2.17
Southeast Asia 1,054,256 2.60 0.69 10.68 8.89 -11.86 -12.54 2.39 0.62 2.75 0.83 | -11.63 -12.28
China 1,992,463 1.67 1.02 4.11 3.64 10.07 9.89 151 0.40 2.50 0.27 | 11.18 9.04
North Africa 272,933 | -19.87 -23.70 | -16.33  -18.87 -25.75 -3191 | -722 -960| -7.27 -9.26 | -890 -13.73
Sub-Saharan Africa 1,245,619 0.99 1.05 0.76 0.84 3.91 4.02 0.58 0.59 0.55 0.66 3.54 3.69
Rest of the World 195,251 0.23 0.00 2.26 2.11 -3.78 -3.73 0.24 0.01 0.31 0.01| -358 -3.64
Total 13,664,884 0.03 -0.09 2.85 2.74 -2.64 -2.46 0.02 -0.13 024 -0.09| -2.28 -2.38
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Table 4. Percentage change in total water use in agricultural production for the two time periods and SRES scenarios by region and
simulation scenario, percentage change with respect to the baseline (no climate change) simulations

Regions Baseline | Precipitation-only | Precipitation-CO, | Precip.-Temp.-CO, | Water-only Water-land All-factors
(km?) AlB A2 AlB A2 AlB A2 AlB A2 AlB A2 AlB A2

Results for the 2020s

United States 520 2.19 1.06 3.80 2.67 -3.45 -5.61 1.33 0.32 3.21 097 | -265 -5.82
Canada 67 3.42 4.07 -0.36 0.39 -1.62 0.18 3.36 3.73 2.69 3.79 | -227 -0.23
Western Europe 115 -0.11 0.20 -0.23 0.04 3.02 3.45 | -0.19 0.09 | -0.50 0.12 2.60 3.32
Japan and South Korea 33 -0.21 -0.02 -0.81 -0.63 1.17 143 | -0.14 0.00 | -0.16 0.16 1.35 1.76
Australia and New Zealand 70 -0.56 5.62 1.40 7.10 11.27 1791 | -0.21 3.85| -0.08 459 | 11.76 16.85
Eastern Europe 130 0.08 0.16 2.12 2.10 1.89 1.78 | -0.09 0.01| -057 -0.30 1.22 1.30
Former Soviet Union 278 0.73 0.96 1.31 1.48 -5.87 -6.82 0.36 0.49 0.46 070 | -621 -7.21
Middle East 147 -3.89 -7.04 -2.49 -5.46 -6.80 -1056 | -1.48 -369| -1.07 -547| -394 -881
Central America 157 -0.03 -0.54 1.48 0.94 -0.72 -1.15 054 -0.43 150 -1.35 081 -1.96
South America 565 -0.48 -0.33 -0.50 -0.37 0.04 067 | -041 -029| -0.65 -0.43| -0.13 0.57
South Asia 1,410 0.03 0.50 2.64 2.96 -2.74 -1.47 | -0.13 0.12 | -0.49 010 | -3.26 -1.88
Southeast Asia 627 0.74 0.00 3.54 2.72 -5.27 -6.17 0.68 -0.01 069 -0.05| -5.33 -6.23
China 1,031 -0.50 -0.69 0.66 0.44 2.96 271 | -049 -053| -136 -1.55 2.00 1.75
North Africa 75 -5.70 -9.42 -5.05 -8.45 -8.11 -12.66 | -0.64 -0.64 | -0.90 0.03| -285 -241
Sub-Saharan Africa 902 -0.34 -0.16 -0.73 -0.56 0.90 138 | -032 -0.14| -0.37 -0.05 0.87 1.48
Rest of the World 29 -0.12 -0.05 1.40 1.40 -2.73 -226 | -012 -0.07| -044 -035| -3.03 -255
Total 6,156 -0.01 -0.10 1.27 1.13 -1.17 -1.16 000 -0.08| -0.09 -025| -127 -1.33
Results for the 2050s

