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Abstract

Two possible adaptation options to climate charageSub-Saharan Africa are analyzed
under the SRES B2 scenario. The first scenario lésuiorigated areas in Sub-Saharan
Africa by 2050, compared to the baseline, but keefs crop area constant. The second
scenario increases both rainfed and irrigated gielps by 25 percent for all Sub-Saharan
African countries. The two adaptation scenarios amalyzed with IMPACT, a partial
equilibrium agricultural sector model combined withwater simulation model, and with
GTAP-W, a general equilibrium model including watexsources. The methodology
combines advantages of a partial equilibrium apghpaconsidering detailed water-
agriculture linkages with a general equilibrium Bggrh, which takes into account
linkages between agriculture and non-agricultuesttars and includes a full treatment of
factor markets. The efficacy of the two scenarigsadaptation measures to cope with
climate change is discussed. Due to the low initigdated areas in the region, an increase
in agricultural productivity achieves better out@srthan an expansion of irrigated areas.
Even though Sub-Saharan Africa is not a key coutoibto global food production or
irrigated food production, both scenarios help loweorld food prices, stimulating
national and international food markets.

Keywords: Computable General Equilibrium, Climate Change, i&dture, Sub-Saharan
Africa, Integrated Assessment
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1 Introduction

Agriculture is of great importance for most Sub-&alm African economies, supporting

between 70 to 80 percent of employment, contrilguéin average of 30 percent of GDP and
at least 40 percent of exports (Commission for @&ri2005). However, specific agro-

ecological features, small farm sizes, poor actesservices and knowledge and the low
investment in infrastructure and irrigation scherhase limited agricultural development in

Sub-Saharan Africa (FAO 2008).

Rainfed farming dominates agricultural productionSub-Saharan Africa, covering
around 97 percent of total crop land, and expogeswtural production to high seasonal
rainfall variability. Although irrigation systemsafie been promoted in the region, the impact
has not been as expected. Reasons include a ladkneénd for irrigated products, poor
market access, low incentives to agricultural istieation, unfavourable topography, low
quality soils and inadequate policy environmenta@2006a and 2008). Although the cost
of irrigation projects implemented in developingiotries have generally decreased over the
last four decades and performance of irrigationgats has improved (Inocencio et al. 2007)
the situation in Sub-Saharan Africa is differenhisTregion has higher costs than other
regions in terms of simple averages. However, sprogcts were implemented successfully
with lower costs compared to other regions.

Agriculture in Sub-Saharan Africa is characteribgdcomparably low yields. While
Asia experienced a rapid increase in food prodactiod yields during the green revolution
in the late 1970s and early 1980s, in Sub-SahaffaicaAper capita food production and
yields have stagnated. The failure for agricultiaréake off in Sub-Saharan Africa has been
attributed to the dependence on rainfed agricultloev population densities; lack of
infrastructure, markets and supporting institutjoregroecological complexities and
heterogeneity of the region; low use of fertilizeand degraded soils (World Bank 2007;
Johnson, Hazell and Gulati 2003).

In Sub-Saharan Africa, 62 percent of the populatiea in rural areas and depend
mainly on agriculture. Rural poverty accounts fOrgrcent of the total poverty in the region
and approximately 80 percent of the poor still sepen agriculture or farm labour for their
livelihoods (FAO and World Bank 2001). High popidat growth rates, especially in rural
areas, increase the challenge of poverty redueatimhadd pressure on agricultural production
and natural resources. According to FAO (2006b¢, plopulation in Sub-Saharan Africa
could double by 2050 increasing agricultural congtiom by 2.8 percent annually until 2030,
and by 2.0 percent annually from 2030 to 2050. murthe same periods agricultural

2



production is projected to increase by 2.7 and defcent per year, respectively. As a
consequence, net food imports are expected to rise.

The World Development Report 2008 suggests thatk#he policy challenge in
agriculture-based economies like Sub-Saharan Afsita help agriculture play its role as an
engine of growth and poverty reduction. Developmeiirrigation and improvements in
agricultural productivity have proven to be effgetiin both aspects. Hussain and Hanjra
(2004) identify three main pathways through whiakgation can impact poverty. Irrigation,
in the micro-pathway, increases returns to physibaiman, and social capital of poor
households and enables smallholders to achieveehigields and revenues from crop
production. The meso-pathway includes new employrapportunities on irrigated farms or
higher wages on rainfed farms. Lower food pricesaso expected since irrigation enables
farmers to obtain more output per unit of inputthe macro-pathway or growth path, gains
in agricultural productivity through irrigation castimulate national and international
markets, improving economic growth and creatingpedegeneration positive externalities.
In a similar way, Lipton, Litchfield and Faurés (&) analyze the conditions under which
irrigation has positive effects on poverty reductend classify them into direct and indirect
effects.

FAO (2008) suggests that improvements in agricaltproductivity can provide a
pathway out of poverty for rural households in salvevays. Improvements in crop and
livestock yields benefit poor households that owndl through greater output and higher
incomes. Households that do not own land but peovetm labour benefit from higher
demand for farm labour and wages. Households thaiotl own land or provide farm labour,
benefit from greater supply of agricultural produand lower food prices. Improvements in
agricultural productivity can also benefit non-agitural rural households and urban
households through greater demand for food andr gbtheducts (stimulated by higher
agricultural incomes and higher net incomes in agneultural households). Food
processing and marketing activities can also benpted in urban areas. When agricultural
productivity improves by means of water managemém, incremental productivity of
complementary inputs raises and expands the derfmndhese inputs, which in turn
stimulates non-agricultural economic activities.

