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a b s t r a c t

This study evaluated the effects of climate change on cowpea bean crop grown in northeastern Brazil
based on the reports of the Intergovernmental Panel on Climate Change (IPCC). The water balance model
combined with Geographic Information System techniques was used to identify regional areas where
the cowpea bean crop will suffer yield reduction due to climate changes. Model input variables were:
rainfall, crop coefficients, potential evapotranspiration and duration of the crop cycle. A limit value of 0.5
eywords:
limate change
rop modeling
ainfall
ater balance model

was adopted for the water requirement satisfaction index (WRSI), being the ratio of actual to maximum
evapotranspiration. The acceptable seeding date was defined as the date at which the water balance
simulation presented a WRSI value greater than the limit value, with a frequency of at least 80%. An
increase in air temperature will cause a significant reduction in the areas currently favorable to cowpea
bean crop growth in northeastern Brazil, and it is recommended that bean varieties better suited to

ions s
high-temperature condit

. Introduction

Crop productivity in northeastern Brazil (NEB) is highly sensitive
o rainfall and air temperature. The northeastern semiarid area is
ffected by periodic droughts, which have serious consequences for
large proportion of the rural population that is dependent on rain-

ed cereal production for subsistence. The high climatic variability
t different time and space scales has effects on the long-term food
ecurity and economic development of the region. Water availabil-
ty is one of the factors limiting crop growth in arid and semiarid
ones (Nieuwenhuis et al., 2006). Rural population is exposed to
he impacts of climate variability on agricultural production, which
s considered the most weather-dependent of all human activities
Hansen, 2002). Fluctuations in grain yield can largely be attributed
o differences in the timing of sowing and the intensity of drought
tress throughout much of the semiarid tropics (van Oosterom et
l., 1996). By analyzing thermal and moisture effects on grain maize
n Europe, Kenny and Harrison (1992) determined that crop growth
s limited by both temperature and moisture availability, and tem-
erature influences the timing and duration of the growing season.
hese factors affect the balance between the amount of precipita-
Please cite this article in press as: Silva, V.d.P.R., et al., Impact of global war
Manage. (2010), doi:10.1016/j.agwat.2010.06.006

ion received by the crop and its potential evapotranspiration.
Air temperatures are estimated to have increased by 0.65 ◦C

lobally over the last century, with the change becoming more
ronounced since the late 1990s (IPCC, 2001). During this period,

∗ Corresponding author. Tel.: +55 83 33101202; fax: +55 83 33101202.
E-mail address: vicente@dca.ufcg.edu.br (V.d.P.R. Silva).
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hould be planted.
© 2010 Elsevier B.V. All rights reserved.

rainfall has increased with 0.2–0.3% in the tropical region. A recent
report of the IPCC presents a detailed physical analysis of the poten-
tial trend signaled by the change and concludes that it is very likely
that the global climate is going to continue to warm in the near
future. A previous report by the IPCC (2001) stated that under con-
ditions of climate change, increases in both the mean and extremes
of temperature are expected for many parts of the globe. The
possible causes of these changes in the earth–atmosphere–ocean
system are linked to various external forcing mechanisms, such
as the direct effect of human activities on the climate system.
This report is based on data recorded in the oceans, atmosphere
and biosphere and indicates an increase in global temperature
between 1.4 and 5.8 ◦C by the end of the current century. These
estimates involve considerable uncertainty over projections of
temperature, as well as other climatic variables, because little is
known about the processes of exchange of heat, carbon and radi-
ation in the earth–atmosphere system. However, the impact of
human activities on general climate at a global scale is widely
accepted (Modarres and Silva, 2007). Anthropogenic interference
in the environment is one of the leading causes of the process
of climatic change in several regions of the world (Silva, 2004).
This complex phenomenon, which includes natural and human
processes, depends on a multiplicity of factors and is almost irre-
versible.
ming on cowpea bean cultivation in northeastern Brazil. Agric. Water