United States 647 2.99 1.55 8.47 7.15 -10.45 -11.91 1.01 0.47 2.03 0.99 | -11.69 -12.62
Canada 69 12.24 12.94 9.92 10.56 -8.19 -6.62 | 10.74 11.06 | 1031 11.05| -9.70 -8.25
Western Europe 97 1.33 1.50 4.84 5.00 5.58 5.86 0.81 0.97 0.48 1.03 4.83 5.53
Japan and South Korea 35 1.29 1.47 -0.33 -0.17 5.59 5.93 1.20 1.32 2.39 2.73 6.69 7.28
Australia and New Zealand 78 | -13.69 -8.76 -5.10 -0.36 8.52 1292 | -879 -5.64| -941 -523| 11.86 15.46
Eastern Europe 137 0.71 0.30 7.32 6.96 3.98 3.72 025 -0.14| -052 -1.16 2.69 2.17
Former Soviet Union 312 3.65 3.60 5.74 5.69 -22.76 -21.88 2.37 2.29 2.85 2.89 | -23.52 -22.55
Middle East 179 | -2655 -17.09| -19.79  -11.33 -34.04 -24.17 | -16.75 -11.00 | -19.64 -13.00 | -26.50 -19.74
Central America 214 -1.00 -1.47 2.94 2.55 -2.06 -254| -055 -099| -1.19 -2.88| -220 -3.93
South America 837 -0.27 -0.12 0.06 0.19 -0.09 -0.03| -040 -037| -0.87 -0.74| -065 -0.67
South Asia 1,881 0.87 1.35 6.61 6.93 -3.88 -2.54 0.82 0.97 131 144 | -3.46 -2.49
Southeast Asia 843 2.71 0.72 10.59 8.78 -12.22 -12.96 2.55 0.60 2.49 0.55 | -12.42 -13.13
China 1,249 1.80 1.00 6.46 5.82 10.64 10.51 1.72 0.32 3.10 0.16 | 12.16 9.46
North Africa 89| -3640 -41.38| -2832 -33.10 -43.60 -50.38 | -4.77 -564 | -419 -370| -8.76 -10.89
Sub-Saharan Africa 1,359 0.58 0.75 1.05 1.20 3.58 3.83 0.32 0.44 0.24 0.51 3.26 3.60
Rest of the World 43 0.36 -0.02 4.65 4.39 -5.97 -5.86 0.45 0.00 1.32 0.05| -5.09 -578
Total 8,068 0.21 0.10 4.30 4.19 -2.81 -2.44 0.50 0.22 0.77 026 | -219 -231
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Table 5. Changes in regional welfare for two time periods and SRES scenarios by simulation scenario (million USD), changes with
respect to the baseline (no climate change) simulations

Regions Precipitation-only | Precipitation-CO, | Precip.-Temp.-CO, Water-only Water-land All-factors
AlB A2 AlB A2 AlB A2 AlB A2 AlB A2 AlB A2

Results for the 2020s

United States 718 352 1,098 796 -931 -1,859 571 105 1,014 254 -606 -2,055
Canada 61 74 -42 -32 -39 -4 65 69 43 65 -60 -20
Western Europe 113 32 2,542 2,379 1,138 1,420 101 7 200 -104 1,248 1,325
Japan and South Korea 298 198 1,702 1,562 -168 -276 271 182 514 279 55 -189
Australia and New Zealand -73 134 -485 -318 781 1,023 -64 117 -92 135 756 1,022
Eastern Europe 66 63 1,563 1,503 678 593 47 50 0 -2 618 538
Former Soviet Union 444 499 1,469 1,471 -5,515 -6,680 371 426 406 460 -5,654 -6,865
Middle East -422 -976 834 352 -2,584 -3,496 -305 -767 -245 -878 -2,353 -3,344
Central America 46 -25 87 28 -86 -165 67 -37 154 -84 46 -240
South America -244 -151 -721 -633 436 828 -230 -147 -334 -169 332 805
South Asia 198 885 4,968 5,338 -5,641 -3,292 58 630 -141 601 -5,948 -3,632
Southeast Asia 470 70 2,209 1,806 -3,157 -3,759 403 44 493 30 -3,137 -3,813
China -124 -336 1,843 1,596 795 529 -116 -250 -503 -819 441 71
North Africa -398 -830 22 -328 -1,299 -2,078 -93 -205 -89 -177 -859 -1,107
Sub-Saharan Africa -89 -49 -238 -204 157 266 -92 -47 -113 -32 129 283
Rest of the World 2 1 178 171 -334 -293 -2 -3 -4 -11 -340 -308
Total 1,064 -58 17,027 15,488 | -15,669 -17,245 1,053 174 1,303 -452 | -15,333  -17,530
Results for the 2050s