However, the effectiveness of irrigation and adtioal productivity reducing
poverty and promoting economic growth is constrdidgy the availability of affordable

complementary inputs, development of human capgiatess to markets and expansion of



markets to achieve economies of scale, and institalt arrangements that promote farm-
level investments in land and water resources (G@&72FAO 2008).

Sub-Saharan Africa has the potential for expandimggation and increasing
agricultural productivity. The World Bank (2007) ipts out that the new generation of
better-designed irrigation projects and the larg&tapped water resources generate
opportunities to invest in irrigation in Sub-Saharafrica. New investments in irrigation
need complementary investments in roads, extersgonces and access to markets. The CA
(2007) suggests that where yields are already &nghthe exploitable gap is small projected
growth rates are low; whereas low yields presdatge potential for improvements. In Sub-
Saharan Africa observed yields are less than ang-ofi the maximum attainable yields. The
potential for productivity enhancement is thereftasge, particularly for maize, sorghum,
and millet. Although water is often the principadnstraint for agricultural productivity,
optimal access to complementary inputs and investineresearch and development are also
necessary.

Future climate change may present an additiondlecige for agriculture in Sub-
Saharan Africa. According to the IPCC (1997), Adrics the most vulnerable region to
climate change because widespread poverty limaptacge capacity. The impacts of climate
change on agriculture could seriously worsen thelihood conditions for the rural poor and
increase food insecurity in the region. The WorlahB (2007) identifies five main factors
through which climate change will affect agriculproductivity: changes in temperature,
precipitation, carbon dioxide fertilization, clineatvariability, and surface water runoff.
Increased climate variability and droughts will emff livestock production as well.
Smallholders and pastoralists in Sub-Saharan Afsitlahave to gradually adapt and adopt
technologies that increase the productivity, siigbiand resilience of production systems
(FAO 2008).

As discussed above, development of irrigation amgrovements in agricultural
productivity are key variables not only for futueeonomic development, poverty reduction
and food security in Sub-Saharan Africa but alsccfonate change adaptation. In this sense,
the aim of our paper is to analyze the economy-vimdigacts of expanding irrigation and
increasing agricultural productivity in Sub-Sahafdrica under the SRES B2 scenario of the
IPCC. We use a combination of a partial equilibrivmodel (IMPACT) and a general
equilibrium model (GTAP-W). The interaction betweleoth models allows us to improve

calibration and exploit their different capabilgie



The IMPACT model (Rosegrant, Cai and Cline 2002)aispartial agricultural
equilibrium model that allows for the combined as& of water and food supply and
demand. Based on a loose coupling with a globaldigdical modelling, climate change
impacts on water and food can be analyzed as &k, (Ringler and Rosegrant 2008). The
GTAP-W model (Calzadilla, Rehdanz and Tol 2008)aisglobal computable general
equilibrium (CGE) model that allows for a rich séteconomic feedbacks and for a complete
assessment of the welfare implications of alteweatievelopment pathways. Unlike the
predecessor GTAP-W (Berrittella et al. 2007), thgiged GTAP-W model distinguishes
between rainfed and irrigated agriculture.

While partial equilibrium analysis focuses on tleetser affected by a policy measure
assuming that the rest of the economy is not ateageneral equilibrium models consider
other sectors or regions as well to determine etyneide effects; partial equilibrium
models tend to have more detail. Studies usingrgeequilibrium approaches are generally
based on data for a single country or region assymo interlinkages with the rest of the
world regarding policy changes and shocks (e.go@ad Roe 2003; Gémez, Tirado and
Rey-Maquieira 2004; Letsoalo et al. 2007).

The remainder of the paper is organized as folldfes:next section describes briefly
the IMPACT and GTAP-W models and the interactiorboth models as well as projections
out to 2050 undertaken for this study. Section @iées on the baseline results and climate
change impacts. Section 4 lays out two alternatidaptation scenarios and discusses and
compares results from both models, including out®nfor malnutrition. Section 5

concentrates on discussion and conclusions.

2 Models and baseline simulations

2.1. The IMPACT model

The International Model for Policy Analysis of Agultural Commodities and Trade

(IMPACT) was developed at IFPRI at the beginningh@ 1990s, upon the realization that
there was a lack of long-term vision and conserasusng policymakers and researchers
about the actions that are necessary to feed thvl wo the future, reduce poverty, and

protect the natural resource base (Rosegrant 2086). The IMPACT model encompasses
countries and regions and the main agricultural roontities produced in the world. As a

partial equilibrium model of agricultural demandpguction and trade, IMPACT uses a

system of food supply and demand equations to aedlgseline and alternative scenarios for

global food demand, supply, trade, income and mdmi. Supply and demand functions

5



incorporate supply and demand elasticities to apprate the underlying production and
demand functions. World agricultural commodity psgcare determined annually at levels
that clear international markets. Country and negiocagricultural sub-models are linked
through trade. Within each country or regional sutdel, supply, demand, and prices for
agricultural commaodities are determined.

The original IMPACT model assumed “normal” climatenditions, and therefore the
impacts of annual climate variability on food protian, demand and trade were not
reflected. The inclusion of a water simulation miedi¥vSM) enables IMPACT to reflect the
effects on food production and consumption of walemand and availability, their inter-
annual variability, and the competition for watemang various economic sectors (Rosegrant,
Cai and Cline 2002). Within the model, WSM projeatater demand for major water use
sectors and balances water availability and irded intra-sector water uses by simulating
seasonal storage regulation and water allocatiowertbasin scale. Besides variability, long-
term trends of water availability and uses for eliéint sectors are projected with exogenous
drivers including population and income growth, rdpas of irrigated areas, and improvement
of water use technology such as irrigation efficeand new water sources (Rosegrant, Cai
and Cline 2002).