Knowledge of crops that are tolerant to soil and climatic condi-
tions in most semiarid regions is of great importance to the success
of both small-scale farmers and larger-scale commercial farmers,
and their harvests improve as the climate risks are minimized. The
irregularity of the rainy season in northeastern Brazil restricts the
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hoice of crops to be cultivated, especially in semiarid areas where
he water deficit is even greater. Agricultural zoning is a tool that
as developed to minimize the risk facing most crops in the period

rom planting to harvest (Zullo et al., 2006).
Recently, many studies have been conducted to assess the

ffects of climate change on rain-fed agriculture, particularly for
egions of the world where the available water supply is limited
Sultan et al., 2005; Lobell et al., 2006; Kouressy et al., 2008; Jarvis
t al., 2008; Thornton et al., 2009). Climate change resulting in
ncreasingly high temperatures and worsening rainfall patterns,
ogether with the current scarcity of water resources, is expected
o have a significant effect on all sectors of the economy (Benhin,
008). These facts have important implications for food policy in all
ountries. An increase in air temperature should influence both the
iming and duration of the growing season. In spite of these con-
erns, few studies have been undertaken in Brazil, especially on
he reduction in planted area and crop yield that would result from
lobal climate change. The basic hypothesis of this study was that
lobal climate change could have serious impacts on cropped area
nd crop yield grown in rain-fed systems in semiarid regions. Addi-
ionally, this research includes an analysis of the relative effects of
limate change on cowpea beans grown in semiarid regions, which
s intended to establish strategies to mitigate the negative effects of
lobal climate change. In this context, the purpose of this research
s to assess the impacts of climate change on cowpea beans grown
n northeastern Brazil based on the Intergovernmental Panel on
limate Change (IPCC) scenarios of increases in air temperature.

Many climate change studies were carried out using mean val-
es of air temperature and rainfall predicted by a global circulation
odel (GCM) based on the three Special Reports on Emission Sce-

arios (SRES) (A2, A1B and B1) of the IPCC (Jones and Thornton,
003; Harmsen et al., 2009; Mozny et al., 2009). However, the inac-
uracies and the coarse scale of GCM information have led many
esearchers to adopt synoptic-scale approaches (McGuffie et al.,
999) once small-scale accuracy is not achievable by GCM while the
se of synoptic scale results in levels of accuracy that are acceptable
or policy decisions. The present study assesses the effect of cli-

ate change on cowpea bean cultivation using observational data
n both air temperature and rainfall in order to identify areas that
ay be severely affected in three warming scenarios.

. Materials and methods

.1. Study area

Northeastern Brazil is an important tropical region of the world
ith an area of about 1.6 million km2, where more than 30 million
eople live in semiarid areas (Fig. 1). The economy is principally
ased on rain-fed crop production for subsistence in spite of the
eriodicity of droughts that often lead to devastating suffering
nd occasionally to mass migration problems. A large area of NEB
s characterized by low rainfall levels and high evaporation rates
Silva et al., 2009). The normal annual rainfall ranges from 1800 mm
n the eastern coast to less than 400 mm in the center of the semi-
rid region. Annual average temperature varies from 16.8 to 33.8 ◦C,
nd evaporation rates can surpass 10 mm d−1 (Silva et al., 2006).

The predominant vegetation type in the semiarid areas is trop-
cal thorn forest (caatinga), and the soil is fairly diversified, formed

ainly by lithosoils, regosoils, latosoil and sandy soils (Silva, 2004).
he intracratonic basins of northeastern Brazil are part of a Creta-
Please cite this article in press as: Silva, V.d.P.R., et al., Impact of global war
Manage. (2010), doi:10.1016/j.agwat.2010.06.006

eous rift system developed along pre-existing structural trends
n the basement during the opening of the South Atlantic Ocean.
he basement is composed of highly metamorphosed Precambrian
ocks (aligned structurally in a northwest–southeast or east–west
irection). The predominant rocks are migmatites, granites, gab-
Fig. 1. Map of Brazil with the delineation of northeastern Brazil (NEB).

bros and amphibolites. The main lithologies in the region are clastic
rocks, including breccias and conglomerates, sandstones, siltstones,
mudstones and shales (Carvalho, 2000).

2.2. Cowpea bean crop

Cowpea bean (Vigna unguiculata L. Walp), also known as macas-
sar bean or rope bean, is one of the main crops grown in
northeastern Brazil. Its main growing seasons range from October
to December (first growing season), from February to April (sec-
ond growing season) and from May to July (third growing season),
depending on the latitude. This crop is well adapted to the edafocli-
matic conditions of the region, and it is grown in warm, humid and
semiarid climates for human and animal consumption. The most
ideal temperature range for cowpea bean cultivation is from 20
to 30 ◦C, and water requirements are low, about 300 mm. Mean
yield of this crop in rain-fed systems in northeastern Brazil ranges
from 300 to 700 kg/ha, which is smaller than the yield of common
beans grown in similar conditions. High temperatures and water
deficiency during the flowering stage leads to a reduction of grain
yield and an increase in respiration, reducing the net photosynthe-
sis. Drought is a common cause of yield loss in beans and can be
aggravated by high temperatures (Beaver et al., 2003).