United States 8,549 5232 13,803 12,241 | -22,875 -30,028 3,137 1,646 4,663 2,295 | -29,695 -34,251
Canada 2,937 3,209 -125 -22 1,244 1,865 2,308 2,325 2,057 2,274 22 462
Western Europe -8,293  -8,657 50,244 50,387 7,952 7,795 | -6,081 -5,726 | -4,622 -6,398 13,627 11,767
Japan and South Korea 1,864 1,025 15961 15,469 6,141 6,201 1,717 1,002 4,317 2,471 9,265 8,012
Australia and New Zealand | -3,131  -1,129  -8,504  -7,685 18,303 19,333 | -3535 -1,873 | -4,003 -1,947 15,560 16,912
Eastern Europe -3,649  -4,653 26,928 26,485 -9,300 -9518 | -2435 -3,129 | -2,129 -3,568 -7,011 -7,797
Former Soviet Union 6,180 5521 25337 24,976 | -183,783 -173,842 6,103 5,757 7,161 6,601 | -179,459 -169,498
Middle East -30,700 -19,816  -3,892 1,407 | -73,756  -54,302 | -26,475 -16,681 | -26,354 -16,958 | -66,360  -49,479
Central America 1,687 1,228  -4,220  -4,446 10,908 9,566 1,029 428 458 -638 8,535 6,188
South America 7,919 8,808 -28,850 -28,467 60,915 59,061 4,389 4,292 1,819 3,552 49,634 48,800
South Asia -1,252 1,922 79,826 81,526 | -94,676 -77,829 1,169 3,978 3,664 4,991 | -86,006 -72,555
Southeast Asia 3,646 -362 23,908 21,652 | -42,111  -43,539 3,577 97 4,955 609 | -38,809 -41,028
China 2,727 389 24,389 23,365 17,399 17,160 2,644 -559 6,398 -905 20,873 14,920
North Africa -25,704 -33,257 -11,473 -14585| -53,774 -71,418 | -7,444 -10,289 | -7,309 -9,876 | -17,871 -26,039
Sub-Saharan Africa 4,775 5,196 -13,511 -13,376 33,606 32,786 2,872 2,966 1,918 2,947 27,964 28,202
Rest of the World 256 35 1,811 1,706 -3,481 -3,463 255 13 367 8 -3,197 -3,405
Total -32,189  -35220 191,633 190,634 | -327,288 -310,173 | -16,771 -15752 | -6,641 -14,542 | -282,929 -268,788