The spatial representation of global economic megiand natural river basins have
recently been enhanced. The model now uses 284d-fioeducing units” (FPU), which
represent the spatial intersection of 115 econoragions and 126 river basins. Water
simulation and crop production are conducted at R level while food demand
projections and agricultural commodity trade arechated at the country or economic
region level. The disaggregation of spatial umtproves the model’'s capability to represent
spatial heterogeneity of agricultural economies, amgbarticular, water resource availability
and uses.

Recent progress in climate research has strengthem#idence on human-induced
global warming (IPCC 2007) with important implicats for socioeconomic and agricultural
systems. To analyze the impacts of global chargmeaally climate change, on regional and
global food systems and to formulate appropriatgptation measures, the IMPACT model
was extended to include climate change componemtb ss the yield effects of GO
fertilization and temperature changes, as welll@seal hydrological cycles, and changes in
(irrigation) water demand and water availabilityaiigh the development of a separate global
hydrological model. This semi-distributed global dhglogy model parameterizes the

dominant hydrometeorological processes taking placehe land surface - atmosphere
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interface at global scope. The model runs at hedfrele latitude-longitude grid, and global
half degree climate, soil and land surface covea @dae used to determine a number of
spatially distributed model parameters. The remgimparameters are determined through
model calibrations with global river discharge dase and dataset available elsewhere, using
genetic algorithms. For river basins where data rene available for detailed calibration,
regionalized model parameters are applied. Theaglbpdrology model is able to convert
projections for future climate from GCM models inhlydrologic components such as
evapotranspiration, runoff and soil moisture, whack used in this study (Zhu, Ringler and
Rosegrant 2008).

In this analysis, we use the intermediate growttsBharid from the SRES scenario
family (IPCC 2000) for the baseline projections twm2050. The effects of temperature and
CQO;, fertilization on crop yields are based on simolasi of the IMAGE model (Bouwman,
Kram and Klein Goldewijk 2006). Recent researchlifigs show that the stimulation of crop
yield observed in the global Free Air Carbon Enmeimt Facilities (FACE) experiments fell
well below (about half) the value predicted fromactbers (Long et al. 2006). These FACE
experiments clearly show that much lower Gertilization factors (compared with chamber
results) should be used in model projections airkiields. Therefore, we apply 50 percent
of the CQ fertilization factors from the IMAGE model simuiat in IMPACT (Rosegrant,
Fernandez and Sinha 2008).

Besides the effects of higher €©@oncentration levels and changes in temperature,
climate change is likely to affect the volume, a@hd spatial and temporal distribution of
rainfall and runoff, which in turn affect the numbend distribution of people under water
stress and the productivity of world agriculturgstems. We use climate input from the
HadCM3 run of the B2 scenario that was statisycalbwnscaled to the 0.5 degree
latitude/longitude global grid using the patteralsty method of the Climate Research Unit,
University of East Anglia (Mitchell et al. 2004)h& semi-distributed macroscale hydrology

module of IMPACT derives effective precipitatiomtpntial and actual evapotranspiration,

! As described in SRES report (IPCC 2000), the B2khe and scenario family describes a world irichtthe
emphasis is on local solutions to economic, soaiai environmental sustainability. It is a worldtwa slow,
but continuously increasing global population andeimediate levels of economic and technological
development. While the scenario is also orientedhtd environmental protection and social equitypduses

on local and regional levels.



and runoff at these 0.5 degree pixels and scates tip to each of the 281 FPUs, the spatial
operational unit of IMPACT. Projections for watezquirements, infrastructure capacity
expansion, and water use efficiency improvement @aducted by IMPACT. These
projections are combined with the simulated hydygloto estimate water use and
consumption through water system simulation by INTHA

To explore food security effects, the model prgjeitte percentage and number of
malnourished preschool children (0-5 years oldda@veloping countries. A malnourished
child is a child whose weight-for-age is more tlsao standard deviations below the weight-
for-age standard set by the U.S. National Center Health Statistics/World Health
Organization. The number of malnourished preschotdldren in developing countries is
projected as a function of per capita calorie amlity, ratio of female to male life
expectancy at birth, total female enrolment in seéeoy education as a percentage of the
female age-group corresponding to national regadatifor secondary education, and the
percentage of population with access to safe wdteese variables were found to be key
determinants of childhood malnutrition in a metalgsis implemented by Smith and Haddad
(2000).

2.2. The GTAP-W model
In order to assess the systemic general equilibetfects of alternative adaptation strategies
to climate change in Sub-Saharan Africa, we useuli-negion world CGE model, called
GTAP-W. The model is a further refinement of theARTmodef (Hertel 1997), and is based
on the version modified by Burniaux and Trud(2002) as well as on the previous GTAP-W
model introduced by Berrittella et al. (2007).

The revised GTAP-W model is based on the GTAP wvar$ database, which

represents the global economy in 2001. The modellbaegions and 22 sectors, 7 of which

2 The GTAP model is a standard CGE static modetidiged with the GTAP database of the world economy
(www.gtap.org). For detailed information see He(i€l97) and the technical references and papeikblaon

the GTAP website.

