
ABSTRACT: The climate risk zoning was carried out for cowpea cultivated in northeastern Amazonia, Pará state, Brazil. Système d’Analyse 

Régionale des Risques Agroclimatologiques (SARRA) crop model was used and calibrated from data obtained in field experiments 

conducted between 2013 and 2016 in Castanhal, state of Pará. Low climate risk areas were defined as those with water requirement 

satisfaction index (WRSI) greater than or equal to 0.5 during flowering and early grain development and less than 20 mm of total rainfall 

during grain maturation and harvest for at least 80% of the simulated sowings of the crop. Simulations of the current and future climate 

conditions were carried out with the regional climate modelling system version 4 (RegCM4) nested with the HadGEM2 global circulation 

model with RCP 4.5 IPCC-AR4 scenario. The results show that climate changes are likely to reduce the duration of the optimal period for 

sowing cowpea in the mentioned region.
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INTRODUCTION

Rapidly increasing world population together with changes in global climate have raised questions about food security 
in the upcoming decades (Molotoks et al. 2021), once climate changes are expected to act in different ways across the world 
(Pokhrel et al. 2021). In South America, projections with the RCP 8.5 Eta-HadGEM2-ES model show a significant reduction 
of rainfall from the north to the south-central region of Brazil and an increased rainfall in the extreme of South America 
and northwestern Amazonia during rainy season (Rocha et al. 2019). Simulations carried out in a regional scale with the 
RegCM4 model show a reduction in rainfall during the driest months, and an increase during the wettest months in some 
regions of eastern Amazon (Souza et al. 2016).

In Brazil, many crops will be impacted by those changes (Zilli et al. 2020). For example, the grain yield of soybean in 
double crop systems in the main grain producing regions of the country is expected to drop due to decreased precipitation 
(Pires et al. 2016), and the northeast region of Brazil may experience reductions in sugarcane yield (Carvalho et al. 2015).

Cowpea (Vigna unguiculata Walp.), an annual herbaceous legume, is one of the crops possibly threatened by climate 
changes (Cavalcante Junior et al. 2016), even though its use has been proved to be a feasible strategy to guarantee food security 
in situations of climate change (Kimiti 2019). Researchers have found that cowpea has been used in crop rotations due to 
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its ability to perform biological nitrogen fixation, and is reported to improve soil conditions and to reduce the dependency 
of mineral fertilizers for subsequent crops in the rotation (Sánchez-Navarro et al. 2019).

According to Companhia Nacional de Abastecimento (2021), most of Brazilian cowpea is produced in the northeast 
region (60.5%), and north region (8.5%) of Brazil. The state of Pará is responsible for 30%, or about 17,500 tons of the 
production of the north region. Even though it is not a great fraction of the country’s total production of cowpea, the grain 
has a significant economic and social role for smallholders in northeastern Pará, region the concentrates most of the state 
production.

Cowpea is often referred to as a drought resistant species; however, Nascimento et al. (2011) have pointed out that, even 
though cowpea can reach physiological maturity under drought stress, grain yield is severely reduced in such conditions. 
Drought, as well as deficit irrigation, can reduce biomass accumulation, grain yield, and water use efficiency (Freitas et al. 
2017; Souza et al. 2019). Among various cultivated species, legumes and tuberous are the most susceptible to yield losses 
caused by drought, which could be explained by their shallower root systems (Daryanto et al. 2017).

Climate changes may cause severe impacts for cowpea cultivation in Brazil, such as in northeastern Brazil, where 
increased temperature could cause significant reductions in the area that has climate conditions favorable to cowpea 
growth (Silva et al. 2010). Decreases in evapotranspiration and in the duration of the crop cycle for rainfed cowpea are 
also expected in different warming scenarios (Cavalcante Junior et al. 2016). Angelotti et al. (2020) found in a controlled 
growth chamber that some cowpea cultivars show higher dry matter production and number/weight of seeds under 
elevated CO2 concentration (500 ppm). Besides yield increase of the plants, elevated CO2 concentration improves plant 
water relations by reducing its stomatal conductance (Hatfield and Dold 2019) as observed for rice (Kumar et al. 2019) 
and mung bean (Gao et al. 2015). Despite there are no results found for cowpea, it is expected a similar response for 
some C3 plants (Hatfield and Dold 2019).