2.3. Model description and data

SARRA (Systeme d’Analyse Regionale des Risques Agroclimatiques)
is a simple crop model used at both field and regional scales to
assess drought risks and agricultural impact. As a deterministic
simulation model, it is used to establish zoning and risk analysis of
cereals (Baron et al., 1996, 2005). This model can be performed at
daily time steps (Kouressy et al., 2008) and it is also suitable for the
analysis of climate impacts on cereal growth and yield in dry and
tropical environments (Sultan et al., 2005; Baron et al., 2005). It con-
tains a simple soil water balance model, which is used to obtain the
water requirement satisfaction index (WRSI) as the ratio of actual
ming on cowpea bean cultivation in northeastern Brazil. Agric. Water

evapotranspiration (ETa) to maximum evapotranspiration (ETm)
(WRSI = ETa/ETm). This index was originally developed by the Food
and Agriculture Organization (FAO) for assessing crop yields in
water-limited crop growing regions (Doorenbos and Pruitt, 1977).
SARRAH is a crop modeling platform developed from SARRA, the

dx.doi.org/10.1016/j.agwat.2010.06.006
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ig. 2. Map of northeastern Brazil region showing the location of the weather sta-
ions used in the study.

ater balance model is frequently used for agricultural zoning and
isk analyses. These models, as well as the DSSAT (Decision Support
ystem for Agrotechnology Transfer) model, have been extensively
ested in many parts of the world to assess crop yields in semiarid
nvironments (Sultan et al., 2005; Mishra et al., 2008; Thornton
t al., 2009). SARRA derives yield indices from daily reductions in
rop evapotranspiration accumulated during crop cycle, and con-
erts them to grain yield using an empirical function obtained from
eld survey data (Baron et al., 2005).

The soil water content was obtained through the water balance
n time increments of 10 days, assuming that the effective pre-
ipitation is 100% of the actual precipitation. The model requires
s inputs daily rainfall, crop coefficient, potential evapotranspira-
ion, soil water holding capacity, sowing date and root depth. Soil
ater holding capacity between wilting point and field capacity is

alibrated from available soil data, and the root depth (Sultan et
l., 2005). For this study, four values of soil holding water capac-
ty were used according to the predominant soil texture of the
egion: 40 mm m−1 for sandy soils, 50 mm m−1 for sand loam soils,
0 mm m−1 for silt loam soils and 70 mm m−1 for clay soils.

Maximum evapotranspiration (i.e., evapotranspiration under
ell watered conditions) was calculated with the crop coefficient

arying according to the phenological stages of the cowpea bean,
ollowing FAO guidelines (Doorenbos and Pruitt, 1977; Doorenbos
nd Kassan, 1979). A polynomial equation as a function of maxi-
um evapotranspiration and relative soil water content was used

o obtain actual evapotranspiration according to Eagleman (1971).
ir temperature data were used to calculate potential evapotran-
piration using the method of Hargreaves and Samani (1985) for
ime intervals of 10 days for each air temperature scenario. For
his purpose, adjustment coefficients (KT) proposed by Allen (1995)
ere also used. The WRSI values were determined with a frequency

ccurrence of 80% and classified into three qualitative classes: (i)
RSI ≥ 0.50 (low climate risk); (ii) 0.40 ≤ WRSI < 0.50 (medium cli-
Please cite this article in press as: Silva, V.d.P.R., et al., Impact of global war
Manage. (2010), doi:10.1016/j.agwat.2010.06.006

ate risk) and (iii) WRSI < 0.40 (high climate risk). A complete set of
65 time-series of daily rainfall and air temperature observations

n northeastern Brazil was obtained from the National Institute
f Meteorology (Instituto Nacional de Meteorologia). These stations
ave reasonable spatial coverage of the studied region (Fig. 2). Air
 PRESS
Management xxx (2010) xxx–xxx 3

temperature time-series for stations with no or missing data were
obtained by the empirical model given in Silva et al. (2006).