% Burniaux and Truong (2002) developed a specialamaof the model, called GTAP-E. The model is best
suited for the analysis of energy markets and enwiental policies. There are two main changes énbtisic
structure. First, energy factors are separated flmset of intermediate inputs and inserted iestad level of
substitution with capital. This allows for more stitution possibilities. Second, database and madel

extended to account for G@missions related to energy consumption.



are in agriculturé. However, the most significant change and princigizracteristic of
version 2 of the GTAP-W model is the new productstructure, in which the original land
endowment in the value-added nest has been spiitpasture land (grazing land used by
livestock) and land for rainfed and for irrigategtiaulture. The last two types of land differ
as rainfall is free but irrigation development @stly. As a result, land equipped for irrigation
is generally more valuable as yields per hectagehagher. To account for this difference, we
split irrigated agriculture further into the valte land and the value for irrigation. The value
of irrigation includes the equipment but also thetev necessary for agricultural production.
In the short run irrigation equipment is fixed, api@lds in irrigated agriculture depend
mainly on water availability. The tree diagram iigufe Al in Annex | represents the new
production structure.

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

In the next step, we split the value of irrigatedid into the value of land and the
value of irrigation using the ratio of irrigatedeld to rainfed yield. These ratios are based on
IMPACT data. The numbers indicate how relativelyrengaluable irrigated agriculture is
compared to rainfed agriculture. The magnitude dditeonal yield differs not only with
respect to the region but also to the crop. Onamesr producing rice using irrigation is
relatively more productive than using irrigatiom fpowing oil seeds, for example.

The procedure we described above to introduce dbe riew endowments (pasture
land, rainfed land, irrigated land and irrigati@ilpws us to avoid problems related to model
calibration. In fact, since the original databaseonly split and not altered, the original
regions’ social accounting matrices are balancetlcam be used by the GTAP-W model to
assign values to the share parameters of the matloafequations. For detailed information
about the social accounting matrix representatibthe GTAP database see McDonald,
Robinson and Thierfelder (2005).

* See table Al in Annex | for the regional, sectarad factoral aggregation used in GTAP-W.



As in all CGE models, the GTAP-W model makes usehef Walrasian perfect
competition paradigm to simulate adjustment praegesidustries are modelled through a
representative firm, which maximizes profits in fpetly competitive markets. The
production functions are specified via a serien@$ted constant elasticity of substitution
functions (CES) (Figure Al). Domestic and foreigmputs are not perfect substitutes,
according to the so-called “Armington assumptionWwhich accounts for product
heterogeneity.

A representative consumer in each region receinesme, defined as the service
value of national primary factors (natural resosrqeasture land, rainfed land, irrigated land,
irrigation, labour and capital). Capital and labare perfectly mobile domestically, but
immobile internationally. Pasture land, rainfed dairrigated land, irrigation and natural
resources are imperfectly mobile. National incomaliocated between aggregate household
consumption, public consumption and savings. Experalshares are generally fixed, which
amounts to saying that the top level utility funatihas a Cobb-Douglas specification.
Private consumption is split in a series of altéugacomposite Armington aggregates. The
functional specification used at this level is tdoastant difference in elasticities (CDE) form:
a non-homothetic function, which is used to accoiamt possible differences in income
elasticities for the various consumption goods. Aney metric measure of economic
welfare, the equivalent variation, can be compdrtech the model output.

In the original GTAP-E model, land is combined watatural resources, labour and
the capital-energy composite in a value-added nkestour modelling framework, we
incorporate the possibility of substitution betwéand and irrigation in irrigated agricultural
production by using a nested constant elasticityudistitution function (Figure Al). The
procedure how the elasticity of factor substitutioetween land and irrigatiorsiw) was
obtained is explained in more detail in CalzadilRghdanz and Tol (2008). Next, the
irrigated land-water composite is combined withtpeessland, rainfed land, natural resources,
labour and the capital-energy composite in a valdded nest through a CES structure.

In the benchmark equilibrium, water used for irtiga is supposed to be identical to
the volume of water used for irrigated agricultunethe IMPACT model. An initial sector
and region specific shadow price for irrigation @atan be obtained by combining the social
accounting matrix information about payments tadex and the volume of water used in
irrigation from IMPACT.
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The distinction between rainfed and irrigated agtice within the production
structure of the GTAP-W model allows us to studpexted physical constraints on water
supply due to, for example, climate change. In,fattanges in rainfall patterns can be
exogenously modelled in GTAP-W by changes in thedpctivity of rainfed and irrigated
land. In the same way, water excess or shortageggated agriculture can be modelled by

exogenous changes to the initial irrigation watet@vment.

2.3. Baseline simulations

The IMPACT baseline simulatiomut to 2050 incorporates moderate climate chamgacts
based on the SRES B2 scenario. Results are compmaied alternativeno climate change
simulationassuming normal climate conditions. The GTAP-W slages these outputs from
IMPACT to calibrate a hypothetical general equilion in 2050 for each of these two
simulations.

To obtain a 2050 benchmark equilibrium datasetlierGTAP-W model we use the
methodology described by Dixon and Rimmer (2002)s Tethodology allows us to find a
hypothetical general equilibrium state in the fetimposing forecasted values for some key
economic variables in the initial calibration da&asin this way, we impose forecasted
changes in regional endowments (labour, capitdliraaresources, rainfed land, irrigated
land and irrigation), in regional factor-specifindamulti-factor productivity and in regional
population. We use estimates of regional laboudgpctvity, labour stock and capital stock
from the G-Cubed model (McKibbin and Wilcoxen 1998hanges in the allocation of
rainfed and irrigated land within a region as wall irrigation and agricultural land
productivity are implemented according to the valobtained from IMPACT. Finally, we
use the medium-variant population estimates for0206m the Population Division of the
United Nations (United Nations 2004).