42



Table 6. Summary of the climate change impacts on agricultural production by simulation scenario, percentage change with respect to
the baseline simulations
Description Baseline | Precipitation-only | Precipitation-CO, | Precip.-Temp.-CO, Water-only Water-land All-factors
AlB A2 AlB A2 AlB A2 AlB A2 AlB A2 AlB A2
Results for the 2020s
Total production (thousand mt) 9,466,600 0.03 -0.04 0.54 0.46 -0.36 -0.42 0.00 -0.06 | -0.04 -0.13 -0.45 -0.53
Rainfed production (thousand mt) 5,413,975 0.09 0.41 -2.30 -1.85 1.68 2.08 -0.07 0.06 | -0.11 0.48 1.54 2.16
Irrigated production (thousand mt) | 4,052,625 -0.04 -0.65 4.33 3.54 -3.08 -3.76 0.09 -0.22 0.04 -0.96 -3.10 -4.12
Total area (thousand ha) 1,293,880 -- -- -- -- -- -- -- -- 0.04 -0.30 0.04 -0.30
Rainfed area (thousand ha) 851,843 -- -- -- -- -- -- -- -- -- -- -- --
Irrigated area (thousand ha) 442,036 -- -- -- -- -- -- -- -- 0.11 -0.88 0.11 -0.88
Total water used (km3) 6,156 -0.01 -0.10 1.27 1.13 -1.17 -1.16 0.00 -0.08 | -0.09 -0.25 -1.27 -1.33
Green water used (kmg3) 4,511 0.03 0.09 0.21 0.26 -0.07 0.09 -0.04 -0.03 | -0.18 -0.10 -0.30 -0.12
Blue water used (km?3) 1,645 -0.14 -0.64 4.19 351 -4.17 -4.59 0.11 -0.21 0.17 -0.65 -3.95 -4.64
Change in welfare (million USD) - 1,064 -58 | 17,027 15488 | -15,669  -17,245 1,053 174 | 1,303 -452 | -15,333  -17,530
Change in GDP (million USD) -- 1,064 -57 17,041 15503 | -15,651 -17,229 1,053 174 | 1,304 -451 | -15,314  -17,513
Change in GDP (percentage) -- 0.00 0.00 0.03 0.03 -0.03 -0.03 0.00 0.00 0.00 0.00 -0.03 -0.04
Results for the 2050s
Total production (thousand mt) 13,664,884 0.03 -0.09 2.85 2.74 -2.64 -2.46 0.02 -0.13 0.24 -0.09 -2.28 -2.38
Rainfed production (thousand mt) 7,749,674 1.15 1.14 -1.94 -1.93 1.31 1.39 -0.47 -0.38 | -0.81 -0.35 -0.28 0.09
Irrigated production (thousand mt) | 5,915,210 -1.43 -1.70 9.12 8.86 -7.83 -7.50 0.66 0.20 1.62 0.23 -4.89 -5.63
Total area (thousand ha) 1,315,381 -- -- -- -- -- -- -- -- 0.79 0.28 0.79 0.28
Rainfed area (thousand ha) 851,036 -- -- -- -- -- -- -- -- -- -- -- --
Irrigated area (thousand ha) 464,345 -- -- -- -- -- -- -- -- 2.25 0.79 2.25 0.79
Total water used (km3) 8,068 0.21 0.10 4.30 4.19 -2.81 -2.44 0.50 0.22 0.77 0.26 -2.19 -2.31
Green water used (kmd) 5,910 1.00 0.85 3.05 2.91 -0.72 -0.44 0.55 0.28 0.52 0.17 -1.04 -1.10
Blue water used (km?3) 2,158 -1.97 -1.95 7.70 7.69 -8.53 -7.91 0.35 0.06 1.43 0.51 -5.33 -5.64
Change in welfare (million USD) - -32,189 -35,220 | 191,633 190,634 | -327,288 -310,173 | -16,771 -15,752 | -6,641 -14,542 | -282,929 -268,788
Change in GDP (million USD) - | -31,956 -34,958 | 193,057 192,083 | -322,895 -306,087 | -16,684 -15,688 | -6,555 -14,476 | -279,560 -265,699
Change in GDP (percentage) - -0.03 -0.04 0.20 0.20 -0.33 -0.32 -0.02 -0.02 | -0.01 -0.01 -0.29 -0.28
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Annex A:

Output
o=0
Value-added All other inputs (Excluding energy inputs
(Including energy inputs) but including energy feedstock)
OVAE /A\
oD
Irrigated Land-Water Rainfed Pasture  Natural Labor  Capital-Energy Domestic Foreign
Composite Land Land  Resources Composite

oM
oLwW OKE /A\

. o Region1 ... Regionr
Irrigated Irrigation Capital Energy

Land Composite

Figure Al. Nested tree structure for industrial production process in GTAP-W
(truncated)

Note: The original land endowment has been split into pasture land, rainfed land, irrigated land and irrigation
(bold letters). o is the elasticity of substitution between value added and intermediate inputs, ovae is the
elasticity of substitution between primary factors, oLw is the elasticity of substitution between irrigated land and
irrigation, oke is the elasticity of substitution between capital and the energy composite, op is the elasticity of
substitution between domestic and imported inputs and owm is the elasticity of substitution between imported

inputs.
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Table Al. Aggregations in GTAP-W
A. Regional Aggregation
1. USA - United States

. CAN - Canada

. WEU - Western Europe

. JPK - Japan and South Korea

. ANZ - Australia and New Zealand

. EEU - Eastern Europe

. FSU - Former Soviet Union

. MDE - Middle East

. CAM - Central America

10. SAM - South America

11. SAS - South Asia

12. SEA - Southeast Asia

13. CHI - China

14. NAF - North Africa

15. SSA - Sub-Saharan Africa

16. ROW - Rest of the World

© 00 N o O B~ W DN

C. Endowments

Wtr - Irrigation

Lnd - Irrigated land
RfLand - Rainfed land
PsLand - Pasture land

Lab - Labour

Capital - Capital

NatlRes - Natural resources

B.
1.
2.
3.

4.