2.4. Scenarios of future climatic change

In its Fourth Assessment Report, the IPCC made the following
projections of future warming: “the average surface temperature
of the Earth is likely to increase by 1.1–6.4 ◦C by the end of the 21st
century, relative to 1980–1990, with a best estimate of 1.8–4.0 ◦C”
(IPCC, 2007). This report states that the warming will not be evenly
distributed around the globe, but most of South America is likely
to warm more than the global average. The present study ana-
lyzed three climate scenarios of warming within the intermediate
range of the IPCC scenario for the current century. The chosen sce-
narios are plausible sequences of possible events used to inform
future trends, decisions or consequences (Carter et al., 2001). Sce-
narios A, B and C assume air temperature increases of 1.5, 3.0 and
5.0 ◦C, respectively, compared to the normal climatic conditions
and no changes in precipitation. It is uncertain how annual rainfall
will change over northern South America. This is because global
climate model (GCM) projections of El-Niño/Southern Oscillation
(ENSO) show continued inter-annual variability in the future but
no consensus exists about future changes in ENSO amplitude nor
frequency (IPCC, 2007).

Current climate was modeled using records from a period of
at least 30 years of 665 weather stations of the National Institute
of Meteorology. These stations were selected from the dataset to
assess the warming scenarios. For each scenario, the percentages
of areas cropped for sowing in the middle of each month from
November to May were obtained. In order to compare the results
obtained for the different climate scenarios, a spatial distribution
of the WRSI under current weather conditions and air tempera-
tures was obtained. Map information was compiled in digital form
within a GIS tool and then processed within linked visualization
software to generate the total area where the cowpea bean crop
suffered reductions in cultivated area due to climate changes.

3. Results and discussion

The water requirement satisfaction index (WRSI) was used for
assessing the climate risk of cowpea beans under rain-fed condi-
tions during the main growing seasons in northeastern Brazil. It is
important to highlight that this analysis does not take into account
the yield in each climate scenario, but it is a way to assess the impact
of climate change on agricultural area at a regional level. The spa-
tial distributions of the WRSI at normal climatic conditions and for
the three scenarios of temperature increases (1.5, 3.0 and 5.0 ◦C)
are shown in Figs. 3–5. These figures show where cowpea bean is
currently grown, as well as the areas where it could be grown under
the three warming scenarios.

An increase in air temperature leads to an increase in agricul-
tural areas with high and medium climate risks and, consequently,
a reduction in areas with low climate risk for all growing seasons.
However, the areas with medium climate risk showed a dispro-
portional increase. For the first growing season, the increase in air
temperature does not significantly change the agricultural areas
with high climate risk, but it has a large effect on areas with medium
climate risk. The cause for such a great increase in areas with
medium climate risk is likely related to the potential contributions
of rainfall and soil type to unfavorable conditions during the grow-
ming on cowpea bean cultivation in northeastern Brazil. Agric. Water

ing season. It is important to note that the total area that falls into
the medium climate risk category under the warming scenarios
was within the agricultural area with low climate risk during all
of the growing seasons at normal climatic conditions. From a food
security point of view, the reduction in agricultural area will have a

dx.doi.org/10.1016/j.agwat.2010.06.006
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ig. 3. Climate risk for cowpea bean sowed on November 15 (first growing season)
isk [white] and high climate risk [black] under the normal climatic conditions (A)

egative impact on the region due to the fact that the cowpea bean
s the basic food for most people of northeastern Brazil. A warming
f 3.0 ◦C has practically the same magnitude of effect on the climate
isk to cowpea bean as a warming of 5 ◦C in all growing seasons. A
arming of 1.5 ◦C also leads to a slightly increased climate risk.

During the first growing season (November 15), agricultural
reas under rain-fed conditions with both low and medium cli-
ate risks are located along the western part of NEB (Fig. 3). The

rea with low climate risk within the semiarid region of NEB at nor-
al climatic conditions (Fig. 3A) is drastically reduced in all three
arming scenarios, but especially for the warming of 5 ◦C (Fig. 3D).

here is a large area with high climate risk in the central and eastern
reas because the dry period in these areas lasts from September to
anuary (Silva et al., 2009). The percentage change of agricultural
rea under the scenario of warming of 1.5 ◦C does not vary greatly
uring the first growing season. It is the extreme change that tends
o have the most critical effect compared with the normal climatic
onditions. Under a warming of 1.5 ◦C, most of the southwestern
Please cite this article in press as: Silva, V.d.P.R., et al., Impact of global war
Manage. (2010), doi:10.1016/j.agwat.2010.06.006

art of NEB would have low climate risk, but this region falls into
igh climate risk under a warming of 5 ◦C.

In the second growing season, the agricultural areas with both
ow and medium climate risks are located in the northern part of
EB due to the influence of the intertropical convergence zone
theastern Brazil. Agricultural areas with low climate risk [brown], medium climate
r temperature scenarios of 1.5 ◦C (B), 3 ◦C (C), and 5 ◦C (D) increase.