The interaction of both models allows for improwadibration and enhanced insights
into policy impacts. In fact, the information suigpol by the IMPACT model (demand and
supply of water, demand and supply of food, rairdad irrigated production and rainfed and
irrigated area) provides the GTAP-W model with dethinformation for a robust calibration
of a new dataset and allows to run climate changeagios. The links between IMPACT and

GTAP-W are shown in Annex Il.
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3 Baseline simulation results
Compared to the 2000 baseline data (Table 1), NH®AICT model projects growth in both
crop harvested area as well as crop productivitg@0 under normal climate conditions (no
climate change simulation) (Table 2). The world'spcharvested area is expected to increase
by about 3 percent between 2000 and 2050. Thigus/alent to a total crop harvested area
of 1.35 billion hectares in 2050, 36 percent of ahhis projected to be under irrigation. In
Sub-Saharan Africa, for the same period, irrigatesh is projected to grow more than twice
as fast as rainfed area (79 percent compared tpeBdent). However the proportion of
irrigated area to total area in 2050 is only oneeget higher compared to 2000 (4.5 and 3.4
percent, respectively).
Table 1 and 2 about here

Impacts of future climate change on food produgtolemand and trade are reflected
in the 2050 (SRES B2) baseline simulation. Table®rts the percentage change in crop
harvested area and production by region and by @woBSub-Saharan Africa as well as
changes in regional GDP and welfare between th® B0xlimate change simulation and the
2050 (SRES B2) baseline simulation. According ® dhalysis, world’s crop harvested area
and food production decrease by 0.30 and 2.66 perocespectively. The picture is similar
for irrigated production; both area and productiwe projected to be lower, by 1.55 and 3.99
percent, respectively. Global rainfed productiorcrdases by 1.65 percent, despite an
increase in rainfed area by about 0.38 percentioRabimpacts of climate change on
rainfed, irrigated and total crop production varigely. In Sub-Saharan Africa, both rainfed
and irrigated harvested areas decrease when clichatege is considered (by 0.59 and 3.51
percent, respectively). Rainfed production, ondtresr hand, increases by 0.70 percent while
irrigated production drops sharply by 15.30 perc@sta result, total crop harvested area and
production in Sub-Saharan Africa decreases by pefgent and 1.55 percent, respectively.
Most of the decline in production can be attributedvheat (24.11 percent) and sugar cane
(10.58 percent). Other crops in Sub-Saharan Afdoain fact better because of climate
change and particularly GQertilization.

Table 3 about here

The last three columns in Table 3 show the impéactimate change on regional GDP
and welfare. At the global level, GDP is expecteddcrease with climate change by USD 87
billion, equivalent to 0.09 percent of global GDAR.the regional level, only Australia and
New Zealand experience a positive GDP impact uctlierate change: GDP is expected to

increase by USD 1,074 million. Projected declinesGDP are particularly high for the
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United States, South Asia, and South America (USIY@8 million; USD 17,271 million;
and USD 10,697 million, respectively). In relatieems, declines are largest for South Asia,
the former Soviet Union, and Eastern Europe (00688 and 0.38 percent, respectively). For
Sub-Saharan Africa, losses in GDP due to climat@ngb are estimated at USD 3,333
million, equivalent to 0.20 percent of regional GOPese losses in GDP are used to evaluate
the efficacy of the two adaptation scenarios toecefih climate change. Alternatively, when
yield effects of CO2 fertilization are not considér GDP losses in Sub-Saharan Africa are
estimated to be slightly higher (USD 4,455 million)

Like global GDP, global welfare is expected to dexiwith climate change (USD 87
billion). However, welfare losses due to declines agricultural productivity and crop
harvested area are not general, in some regiorfar@éhcreases as their relative competitive
position improves with respect to other regionsisTi® the case of South America, Australia
and New Zealand, Sub-Saharan Africa, and Canadgdted welfare losses are considerable
for South Asia, the USA and Western Europe. The 2SHllion welfare increase in Sub-
Saharan Africa is explained as follows. First df ahly some crops in Sub-Saharan Africa
are badly hit by climate change. Secondly, cropstier parts of the world are hit too — and
relatively harder than those in Sub-Saharan Affidee result is an increase in food price and
exports. This improves welfare (as measured byibksian Equivalent Variation) but it also
increases malnutrition.

Figure 1 shows for the 2050 (SRES B2) baseline Isithan a global map of irrigated
harvested area as a share of total crop area hytrgolApproximately 63 percent of the
world’s irrigated harvested area in 2050 is in Agiich accounts for about 22 percent of the
world’s total crop harvested area. By contrasigated agriculture in Sub-Saharan Africa is
small, only 4.4 percent of the total crop harvesiesh is expected to be irrigated by 2050.
Most of the countries in Sub-Saharan Africa areeetgd to continue to use irrigation on less
than 5 percent of crop land. Madagascar and Swakikre exceptions expected to be
irrigating 67 percent and 60 percent of their tatap area, respectively. The numbers for
Somalia and South Africa are much lower (34 andp24cent, respectively). The most
populous country in the region, Nigeria, accoumisabout 23 percent of the region’s crop
harvested area. However, around 97 percent of Mdiggaroduction is rainfed.

Figure 1 about here
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Agricultural crop productivity is commonly measurbg the amount of output per
unit of area, such as yield in kilograms per hextarable 4 presents average yields by crop
type for the 2050 (SRES B2) baseline simulatiorsplziyed are global average levels as well
as minimum and maximum levels for rainfed and ategl harvested area according to the 16
regions defined in Table Al. In addition, averagddylevels for Sub-Saharan Africa as well
as information on the minimum and maximum yieldsndividual countries are provided.
Clearly the performance of Sub-Saharan Africa isrpshen compared to the regional and
global averages. Compared with other regions, Weeage agricultural productivity in Sub-
Saharan Africa is the lowest or is close to theimirm for all crops; except for irrigated rice,
wheat, and sugar cane with levels close to theafjlalverage. Agricultural productivity
within the Sub-Saharan Africa region varies wid&8gme countries are highly productive on
very small areas, for example, Tanzania regarduggars cane, and South Africa on most
agricultural crops. Most countries, however, faoernty on large rainfed areas with low crop
harvested yields.