© 00 N O O

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

Sectoral Aggregation

Rice - Rice

Wheat - Wheat

CerCrops - Cereal grains (maize, millet,
sorghum and other grains)

VegFruits - Vegetable, fruits, nuts

. OilSeeds - Oil seeds

. Sug_Can - Sugar cane, sugar beet

. Oth_Agr - Other agricultural products
. Animals - Animals

. Meat - Meat

. Food_Prod - Food products
Forestry - Forestry

Fishing - Fishing

Coal - Coal

Oil - Oil

Gas - Gas

Oil_Pcts - Oil products
Electricity - Electricity
Water - Water

En_Int_Ind - Energy intensive industries
Oth_Ind - Other industry and services
Mserv - Market services

NMServ - Non-market services
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Annex B:

Table B1. 2000 baseline data: Crop harvested area and production by region and crop

Description

Rainfed Agricultural

Area
(thousand ha)

Production
(thousand mt)

Irrigated Agricultural

Area
(thousand ha)

Production
(thousand mt)

Total

Area
(thousand ha)

Production
(thousand mt)

Share of irrigated
agriculture in total
Area (%)

Production (%)

Regions (total, all crops)
United States

Canada

Western Europe

Japan and South Korea
Australia and New Zealand
Eastern Europe

Former Soviet Union
Middle East

Central America

South America

South Asia

Southeast Asia

China

North Africa
Sub-Saharan Africa

Rest of the World

World

Crops (total, all regions)
Rice

Wheat

Cereal grains

Vegetables, fruits, nuts

Oil seeds

Sugar cane, sugar beet
Other agricultural products
Total

35,391
27,267
59,494
1,553
21,196
37,977
85,794
29,839
12,970
79,244
137,533
69,135
64,236
15,587
171,356
3,810
852,381

59,678
124,147
225,603
133,756

68,847

16,457
223,894
852,381

209,833
65,253
462,341
23,080
67,204
187,468
235,095
135,151
111,615
649,419
491,527
331,698
615,196
51,056
439,492
47,466
4,122,894

108,179
303,638
504,028
1,374,128
125,480
846,137
861,303
4,122,894

67,112
717
10,130
4,909
2,237
5,958
16,793
21,450
8,745
9,897
114,425
27,336
123,018
7,352
5,994
1,093
427,164

93,053
90,492
69,402
36,275
29,578
9,241
99,122
427,164

440,470
6,065
146,768
71,056
27,353
40,470
74,762
118,989
89,637
184,304
560,349
191,846
907,302
78,787
43,283
23,931
3,005,371

294,934
285,080
369,526
537,730
73,898
664,023
780,180
3,005,371

102,503
27,984
69,624

6,462
23,433
43,935

102,587
51,289
21,715
89,141

251,958
96,471

187,254
22,938

177,349

4,903
1,279,545

152,730
214,639
295,005
170,031
98,425
25,699
323,017
1,279,545

650,303
71,318
609,108
94,136
94,557
227,939
309,857
254,140
201,252
833,723
1,051,877
523,543
1,522,498
129,843
482,775
71,397
7,128,265

403,113
588,718
873,554
1,911,858
199,379
1,510,161
1,641,483
7,128,265

65.5

2.6
14.5
76.0

95
13.6
16.4
41.8
40.3
11.1
45.4
28.3
65.7
32.0

3.4
22.3
33.4

60.9
42.2
235
21.3
30.1
36.0
30.7
33.4

67.7

8.5
241
75.5
28.9
17.8
241
46.8
44.5
22.1
53.3
36.6
59.6
60.7

9.0
335
42.2

73.2
48.4
42.3
28.1
37.1
44.0
47.5
42.2

Note: 2000 data are three-year averages for 1999-2001.
Source: IMPACT, 2000 baseline data (April 2008).
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Table B2. 2020 no climate change simulation: Crop harvested area and production by region and crop