(ITCZ) (Fig. 4). This phenomenon is the main large-scale mech-
anism responsible for the observed rainfall in this region (Silva,
2004). The ITCZ (where the trade winds of the Northern and
Southern Hemispheres come together) is located in the south-
ernmost part of NEB in February (McQuate and Hayden, 1984),
during the second growing season of cowpea bean in northeastern
Brazil.

The warming scenarios show a systematic reduction in agri-
cultural area with low climate risk along the eastern coast of NEB
during the second growing season. The central and southern parts
of NEB present high climate risk, except for a small nucleus located
in the southeastern part of the region. This occurs due to the high
air temperature over this region during the second growing season.
The central part of NEB is characterized by a semiarid climate with
a high rate of evaporation, air temperature and recurrent droughts.
The southern part is less dry than the semiarid central part, how-
ever, the rainy season does not coincide with the second growing
season.
ming on cowpea bean cultivation in northeastern Brazil. Agric. Water

Low and medium climate risks are observed throughout the
eastern coast of NEB in the third growing season (Fig. 5). This can
be explained by the high rainfall close to the Atlantic Ocean pro-
duced by large-scale atmospheric phenomena. In this area, annual
mean rainfall is much greater, ranging from 1500 to 2000 mm, and

dx.doi.org/10.1016/j.agwat.2010.06.006
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ig. 4. Climate risk for cowpea bean sowed on February 15 (second growing season)
isk [white] and high climate risk [black] under the normal climatic conditions (A) a

he rainy season lasts from April to July (Silva, 2004). The major
ources of precipitation coming from the ocean include the upper
ir cyclonic vortex and cold fronts. In terms of the WRSI used to
etermine the zonation of climate risk, there is relatively little dif-
erence between the three climate scenarios, and particularly from
ormal climatic conditions to a warming of 1.5 ◦C (Fig. 5B). Over
ost of NEB, the climate risk is high during the third growing sea-

on (May–July) for all three climate scenarios as well as for the
ormal climate conditions. The main exception to this is along the
astern coast, where climate risks are classified as low and medium.
here are also some areas in the central and northern parts of the
egion with low and medium climate risks that decrease as air tem-
erature increases. An air temperature increase has a significant
egative effect on the water balance, such as an increase in potential
vapotranspiration. Under normal climate conditions and all three
Please cite this article in press as: Silva, V.d.P.R., et al., Impact of global war
Manage. (2010), doi:10.1016/j.agwat.2010.06.006

cenarios, practically the whole NEB, and especially the semiarid
art, contains a large area with high climate risk during the third
rowing season. However, under conditions of moderate warming
scenario A), the agricultural areas with high climate risk remain
nchanged. In general, the agricultural area decreases according
rtheastern Brazil. Agricultural areas with low climate risk [brown], medium climate
r temperature scenarios of 1.5 ◦C (B), 3 ◦C (C), and 5 ◦C (D) increase.

to the increase in climate risk from normal climatic conditions to
warming of 5 ◦C.

As a consequence of global warming, varieties of cowpea bean
better suited to high temperatures should be planted in northeast-
ern Brazil. At a temperature increase the vegetation of arid regions
will replace the semiarid vegetation of northeastern Brazil (Nobre
et al., 2005). Obviously, a reduction in the agricultural area available
to cultivate cowpea bean also produces a decrease in yield. Jones
and Thornton (2003), analyzing the potential impacts of climate
change on maize production in Africa and Latin America, found a
25% yield difference between the normal climatic conditions and
the 2055 scenario for eastern Brazil. Under the conditions of sce-
narios B and C relative to the current weather, a significant increase
of the proportion of agricultural areas in NEB with high climate risk
for cowpea bean is clearly revealed. However, a warming of 1.5 ◦C
ming on cowpea bean cultivation in northeastern Brazil. Agric. Water

(scenario A) does not lead to significant increase of climate risk,
particularly during the third growing season.

Table 1 summarizes the change in agricultural area of cow-
pea bean grown in northeastern Brazil under the normal climatic
conditions and scenarios A, B and C. The total area of NEB is

dx.doi.org/10.1016/j.agwat.2010.06.006
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ig. 5. Climate risk for cowpea bean sowed on May 15 (third growing season) in no
brown] and high climate risk [white] under the normal climatic conditions (A) and

.6 million km2, but the percentage of agricultural areas with low
limate risk under current weather conditions varies from 12.6% to
1.4% and decreases according to the increase in air temperature
o a minimum value of 3.7% for warming of 5 ◦C during the first
rowing season. As previously mentioned, the greatest impact of
he warming was observed during the first growing season, pro-
ucing a decrease in area with low climate risk of 225,927.4 km2

nder a warming of 5 ◦C. Since an area with low climate risk leads
o success of the harvest within an acceptable range of productiv-
ty, a significant increase in air temperature reduces drastically the
uitable area for cowpea bean production.