Table 4 about here

Table 5 presents for the 2050 (SRES B2) baselime lcarvested area and production
in Sub-Saharan Africa by crop. Only 4.4 percenthef total crop harvested area is expected
to be under irrigation by 2050 while irrigated puoton is expected to account for 12.1
percent of the total agricultural production in tlegion. The two major irrigated crops are
rice and sugar cane. Irrigated rice is expecteattmunt for more than one-fourth of the total
rice harvested area and to contribute to almosdt dfatotal rice production. For irrigated
sugar cane the picture is similar. Almost one-fowt the total crop area is projected to be
under irrigation and around 38.6 percent of theltatop production is expected to be
irrigated. Most of the total crop area under irtiga is devoted to the production of cereal
grains, rice, and vegetables, fruits and nuts. Hewewith the exception of rice the share of
irrigated harvested area to total crop harvested & projected to be less than 5.1 percent.

Similarly, almost 80 percent of the total rainfednrested area in Sub-Saharan Africa is

® FAO (2001) subdivides the agricultural produciiviteasures into partial and total measures. Pangalsures
are the amount of output per unit of a particulgsuit (e.g. yield and labour productivity). Total aseres
consider the total factor productivity, which isethatio of an index of agricultural output to ardém of

agricultural inputs.
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projected to be used for the production of cereabg&its and tubers; and vegetables,
groundnuts and fruits.

Table 5 about here

4 Adaptation strategies to climate change

We evaluate the effects on production and incomevof possible adaptation strategies to
climate change in Sub-Saharan Africa. Both adaptadcenarios are implemented based on
the 2050 (SRES B2) baseline. The first adaptatmenario assumes an expansion in the
capacity of irrigated agriculture and doubles thvegated area in Sub-Saharan Africa. The
second adaptation scenario considers improvemengrdductivity for both rainfed and
irrigated agriculture; increasing rainfed and iatigd yields in Sub-Saharan Africa by 25
percent through investments in agricultural redeamed development, and enhanced farm
management practices.

According to the first adaptation scenario, irreghtareas in Sub-Saharan Africa are
assumed to double by 2050, as compared to the ERHES B2) baseline, while total crop
land does not change. Around 11 million hectares #uus transferred from rainfed
agriculture to irrigated agriculture, increasingriear 9 percent the share of irrigated over
total crop area in the region. In GTAP-W, the adiirrigated land and irrigation endowments
are doubled; the rainfed land endowment is redacedrdingly. In IMPACT, for each FPU
and each crop, irrigated area growth is doubledHerregion. Rainfed area is reduced by an
egual amount to keep total crop area constant.r@tlogth assumptions remain unchanged.

In the second adaptation scenario, agriculturgb gnductivity for both rainfed and
irrigated crops in Sub-Saharan Africa are increasge®5 percent compared to the 2050
(SRES B2) baseline. In GTAP-W, the primary factooductivity of rainfed land, irrigated
land and irrigation are increased by 25 percenttMRACT, crop yield growth rates are
increased to reach values 25 percent above baselines.

For both adaptation scenarios, investment or aoglications are not incorporated
into the modelling frameworks and the additionahation water used does not violate any

sustainability constraints.

4.1. Adaptation scenario 1: Expansion of irrigated agrialture
In the original GTAP model, land is specific to thgricultural sector but not to individual
crops, which compete for land. In the GTAP-W moithé$ proposition also holds. Rainfed

land, irrigated land and irrigation are sector-#ji@dout individual crops compete for them.
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Pasture land is only used by a single sector, tiboks Therefore, when the capacity of
irrigated agriculture is increased by transferringd from rainfed agriculture to irrigated
agriculture, the additional land in irrigated agftare is not allocated uniformly. Irrigated
wheat production uses a higher proportion of the fend and irrigation than other crops
(Table 6), which is mostly driven by a strong regibconsumption of locally produced
wheat. Similarly, the reduction in rainfed lanchi® proportional among crops. While the use
of rainfed land decreases for most crops betwe@h 0. 0.53 percent, the use of rainfed land
for wheat production increases by 1.35 percent. ddmbined effect is an increase in total
wheat production by 2.12 percent, which is consistgith an increase in irrigated and
rainfed production by 102.24 and 0.49 percent,eetygely. The change in production of oll
seeds shows a similar picture, irrigated and rdipie@duction increases by 100.12 and 0.03
percent, respectively. For the rest of the cropgated production increases and rainfed
production decreases, resulting in an increasetal trop production. The only exception is
the sector “other agricultural products”, for whicial production decreases by 0.05 percent.
Table 6 about here

The expansion of irrigated areas in the region feowery small base helps farmers to
achieve higher yields per hectare. This is followgdn increase in total crop production and
a drop in agricultural commodity prices. The lagb ttolumns in Table 6 show a reduction in
domestic and global market prices for all crops €&aoeption is the increase in the domestic
price of other agricultural products).

As a general equilibrium model, GTAP-W accounts ifapacts in non-agricultural
sectors as well. Changes in total crop productiameha mixed effect on non-agricultural
sectors; domestic and world prices of non-agricaltsectors increase under this alternative
scenario. An exception is the food products sectdnere price declines because its
production is promoted by a higher supply and lopréze of crops.