Water deficits higher than 47 mm during reproductive stage promote larger yield gaps on cowpea cultivated in northeastern 
Pará state, which defines an optimal sowing season for the cultivar BRS-Tracuateua up to June 20th as the limit optimal 
sowing date in order to avoid yield gaps higher than 20% (Souza et al. 2020). The ideal final sowing date for cowpea in this 
region in order to guarantee the highest yield (90% of probability) and yield gaps less than 10% would be between April 
1st to 20th (Nunes et al. 2019).

The aim of this study is to estimate possible impacts of regional climate changes on the duration of the optimal growing 
season and on the amount of area available for growing cowpea in the northeast of Pará (Eastern Amazon), Brazil. The 
results are discussed and possible strategies that farmers may recur to in order to minimize economic and social impacts 
are pointed. The hypothesis is that climate changes may alter the optimal sowing period for cowpea in the studied region.

MATERIAL AND METHODS

Field experiments were carried out in the School Farm of the Federal Rural University of Amazon, in Castanhal, PA 
(1°19’14.7” S; 47°57’33.5” W) during the years of 2013, 2014, 2015, and 2016. These experiments allowed the acquisition of the 
data necessary to perform the calibration and validation of the Système d’Analyse Régionale des Risques Agroclimatologiques 
version H (SARRA-H) model. In such experiments, cowpea was grown with different irrigation depths, with 0.5 and 0.1 m 
of spacing between each plant, therefore totalizing 2 × 105 plants·ha-1.

The daily water supply through irrigation was based on crop evapotranspiration (ETc) calculated according to Allen  
et al. (1998), with the crop coefficients (Kc) recommended by Farias et al. (2017). Reference evapotranspiration was 
calculated with weather data recorded in an automated weather station located 3 km away from the experiment. Sensors 
were installed in the experiment to measure the following variables: air and soil temperature (°C), relative humidity of air 
(%), soil moisture (m3·m–3), global radiation (W·m–2), net radiation (W·m–2), soil heat flux (W·m–2), rainfall (mm), wind 
speed (m·s–1) and direction measured at 2 m height.

The field experiment was carried out in randomized blocks design, with six blocks and four treatments (L1, L2, L3, and 
L4). In L1, 100% of the ETc was supplied every day through irrigation, while in L2, L3 and L4, the percentage reduces to 
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50, 25 and 0% (no irrigation), respectively. All treatments received the same amount of water from irrigation until the end 
of the vegetative phase of the crop.

Every week during the crop growth period, three plants were taken from each parcel for determination of shoots dry 
mass. Three discs with a diameter of 2 cm each were taken from each plant for the determination of the specific leaf area, 
and subsequent calculation of leaf area index.

Description of the SARRA crop model

The SARRA model integrates three processes: water balance, carbon balance, and crop phenological development. The 
details on the calculations performed are described by Cirad (2013). The model calculates the reference evapotranspiration 
each day based on the weather records, according to the methodology proposed by Allen et al. (1998). The model inputs the 
following weather data for each day: maximum and minimum air temperature, average actual vapor pressure obtained from 
air temperature and air relative humidity, precipitation, global radiation, and wind speed measured at 2 m height from the 
surface. Despite some cowpea cultivars shown higher dry matter production and number/weight of seeds under elevated 
CO2 (500 ppm) in a controlled growth chamber (Angelotti et al. 2020), no penalization was applied in the processes of the 
model due to CO2 increment once the objective was only to simulate the crop water consumption in order to generate the 
water requirement satisfaction index of cowpea.

Assessing the performance of the SARRA model

The crop parameters needed as input for the model were obtained from the experiments of 2013, 2014, and 2015, then 
the weather data from 2016 was supplied as input for the model and a simulation was carried out. The model output was 
compared to the measured data by means of the Pearson’s correlation coefficient (r), Willmott’s index of agreement (d), 
performance index (c), mean error and root of mean square errors (me).

Water requirement satisfaction index

The water requirement satisfaction index (WRSI) is the ratio of actual to maximum evapotranspiration. The WRSI ranges 
from 0 to 1. Its critical values depend on the crop and its phenological phase. For cowpea, WRSI ≥ 0.5 can be considered 
as low water deficit (Silva et al. 2010).

Although it is expected greater stomatal control and possible reduction in the transpiration of C3 plants (Hatfield and 
Dold 2019), no correction has been applied to the evapotranspiration estimate, once there are no experimental results for 
this crop, and because it is considered that both maximum evapotranspiration and actual evapotranspiration would be 
affected, which could cause little impact on the WRSI compared to the difference between them.