Description

Rainfed Agricultural

Area
(thousand ha)

Production
(thousand mt)

Irrigated Agricultural

Area
(thousand ha)

Production
(thousand mt)

Total

Area
(thousand ha)

Production
(thousand mt)

Share of irrigated
agriculture in total
Area (%)

Production (%)

Regions (total, all crops)
United States

Canada

Western Europe

Japan and South Korea
Australia and New Zealand
Eastern Europe

Former Soviet Union
Middle East

Central America

South America

South Asia

Southeast Asia

China

North Africa
Sub-Saharan Africa

Rest of the World

Total

Crops (total, all regions)
Rice

Wheat

Cereal grains

Vegetables, fruits, nuts

Oil seeds

Sugar cane, sugar beet
Other agricultural products
Total

33,927
25,091
51,622
1,375
20,698
34,492
83,591
30,232
13,152
87,571
121,508
72,405
61,761
16,011
194,346
4,060
851,843

53,799
117,231
222,513
140,559

70,829

20,753
226,160
851,843

267,740
81,239
472,176
25,068
83,292
210,311
309,682
163,563
163,265
1,152,723
551,783
431,084
691,581
73,390
665,335
71,744
5,413,975

107,477
358,153
646,828
1,742,380
135,312
1,473,872
949,953
5,413,975

68,072
678
9,391
4,453
2,216
5,520
16,838
22,561
9,383
11,360
126,468
27,457
120,838
7,726
7,847
1,227
442,036

91,696
89,017
73,584
40,067
30,504
11,446
105,723
442,036

606,204
7,460
166,310
72,230
35,441
53,325
100,534
176,977
136,479
344,208
822,052
282,402
1,014,241
106,969
85,687
42,107
4,052,625

327,822
375,312
524,949
748,817
94,146
1,080,858
900,721
4,052,625

101,999
25,769
61,013

5,828
22,915
40,012

100,430
52,793
22,535
98,931

247,977
99,863

182,600
23,737

202,193

5,287
1,293,880

145,495
206,248
296,097
180,625
101,333
32,198
331,883
1,293,880

873,944
88,699
638,485
97,299
118,733
263,636
410,215
340,539
299,744
1,496,931
1,373,835
713,486
1,705,822
180,359
751,022
113,851
9,466,600

435,299
733,466
1,171,777
2,491,196
229,458
2,554,730
1,850,674
9,466,600

66.7

2.6
15.4
76.4

9.7
13.8
16.8
42.7
41.6
11.5
51.0
275
66.2
32.5

3.9
23.2
34.2

63.0
43.2
24.9
222
30.1
355
31.9
34.2

69.4

8.4
26.0
74.2
29.8
20.2
245
52.0
45.5
23.0
59.8
39.6
59.5
59.3
114
37.0
42.8

75.3
51.2
44.8
30.1
41.0
423
48.7
42.8

Note: Linear interpolation between 2000 baseline data and 2050 simulation without climate change.

Source: IMPACT.
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Table B3. 2050 no climate change simulation: Crop harvested area and production by region and crop

Description

Rainfed Agricultural

Area
(thousand ha)

Production
(thousand mt)

Irrigated Agricultural

Area
(thousand ha)

Production
(thousand mt)

Total

Area
(thousand ha)

Production
(thousand mt)

Share of irrigated
agriculture in total
Area (%)

Production (%)

Regions (total all crops)
United States

Canada

Western Europe

Japan and South Korea
Australia and New Zealand
Eastern Europe

Former Soviet Union
Middle East

Central America

South America

South Asia

Southeast Asia

China

North Africa
Sub-Saharan Africa

Rest of the World

Total

Crops (total, all regions)
Rice

Wheat

Cereal grains

Vegetables, fruits, nuts

Oil seeds

Sugar cane, sugar beet
Other agricultural products
Total

31,731
21,827
39,815
1,107
19,952
29,264
80,287
30,822
13,425
100,062
97,471
77,311
58,049
16,647
228,831
4,435
851,036