Factor market prices change according to the newrfaomposition. The increase in
the supply of irrigated land and irrigation pusldesvn their market prices, while prices for
rainfed land, as it gets scarcer, experience #ivelacrease. Market prices for the rest of the
primary factors increase as the economy expandsd . Regional welfare increases only
by around USD 119 million. This adaptation scende@mds to a small increase in GDP in
Sub-Saharan Africa (0.007 percent, equivalent t®U1%3 million), which is insufficient to
compensate for the regional GDP losses expecteer whichate change (USD 3,333 million)
(Table 10).

16



Results from the IMPACT model are shown in Tablelfie expansion of irrigated
areas in Sub-Saharan Africa increases cereal ptiodua the region by 5 percent, and meat
production by 1 percent. No change can be seermmé&brand tuber production. The results are
not readily comparable to those obtained by the BWA& due to the differences in
aggregation. Contrary to the IMPACT results, meatdpction in GTAP-W decreases
slightly, by 0.06 percent.

Table 7 about here

For all cereals, real commodity prices by 2050 uride baseline are expected to be
higher than prices in 2000. This is a result of@éased resource scarcity, for both land and
water, as well as the impact from climate change kinfuel development, and increased
population and income growth driving food demandedsification with demand shifting
towards meat, egg and milk products that requiegngas feedstock. Climate change leads to
higher mean temperatures and generally raisesweatgr requirements but at the same time
the availability of water for crop growth may de&se in certain regions. Higher temperature
during the growing season in low-latitude regiomkere such temperature-induced yield loss
cannot be compensated fully by the fertilizatiofees of higher C®levels, will adversely
affect food production.

Similar to grain prices, in the 2050 (SRES B2) base meat prices are expected to
increase (Table 7). Livestock prices are expeaidddrease as a result of higher animal feed
prices and rapidly growing meat demand. Even tho8gh-Saharan Africa is not a key
contributor to global food production or irrigatédod production, both climate change
adaptation scenarios focusing on the region argqea to reduce world food prices. Under
this scenario, world food prices declines betwed&nt® 1.6 percent for rice, potato as well as
for sweet potato and yams. Reductions in world etapkices for both cereals and meat are
more pronounced in IMPACT than in GTAP-W.

4.2. Adaptation scenario 2: Improvements in agricultural productivity

Improvements in agricultural productivity in bothinfed and irrigated agriculture enable
farmers to obtain higher levels of output per wfitnput. Table 8 shows an increase in total
crop production but the magnitude differs by crgpet The sector “other agricultural

products” is the sector with the highest increaseroduction (25 percent), followed by oil

seeds, wheat, and vegetables, fruits and nutsl@and 11 percent, respectively). Rainfed
and irrigated production increase for all cropgjwihe exception of rainfed sugar cane.

Table 8 about here
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Higher levels of agricultural productivity resuit a decline in production costs and
consequently in a decline in market prices. Tabkh@ws, for all crop types, a decrease in
domestic and world market prices. A 25 percenteaase in agricultural productivity leads to
a reduction of around 10 to 13 percent in domestarket prices; only sugar cane
experiences a smaller decline at 8 percent. Woddket prices, in turn, decline by 3 to 4
percent.

Total production in non-agricultural sectors isoalaffected under this scenario.
Reductions in total production are more pronounimdenergy intensive industries, other
industry and services, as well as gas (4.8, 4.1 &ddpercent, respectively). The food
products sector is affected positively and its pictithn increases by 1.4 percent. Domestic
and world market prices increase for all non-agdtical sectors except for food products.

An increase in agricultural productivity reduce® themand (at constant effective
prices) for rainfed land, irrigated land and irtiga. Therefore, market prices for these three
factors decrease (12.4, 41.7 and 39.9 percentctgply). Changes in market prices for the
rest of the factors are positive. Returns to uteskilabour increase more than returns to
skilled labour (3.0 and 2.4 percent, respectiv€igble 8). Regional welfare in Sub-Saharan
Africa increases by USD 15,435 million. This adaipta scenario promotes GDP growth by
1.5 percent (USD 25,720 million), which more thdfsets the initial reduction of 0.2 percent
in GDP due to climate change as projected undeSRIES B2 scenario (USD 3,333 million)
(Table 10).

Higher rainfed and irrigated crop yields in IMPA@&sults in higher food production,
which lowers international food prices, making fomdre affordable for the poor. Table 9
shows an increase in cereal production by arounpe2€ent; meat production increases by 4
percent. As expected world market prices for afeats and meat products decrease much
more under this second adaptation scenario. Prestine between 15 to 31 percent
particularly for those crops that are of primarypornance for Sub-Saharan Africa: roots and
tubers, maize, sorghum, millet, and other coarasgr As in the former adaptation scenario,
reduction in world market prices are more pronodnod MPACT than in GTAP-W.

Tables 9 and 10 about here

4.3. Outcomes for malnutrition

Figure 2 shows the number of malnourished childogrthe Sub-Saharan Africa region for
2000 and projected to 2050. Under the SRES B2 inasehe number of malnourished
children is projected at 32 million in 2050 commhte about 30 million in 2000. This large
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number of malnourished children is unacceptably hidowever, the share of malnourished
children is projected to decline from 28 to 20 eatcover the 50-year period.

Under the doubling irrigated area scenario, the memof malnourished children
declines by only 0.3 million children. The scenamio increased rainfed and irrigated crop
productivity, on the other hand, results in a dexin the number of malnourished children of
1.6 million children, which is close to the no ctite change baseline. Thus, improving crop
yields in both rainfed and irrigated areas is atefty that would almost completely offset for
the impact of climate change on child malnutrition.