Simulation of sowing for different dates

Simulations of the current and future climate conditions were carried out with the regional climate modelling system 
version 4 (RegCM4) nested with the HadGEM2 global circulation model with RCP 4.5 IPCC-AR4 scenario, considering 
an intermediate scenario in terms of the global radiative forcing of approximately 4.5 W·m2 (~ 650 ppm CO2 equivalent) 
for future climate conditions (Souza et al. 2016). The simulations were performed for 22 locations in northeastern Pará 
state and western Maranhão state (Fig. 1) and, for each location, the output of the model was compared with records of a 
corresponding weather station in order to obtain correction factors for correction of the model bias, both under current 
and future climate simulations.

For air temperature and air relative humidity, additive biases were calculated, and for global radiation, precipitation and 
wind speed, multiplicative biases were used (Souza et al. 2016). The correction factors were calculated for each location 
and month.
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Figure 1. Location of the studied area. Each cross represents a weather station.

The predominant soil texture in each location was determined from the map of soils of the states of Pará and Maranhão. 
Water holding capacities of 80, 120, 150, 180, and 150 mm·m–1 were used for the following soil textures, respectively: sandy, 
sandy loam, loam, clay loam, clay.

The sowing of cowpea was simulated in each location in the 5th, 15th, and 25th days of each month and year, from 
2006–2016, 2016–2026 and 2026–2036. The average WRSI from the flowering until the end of grain filling was calculated 
for each simulation. Then, an inverse distance weighting interpolation of the probability (pW) of occurrence of an average 
WRSI greater than the threshold value mentioned above was performed. Also, for each sowing date, the probability 
(pR) of the total rainfall during the grain maturation period until harvest not exceeding a threshold value of 20 mm was 
calculated, since cowpea yield is negatively impacted by excessive rainfall during the harvest period (Lima Filho et al. 
2013). Four classes of risk were defined: low risk, medium risk, high risk and not recommend; where “not recommended” 
means the sowing of cowpea is not recommended in that region and date. Regions defined as low risk, medium risk or 
high risk must meet the criteria pW > pmin and pR > pmin, where pmin is equal to 80, 70, and 60%, respectively, for low risk, 
medium risk and high-risk zones. If such criteria are not met for a given region and sowing date, then it is classified as 
not recommended. These criteria are similar to the criteria adopted in the project of risk zoning of Brazil for cowpea 
(Andrade Júnior et al. 2018).

RESULTS

Performance of the crop model

The SARRA-H model overestimates grain yield in L1, L2, and L3, and underestimates it in L4 (Table 1). In L1, the 
simulated average grain yield was 1,556 kg·ha–1, and the measured grain yield was 1,338 ± 284 kg·ha–1 (average ± confidence 
interval, p = 0.05). It demonstrates that the simulated grain yield does not differ statistically from the measured values in 
this treatment.

Since the SARRA model uses the ratio of actual to potential transpiration to limit the biomass accumulation, an 
accurate simulation of biomass accumulation indicates that the impacts of water deficit on the crop are being correctly 
simulated. Thus, a correct simulation of biomass accumulation is necessary, even though this output is not being 
used throughout this study. The results suggest that model simulates biomass accumulation with good precision and 
accuracy (Table 1).
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Table 1. Pearson correlation coefficient (r), Willmott’s index of agreement (d), performance index (c), and mean error (me), for simulated 
dry mass of shoots (S), leaves (L), stems (St), grains (Y), leaf area index (LAI), and soil water content (W), during the validation of the model.

Variable
r d c r2 me r d c r2 me

Treatment
L1 L2

S 0.99 0.99 0.98 0.98 –112.11 0.99 0.99 0.97 0.98 209.50
L 0.95 0.96 0.91 0.90 –169.00 0.98 0.98 0.95 0.95 24.37
St 0.97 0.98 0.96 0.95 –138.54 0.95 0.97 0.93 0.90 59.92
Y 0.93 0.88 0.82 0.87 221.76 0.91 0.90 0.82 0.83 141.97

LAI 0.85 0.89 0.75 0.72 –0.23 0.73 0.84 0.61 0.53 –0.06
W 0.97 0.97 0.94 0.94 –0.56 0.82 0.87 0.71 0.67 –2.01

Variable
Treatment

L3 L4
S 0.99 0.99 0.97 0.98 209.50 0.98 0.99 0.97 0.96 90.87
L 0.98 0.98 0.95 0.95 24.37 0.98 0.94 0.92 0.96 130.32
St 0.95 0.97 0.93 0.90 59.92 0.97 0.99 0.96 0.95 –6.39
Y 0.91 0.90 0.82 0.83 141.97 0.93 0.95 0.88 0.87 –20.53