The NEB is extremely vulnerable to the effects of climate change
ue to the presence of rain-fed crop production. In the first grow-

ng season, the areas with high and medium climate risks increased
hile the areas with low climate risk decreased, making cultiva-
Please cite this article in press as: Silva, V.d.P.R., et al., Impact of global war
Manage. (2010), doi:10.1016/j.agwat.2010.06.006

ion of cowpea bean in the region less favorable. However, during
he second and third growing seasons, only the agricultural area
ith high climate risk increased in the climate scenarios while the

gricultural area with medium and low climate risks decreased
xcept for scenario A at the third growing season, when com-
stern Brazil. Agricultural areas with low climate risk [brown], medium climate risk
mperature scenarios of 1.5 ◦C (B), 3 ◦C (C), and 5 ◦C (D) increase.

pared to the current weather conditions. For the three growing
seasons, the agricultural area with high climate risk under sce-
nario C is greater than the sum of the areas with low and medium
climate risks under the same scenario. For example, during the
first growing season the agricultural area with high climate risk
was 1,070,448.2 km2 while the agricultural area with medium and
low climate risks were, respectively, 431,540.2 and 56,921.2 km2.
Therefore, an increase in agricultural area with high climate risk
is offset by decreases in the areas with medium and low climate
risks. The increased rates in areas with high climate risk (difference
between scenario C and normal climatic conditions) were 109,218,
246,484 and 163,353 km2 for the first, second and third growing
seasons, respectively. The second growing season presented the
largest increases in areas with high climate risk under all scenarios.
At normal climatic conditions, only 44.7% of the agricultural area
ming on cowpea bean cultivation in northeastern Brazil. Agric. Water

has high climate risk, versus 61.6% and 78.1% for the first and third
growing seasons, respectively. Therefore, most of northern NEB
is agriculturally suitable for cowpea bean cultivation from Febru-
ary to April, probably due to soil conditions and certain regularity
conditions of seasonal ITCZ patterns.

dx.doi.org/10.1016/j.agwat.2010.06.006
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Table 1
Agricultural area (km2) of cowpea bean grown in northeastern region of Brazil with
low, medium and high climate risks under the normal climatic conditions (NCC) and
scenarios A (warming of 1.5 ◦C), B (warming of 3.0 ◦C) and C (warming of 5.0 ◦C) for
three growing seasons.

Climate risk NCC Scenario A Scenario B Scenario C

First growing season (November, 15)
High 961,230.2 998,357.2 1,035,540.6 1,070,448.2
Medium 314,830.7 370,416.3 400,540.1 431,540.2
Low 282,848.6 190,136.1 122,828.8 56,921.2

Second growing season (February, 15)
High 697,132.0 797,270.2 869,933.5 943,615.9
Medium 372,580.1 371,792.1 360,516.4 338,822.9
Low 489,197.4 389,847.2 328,459.6 276,470.8

Third growing season (May, 15)
High 1,216,768.0 1,255,148.1 1,306,883.3 1,380,120.7

f
c
s
t
c
i
a
d
F
w
C
i
r
b
s

Table 2
Agricultural area changes, in percentage, under the three warming scenarios in the
study region compared with normal climatic conditions for three growing seasons.

Climate risk Scenario A Scenario B Scenario C

First growing season (November, 15)
High 3.9 7.7 11.4
Medium 17.7 27.2 37.1
Low −32.8 −56.6 −79.9

Second growing season (February, 15)
High 14.4 24.8 35.4
Medium −0.2 −3.2 −9.1
Low −20.3 −32.9 −43.5

Third growing season (May, 15)
High 3.2 7.4 13.4

F
c
n

Medium 146,077.8 153,516.3 138,504.6 108,699.7
Low 196,063.8 150,245.2 113,521.7 70,089.1