Figure 2 about here

5 Discussion and conclusions

This paper presents a combined analysis using dagflobal partial equilibrium agricultural
sector model (IMPACT) and a global computable gahequilibrium model (GTAP-W) for
alternative adaptation strategies to climate cham@b-Saharan Africa. Special emphasis is
placed on the interaction of both models, whiclova#l for improved calibration and
enhanced policy insights.

The methodology combines advantages of both typesodels. IMPACT considers
detailed water-agriculture linkages and provides thata underlying GTAP-W. While
IMPACT can provide results for 281 Food Producingits) on water and food supply the
model cannot examine impacts on non-agriculturetass. GTAP-W distinguishes between
rainfed and irrigated agriculture and implementgewaas a factor of production in the
production process for irrigated agriculture. ThEAR-W model considers water quantity
and prices but ignores non-market benefits or coltgater use. For instance, the model is
unable to predict the direct ecological impactxdessive pumping that reduces groundwater
and affects the flow of streams but increases taket-based benefits from water use. As in
all CGE models, GTAP-W takes into account the lgdsa between agricultural and non-
agricultural sectors as well as a full treatmenfaafor markets.

Two adaptation scenarios to climate change in Qalmfan Africa are analyzed.
These scenarios are contrasted with the IMPACT 2038eline simulation, which
incorporates the SRES B2 scenario and a furthemasice assuming no climate change.
Model outputs, including demand and supply of watemand and supply of food, rainfed
and irrigated production and rainfed and irrigateela are then used in GTAP-W to calibrate
a hypothetical general equilibrium in 2050 for bstmulations. The main results of the four

scenarios are summarised in Table 10.
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Without specific adaptation, climate change woulavén a negative impact on
agriculture in Sub-Saharan Africa. Total food prctiten would fall by 1.6%, with heavy
losses in sugar cane (-10.6%) and wheat (-24.1%9. Afumber of hungry children would
increase by almost 2 million.

The first adaptation scenario doubles irrigatecsiia Sub-Saharan Africa, compared
to the 2050 (SRES B2) baseline, but keeps totgh em@a constant in both models. The
second adaptation scenario increases both raimedriagated crop yields by 25 percent for
all countries in Sub-Saharan Africa.

Because of the relatively low share of irrigateelagrin total agricultural areas in Sub-
Saharan Africa, an increase in agricultural progttgtachieves much larger benefits for the
region than a doubling of irrigated areas. Becag#culture in Sub-Saharan Africa is far
below its potential, substantial productivity gaiase technically feasible. Differences
between adaptation scenarios are more pronouncéslT®P-W than in IMPACT. Both
adaptation scenarios increase total crop produdiidnthe magnitude differs according to
crop type.

An increase in irrigated areas and agriculturadpobivity leads to a decrease in the
production cost of agricultural products and coneedy to a reduction in market prices.
Even though Sub-Saharan Africa is not a key couitib to global food production or
irrigated food production, both adaptation scersat@lp lower world food prices. Both
GTAP-W and IMPACT show more pronounced reductiamgsiomestic and world market
prices under the scenario simulating enhanced mroguctivity.

Lower food prices make food more affordable for ploer. As a result, the number of
malnourished children in Sub-Saharan Africa is getgd to decline by 0.3 million children
by 2050 under the doubled irrigated area scenart kay 1.6 million children under the
increased agricultural productivity scenario. Tleduction in the number of malnourished
children under enhanced crop productivity almosiad¢gjthe increase in the projected number
of malnourished children under the climate charggelbne compared to a simulation without
climate change.

Changes in total production in non-agriculturaltseschave a mixed pattern; however
all of them show an increase in domestic and wprickes. An exception is the food products
sector, where price declines because its produdgipnomoted by a higher supply and lower
price of agricultural products.

Because the first adaptation scenario transfersl laom rainfed to irrigated

agriculture, market prices for rainfed land inceeaghile market prices for irrigation and
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irrigated land decrease. In the second adaptattenasio market prices for rainfed land,
irrigated land and irrigation decline. In both atddion scenarios, market prices for the rest of
the primary factors increase. The increase in thekat price for unskilled labour is higher
than for skilled labour under the second scenario.

Both adaptation scenarios enable farmers to achigbeer yields and revenues from
crop production. The increase in regional welfardhe first scenario is modest (USD 119
million), however in the second scenario reacheb WS5,434 million.

The efficacy of the two scenarios as adaptationsones to cope with climate change
is measured by changes in regional GDP. An incréassgricultural productivity widely
exceeds the GDP losses due to climate change; GbReases by USD 25,720 million
compared to the initial reduction in GDP of USD333nillion. The opposite happens for an
increase in irrigated area; the GDP increase doesffset GDP losses due to climate change
(GDP increases only by USD 113 million). While thegsults are promising regarding the
potential to develop investment programs to coawctethe adverse impacts of climate
change, the scenario implemented here, SRES R, ise conservative side of the range of
climate change scenarios.

Several caveats apply to the above results. Hirgiur analysis increase in irrigated
areas and improvements in agricultural productiatg not accompanied by changes in
prices. We do not consider any cost or investmesb@ated to irrigation expansion and
improvements in agricultural productivity. Therefprour results might overestimate the
benefits of both adaptation scenarios. Second, nm@iditly assume, for the expansion of
irrigated agriculture, availability and accessiljilito water resources. We assume a
sustainable use of water resources. Third, we d@aclnieve a complete integration of both
models. Future work will be focused on further gregion and accounting possible feedbacks
from GTAP-W to IMPACT.
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