LAI 0.73 0.84 0.61 0.53 –0.06 0.95 0.89 0.84 0.90 0.18
W 0.82 0.87 0.71 0.67 –2.01 0.96 0.98 0.95 0.93 0.51

Predicted changes in climate

The average air temperature during the decade 2006–2016 ranges between 24.00 and 27.80 °C, depending on the location. 
Simulations carried out with the RegCM4 model show a consistent average increase of 0.33 °C (ranging from 0.25 to  
0.41 °C) in temperature throughout the simulated decade 2016–2026 and 2026–2036 for all locations (Fig. 2), with positive 
anomalies compared to decade 2006–2016 in most of the regions of study.
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Figure 2. Anomalies of relative humidity (RH) and daily mean air temperature (T) throughout the decades with the mean air temperature and 
relative humidity of 2006–2016 decade taken as a baseline. The black line represents the mean over the region, and the gray area shows the 
maximum and minimum of the daily mean registered over the region on each date from 2006 to 2036.
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Simulations also show a noticeable increase in air temperature throughout the decades, with more positive anomalies 
in the decade 2026–2036 in almost all cities studied, except those located in the southeast of the region and within the state 
of Maranhão, where it is observed some minor negative anomalies over the year.

It is observed positive anomalies in air temperature by about 1.0 °C based on 1st quartile until 2036, reaching positive 
anomalies close to 2.5 °C considering the 3rd quartile. Such an increase in temperature could reduce the time needed to 
harvest annual crops that reach physiological maturity earlier when growing under higher temperatures. These effects of 
temperature on the crop are well simulated by SARRA-H.

Mean air relative humidity ranges from 70 to 84% over the studied region during the first decade (2006–2016). Unlike 
air temperature, relative air humidity does not show a clear trend, since some places are likely to experiment some increase 
in relative air humidity, while others will experiment decreases, and yet some locations will have no noticeable changes 
(Fig. 2). It is noteworthy that relative humidity is expected to decrease in most continental areas during warming scenarios, 
however, decreases in relative humidity in continental areas may be linked to lower water supply from evapotranspiration 
(Vicente-Serrano et al. 2018). The simulated data show a noticeable downtrend in relative humidity only during the last 
few years of the simulated data (between 2026–2036), as shown in Fig. 2.

Global radiation and wind speed have shown no meaningful changes throughout the decades (Fig. 3). The period with 
the higher global radiation occurs during the second half of the year, when the average daily global radiation ranges from 
16.9 to 23.0 MJ·m–2·day–1. The lower global radiation occurs during the first half of the year, which are the wetter months. 
The average global radiation during the rainy season ranges from 13.3 to 18.1 MJ·m–2·day–1 and depends upon the location.
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Figure 3. Average daily global radiation for each month and location in the three simulated decades.

Wind speed is not expected to have meaningful variations in the upcoming decades (data not shown). Solaun 
and Cerdá (2020) have shown an increase in wind speed near surface during warming scenarios occurring in other 
countries, but these studies usually simulate wind speed at 10 m height or higher and have larger timeframes. 
Rainfall is expected to increase during the wet season and to decrease during the dry season in most locations in 
northeastern Pará, in the coming decades. Such changes in rainfall patterns are well described and discussed in 
Souza et al. (2016).
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Climate risk zoning under recent past

The decade from 2006 to 2016 was included in this analysis to represent climate conditions in the recent past (Fig. 
4) for comparison purposes. The ideal sowing period begins in early March for the central region of the studied area. 
However, the climate risk at the beginning of March is still high due to a high probability of rainfall during harvest. 
The area available for sowing increases from 1.8% of the total studied area to 54.6% of the total studied area from 
between February 15 and March 25. All the regions suitable for sowing from May 15 onwards are north of the parallel 
2° S, and they stay as such until June 25. The ideal period for sowing begins earlier in the southernmost regions of 
the studied area and advances northward.
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Figure 4. Climate risk zoning for cowpea throughout the 2006–2016 decade.