The percentage changes in agricultural area that are projected
or the three warming scenarios are summarized in Table 2. The per-
entage of areas with low climate risk averaged over three growing
easons was predicted to decrease by 25.5%, 43.7% and 62.7% under
he warming scenarios of 1.5, 3.0 and 5.0 ◦C, respectively, when
ompared to the current weather conditions, assuming no changes
n rainfall. The agriculturally suitable area is drastically reduced by
lmost 80% from normal climatic conditions to the warming of 5 ◦C
uring the first growing season of cowpea bean in the study region.
or example, during this season the percentages of the total area
ith low climate risk are 12.2%, 7.9% and 3.7% for scenarios A, B and
, respectively (Table 1). On the other hand, during the third grow-
Please cite this article in press as: Silva, V.d.P.R., et al., Impact of global war
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ng season, up to 88.5% of the total area is classified as high climate
isk. Thornton et al. (2009) evaluated the responses of maize and
eans to climate change in east Africa using GCM and four emission
cenarios (A1FI, A2, B1, B2) from SRES (Special Report on Emissions

ig. 6. Percentages of total agricultural area in northeastern Brazil classified as high clima
onditions and scenarios A, B and C. Average and standard deviation (D) of the percentag
ormal climatic conditions (NCC), scenario A (Sce-A), scenario B (Sce-B) and scenario C (S
Medium 5.1 −5.2 −25.6
Low −23.4 −42.1 −64.3

Scenarios). They found yield losses for these crops of up to 20%
between the year with normal climatic conditions and the scenario
for the year 2050. Other researchers also showed the effects of cli-
mate change on crops, such as Harmsen et al. (2009) for generic
crops in Puerto Rico; Jones and Thornton (2003) for maize produc-
tion in Africa and Latin America; Mozny et al. (2009) for saaz hops
in Czech Republic; and Chavas et al. (2009) for canola, corn, potato,
rice, and winter wheat in China. This means that as a consequence
of temperature increases, an important issue is the expected reduc-
tion in land suitable for growing many types of crops in different
parts of the world.

As C3 crops are less tolerant for higher temperatures, the areas
that are agriculturally suitable for cowpea bean cultivation tend
to be areas with low temperatures. Therefore, suitable areas for
ming on cowpea bean cultivation in northeastern Brazil. Agric. Water

farming cowpea bean at the eastern and northern coasts of the
study region will decrease with increasing air temperature. Agri-
culturally suitable areas (low climate risk) under scenario C are
reduced by 79.9%, 43.5% and 64.3%, respectively, for the first, second

te risk (A), medium climate risk (B) and low climate risk (C) under normal climatic
es of total agricultural area classified as high, medium and low climate risk under
ce-C).

dx.doi.org/10.1016/j.agwat.2010.06.006
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nd third growing seasons. As previously mentioned, the second
nd third growing seasons showed a decreasing trend in agricul-
ural area through the warming scenarios. However, for the study
egion, the impacts of warming scenarios on the area classified as
edium climate risk are projected to be more severe for the third

rowing season than for the second growing season. This season
ppears to be less affected by the warming scenarios than the first
nd third growing seasons because there was no significant dif-
erence between agricultural areas in response to the increased
ir temperature. Quiroga and Iglesias (2009) also showed that the
ffects of climate change on crops have contributed to increasing
limate risks in other parts of the world. The greater agricultural
rea changes for low climate risk during the first growing season
elative to other growing seasons is likely caused by the fact that
n the western part of NEB the air temperature is higher than in
ther parts of the region under the current weather conditions.
bviously, this extensive area will experience even higher temper-
tures under the three warming scenarios as a result of climate
hange, producing an increasing trend in agricultural area changes.

The temporal variability in percent of total agricultural area
lanted with cowpea bean in the study region under the normal cli-
atic conditions and warming scenarios as well as its average and

tandard deviation are presented in Fig. 6. For high climate risk, the
ercent of total agricultural area was consistently high, with sce-
ario C > scenario B > scenario A > normal climatic conditions from
ovember to May, with minimum values at the middle of the
eriod and maxima at both its beginning and its end (Fig. 6A). Agri-
ultural area values at normal climatic conditions and under the
hree warming scenarios are linearly decreasing with planting data
rom November (20–27%) to May (7–10%) for the medium climate
isk (Fig. 6B), with scenario C > scenario B > scenario A > normal cli-
atic conditions. However, for the low climate risk the percentage

rea order is inverse with normal climatic conditions > scenario
> scenario B > scenario C (Fig. 6C). In summary, the overall agricul-

ural area appears to be similarly affected by the warming scenarios
hen changing the planting date. Although rainfall changes are not

nalyzed here, it is possible to say that agriculture in NEB is very
ulnerable to climate variables because it is highly dependent on
ainfall and air temperature. As expected, the percentage of total
gricultural area under low climate risk basically showed an inverse
attern throughout the scenarios compared to the total agricultural
rea under high climate risk. Possible reasons for the percentage of
otal agricultural area to be lower for high climate risk and higher
or low climate risk in November and February include the fact that
he majority of the region has its main rainy period during these

onths. Therefore, the regularity of the seasonal ITCZ cycle would
ave a positive effect on the percentage of total agricultural area of
owpea bean in northeastern Brazil for all warming scenarios and
ormal climatic conditions. Inversely, higher temperatures would
ave a negative effect on total agricultural area and, consequently,
n both yield and net crop revenues. Similar results were found by
enhin (2008) when assessing the impacts of climate change on
rop farming in South Africa.