44,981
106,856
217,878
150,763

73,803

27,197
229,558
851,036

359,608
97,335
452,254
27,348
109,152
232,260
412,791
210,882
259,733
2,230,050
645,050
602,597
808,747
113,839
1,070,839
117,189
7,749,674

105,044
427,710
860,509
2,346,842
148,761
2,799,190
1,061,618
7,749,674

69,511
620
8,282
3,770
2,186
4,864
16,906
24,227
10,341
13,553
144,534
27,640
117,569
8,288
10,628
1,427
464,345

89,661
86,806
79,858
45,754
31,892
14,752
115,623
464,345

872,566
9,640
188,597
72,337
49,047
69,807
142,725
279,714
221,277
675,050
1,287,136
451,659
1,183,716
159,094
174,781
78,062
5,915,210

373,142
500,301
788,785
1,124,570
127,020
1,914,327
1,087,064
5,915,210

101,243
22,447
48,097

4,876
22,137
34,127
97,194
55,049
23,766

113,615

242,005

104,951

175,619
24,935

239,459

5,862

1,315,381

134,642
193,662
297,735
196,517
105,696
41,948
345,182
1,315,381

1,232,174
106,975
640,851

99,685
158,200
302,068
555,515
490,596
481,010

2,905,101

1,932,186

1,054,256

1,992,463
272,933

1,245,619
195,251

13,664,884

478,186
928,011
1,649,294
3,471,412
275,782
4,713,517
2,148,682
13,664,884

68.7

2.8
17.2
77.3

9.9
14.3
174
44.0
43.5
11.9
59.7
26.3
66.9
33.2

4.4
24.3
35.3

66.6
44.8
26.8
23.3
30.2
35.2
335
35.3

70.8

9.0
29.4
72.6
31.0
23.1
25.7
57.0
46.0
23.2
66.6
42.8
59.4
58.3
14.0
40.0
43.3

78.0
53.9
47.8
324
46.1
40.6
50.6
433

Source: IMPACT, 2050 simulation without climate change (April 2008).
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Table B4. Crop yield responses to changes in precipitation and temperature by crop

type
Precipitation Temperature

Regions -20 % +20 % +2°C +4 °C

C3crops | C4 crops | C3crops | C4 crops | C3 crops | C4 crops | C3crops | C4 crops
United States -17.83 -13.00 12.50 7.33 -18.67 -10.67 -34.00 -20.33
Canada -31.00 -31.00 26.14 26.14 -21.14 -21.14 -37.14 -37.14
Western Europe -7.27 5.49 4.58 0.60 -4.06 -1.06 -12.71 -9.82
Japan and South Korea -7.50 -7.50 3.67 3.67 -10.33 -4.50 -18.00 -17.83
Australia and New Zealand -37.65 -37.65 29.02 29.02 10.59 10.59 -1.57 -1.57
Eastern Europe -1.27 5.49 458 0.60 -4.06 -1.06 -12.71 -9.82
Former Soviet Union -12.50 -12.50 7.00 7.00 -21.50 -21.50 -39.00 -39.00
Middle East -37.65 -37.65 29.02 29.02 -17.29 -13.03 -29.32 -24.95
Central America -3.46 -3.77 2.10 2.52 -13.93 -8.81 -29.08 -18.87
South America -3.62 -0.26 2.44 -1.01 -14.57 -10.37 -30.20 -19.83
South Asia 1.67 1.67 11.11 11.11 -16.38 -16.38 -30.49 -30.49
Southeast Asia 1.67 1.67 11.11 11.11 -23.71 -23.71 -43.60 -43.60
China -7.50 -2.00 5.00 1.00 -0.67 -7.00 -7.33 -17.00
North Africa -37.65 -37.65 29.02 29.02 -17.29 -13.03 -29.32 -24.95
Sub-Saharan Africa -3.62 -0.26 2.44 -1.01 -10.91 -10.91 -25.40 -25.40
Rest of the World -3.46 -3.77 2.10 2.52 -13.93 -8.81 -29.08 -18.87

Source: Based on Rosenzweig and Iglesias (1994) and Jin and Zhu (2008).
Note: In GTAP-W, rice, wheat, vegetables, fruits, nuts, oil seeds and other agricultural products are considered
C3 crops. Cereal grains, sugar cane and sugar beet are considered C4 crops.
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