The increase of the climate risk during the second half of the year in the whole region is due to diminished amounts of 
rainfall, caused by the displacement of the intertropical convergence zone (ITCZ). The ITCZ is the main rain generating 
system in the eastern Amazon, more precisely in Maranhão and northeastern Pará, during the wet season (Ferreira  
et al. 2015; Souza et al. 2017). The annual seasonality of rainfall is strongly related to the displacement of ITCZ, which 
occurs along the NW–SE axis, leading to increased precipitation in Amazon in the first quarter of the year and in 
Central America in the third quarter of the year (Rocha et al. 2019). Despite the effect of the displacement of the ITCZ, 
the rain distribution observed during the dry regime during the second half of the year is mainly controlled by other 
meteorological systems, such as convective complexes, instability lines and influences of frontal bands located in the 
Brazilian northeast (Souza et al. 2017).

Climate risk zoning under current and future conditions

Throughout the decade 2016–2026 (Fig. 5), a decrease of the climate risk in most regions between March 25 
and April 15 was observed. The zone available for the sowing of cowpea expands from 5.7 to 25.0% of the studied 
region between February and March, until it reaches 67.2% of the total available area on April 5. Then, it falls to 
0% after May 5, when the ideal period for sowing end for regions south of the parallel 2° S. Still, all the regions 
suitable for sowing from May 25 onwards are north of the parallel 2° S, and they stay as such until June 5.
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Figure 5. Climate risk for each sowing date throughout the 2006–2016 decade.

Throughout the decade 2026–2036 (Fig. 6), the onset of ideal period for sowing occurs at the end of February for the 
central regions of the studied area. The zone suitable for sowing increases from 1.0% in February 15 to 46.9% in March 25. 
All the regions suitable for sowing from May 5 onwards are north of the parallel 2° S.
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Figure 6. Climate risk for each sowing date throughout the 2026–2036 decade.

April represents the end of the growing season in most of the region, in all the three decades from 2006 to 2036, except 
for a small region in the northeast of the studied area. By the end of the growing season, in April, the lower risk zones move 
northward until only the northern coastal region remains as a low-risk zone. This pattern is maintained throughout all three 
decades. The coastal region, in the north, remains suitable for sowing until the end of June during the three simulated decades.

The WRSI-related component of the climate risk, which characterizes the risk of water deficit, decreases significantly 
during November (Fig. 7c, f, i); however, the duration from sowing to harvest of cowpea is smaller than the duration of 
the rainy season, so an early sowing during November until February is likely to face large amounts of rain during the 
harvest period (Fig. 7b, e, h).



9Bragantia, Campinas, 80, e5521, 2021

Climate risk for cowpea under climate change

sowing date

risk
not 
recommended high medium low

re
la

tiv
e 

ar
ea

 (%
)

100
75
50
25

0
100

75
50
25

0
100

75
50
25

0
J    F  M  A  M   J    J   A   S   O  N  D J    F  M  A  M   J    J   A   S   O  N  D J    F  M  A  M   J    J   A   S   O  N  D 

combined risk risk due to excessive rainfall risk due to water deficit
2006-2016

2016-2026
2026-2036

Figure 7. Stacked area plot of the percent of the total studied area in each risk classification by date of sowing.

Even though the length of the low-risk season slightly varies over decades, the expansion and the retracement of the 
low-risk zones follow a similar pattern, which stays unaltered over time: from March to April (Fig. 4a–f, Fig. 5a–f, Fig. 
6a–f), the zones with lower risks move along the SE–NW axis. Then, from May to June (Fig. 4g–l, Fig. 5g–l, Fig. 6g–l) the 
ideal period for sowing moves to the northeastern coastal region. Thus, the low-risk season in the southern region begins 
and ends earlier than in the northern region.

Impacts of climate change on climatic risk zoning

Simulations show a continuous shortening of the low-risk period over decades for the northeastern region of the 
studied area. Such a shortening occurs due to the increase of risk in May and June (Fig. 8g–l and Fig. 9g–l). It is important 
to highlight that this region concentrates a significant amount of the total cowpea yield of the state.
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Figure 8. Reclassification of climate risk from 2006–2016 to 2016–2026. Regions where the climate risk increased are in red, whereas green 
pixels represent regions where the climate risk decreased.
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The 2016–2026 decade has a great increase in climate risk on April 15 and April 25 (Fig. 8e–f) and a decrease of risk 
from March 5 to April 15 (Fig. 8a–e). The decrease of risk was due to areas whose classification changed from medium risk 
to low risk or from high risk to medium risk. Such a decrease in risk seems to be driven by increased rainfall during the 
early development of the crop (compare Fig. 7c and f between March and April). However, the decrease of climate risk in 
March and April is counterbalanced by an increase of risk in June.