Fig. 6D displays the average and standard deviation of the per-
entage change in total agricultural area for high, medium and
ow climate risks under normal climatic conditions and the three

arming scenarios. This graph indicates that the average total agri-
ultural area classified as high climate risk is increasing, but that
lassified as low risk is decreasing from normal climatic condi-
ions to the scenario of warming of 5 ◦C. The largest average area
as observed for the high climate risk classification, with mean
Please cite this article in press as: Silva, V.d.P.R., et al., Impact of global war
Manage. (2010), doi:10.1016/j.agwat.2010.06.006

anging from 61.2% to 72.3%. Sultan et al. (2005) used SARRAH to
nvestigate the impact of the large-scale variability of the West
frican monsoon on local crop yields. These authors found a high
tandard deviation in millet yield, which they attributed to the
ariations in annual rainfall totals and intra-seasonal rainfall dis-
 PRESS
Management xxx (2010) xxx–xxx

tributions. The standard deviation is comparatively larger (ranging
from 11.9% to 13.2%) for the high climate risk than for the low cli-
mate risk classification (ranging from 6.6% to 8.3%). The average
total agricultural area classified as medium climate risk was rela-
tively stable, ranging from 16.5 ± 5.8% (normal climatic conditions)
to 16.9 ± 7.8% (warming of 5 ◦C). The effects of climate change on
cowpea bean cultivation in northeastern Brazil were much larger
under the warming of 5 ◦C scenario and decreasing toward current
weather conditions.

Millions of people in many countries depend on agriculture for
their livelihoods. Some adaptation strategies, including changes in
crops grown and crop growing patterns, should be undertaken in
response to climate changes. However, smallholder farmers have
faced limitations in adapting their agricultural activities to climate
variability due to lack of knowledge, skills and money. Government
policies should be addressed to agriculture for avoiding the impact
of air temperature increase on food supply. However, care must be
taken when using the results of climate risk zoning on major public
policy decisions if not all the affecting factors are taken into account
by the model, as e.g. change in rainfall and harvesting conditions.

4. Conclusions

This research presents a study of the effects of global warming on
rain-fed cowpea bean farming in northeastern Brazil, in response
to recent concerns about the air temperature increases assumed
under future climate change scenarios. The future climate will be
warmer than the current one, possibly leading to higher levels of
evapotranspiration, resulting in the need for planting crop cultivars
more suitable to a shorter growing season and a warmer climate.
The results suggest that global warming will lead to a reduction
in the agricultural area planted with cowpea bean in northeastern
Brazil. An increase of air temperature affects the availability of suit-
able agricultural area and particularly the cowpea bean yield across
northeastern Brazil. It is recommended that cowpea bean varieties
better suited to high-temperature conditions should be planted. An
important issue is the expected reduction in land suitable for grow-
ing cowpea bean in the region, which would lead to reduced grain
production.

There are considerable differences between the three warm-
ing scenarios and normal climatic conditions in terms of projected
effects of changes in temperature on the area suitable for cowpea
bean cultivation. Under the warming scenarios, the length of the
growing period and yield should be drastically affected as a conse-
quence of the decrease in agriculturally suitable area. The impacts
of climate change are highly variable in both space and time due
to the variability in air temperature, rainfall, soil and vegetation
throughout the region. The second growing season (from February
to April) appears to be less affected by the warming scenarios than
the first and third growing seasons, probably due to the soil condi-
tions and regularity of seasonal ITCZ patterns in most of northern
NEB. These results are important because the effects of projected
climate change on the agricultural sector must be considered as part
of future climate risk management. The landscape of rural areas
in northeastern Brazil is shaped with crops, including maize and
beans, among others, that are well adapted to a semiarid climate.
However, under a warming scenario the climate risk of these crops
will increase, resulting in a drastic crop yield reduction as well as a
reduction in agriculturally suitable areas.
ming on cowpea bean cultivation in northeastern Brazil. Agric. Water
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