On the other hand, the period from March 15 to April 15 (Fig. 9h–k) in the decade 2026–2036 shows up to 50,000 km2 
of reclassified areas, most of which were previously classified as low-risk or medium-risk zones and were reclassified as 
high-risk zones or “not recommended” for sowing. Such an increase in climate risk at the beginning of the growing season 
may be due to changes in rainfall distribution over the year, since the risk due to water deficit during grain maturation and 
harvest increases in April (Fig. 7c, f, i) in comparison to the previous decades. The future decades (2016–2026 and 2026–
2036) have an increase in rainfall of about 5 to 10% in the wettest months (December–February), and a reduction in rainfall 
of –5 to –30% during the driest months (June–August) (Souza et al. 2016).
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Figure 9. Reclassification of climate risk from 2006–2016 to 2026–2036. Areas where the climate risk increased are in red, whereas green 
pixels represent regions where the climate risk decreased.

DISCUSSION

In northern Brazil, cowpea is typically grown during the third growing season, which begins in May and ends in mid-
July (Auras and Amâncio 2015). The highest yields of cowpea for the northeast region of Pará are obtained when it is 
sown between April 1st to 20th (Nunes et al. 2019). After May 20th, yield gaps of more than 20% are expected due to the 
climatological water deficit in the region during reproductive stage of this culture (Souza et al. 2020). In similar studies 
carried out for different regions of Brazil, water deficit seems to be the main limiting factor for cowpea production. Andrade 
Júnior et al. (2007), based solely on the WRSI criteria, found the period from December 15 to March 25 to be the optimal 
period to sow cowpea in the state of Ceará, northeast of Brazil. Lima Filho et al. (2013) defined the period from mid-June 
to mid-July in Cruz das Almas, northeast of Brazil.

The annual precipitation in all these places is much lower than the annual precipitation in northeastern Pará. The 
annual precipitation in Cruz das Almas is 1,117 mm·year–1 (Lima Filho et al. 2013), in the state of Ceará, records of annual 
precipitation reach 1,669 mm in Fortaleza and 1,668 mm in Guaramiranga (Andrade Júnior et al. 2007). While in northern 
Pará, annual precipitation records are: 2,510 mm·year–1 in Tracuateua, 3,084 mm·year–1 in Belém, and 1,899 mm·year–1 
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in Marabá (this study). If a rainfall constraint was not taken into consideration, the low-risk period in this study would be 
much longer: from December to July.

Changes in rainfall patterns may have implications for farmers who choose to sow at the beginning of the low-risk period, 
since the wetter condition during the crop harvest may causes losses due to the spreading of inocula from infected plants 
to healthy ones through water droplets and water flow on the surface of the soil (Durojaye et al. 2019). Moreover, cowpea 
sown too early will be harvested during the rainiest months, which usually causes more damages to the physical structure 
of the soil due to the combination of high soil moisture and the traffic of heavy machinery (Gabarron-Galeote et al. 2019).

The observed increase of climate risk for regions north of parallel 2° S throughout the current (2016–2026) and future 
(2026–2036) decades for cowpea suggests that farmers will need to adapt to a narrower sowing window for the studied 
region. A migration of cowpea production in the whole region could be seen, which could have significant impact for small 
farmers who have relied in cowpea as a source of food and income.

In the future, as climate changes develop, in order to have proper water supply during its vegetative development and 
early reproductive phase, farmers could sow earlier. Irrigation and/or the use of varieties that are more resistant to drought 
stress are also alternatives in case of late sown (Nascimento et al. 2011; Souza et al. 2019). Cowpea is considered conservative, 
which means it prioritizes water status maintenance rather than photosynthesis. Therefore, stomatal closure, which reduces 
evapotranspiration, is an important drought tolerance mechanism for this species (Freitas et al. 2017). However, this comes 
with the side effect of significant reductions in grain yield (Freitas et al. 2017; Souza et al. 2019). Any of these alternatives 
would, therefore, have social and/or economic costs for farmers in general, and specially for smallholders.

Higher atmospheric [CO2] primarily affects the net photosynthesis of C3 plants by increasing net photosynthesis and 
carbon assimilation, which is counteracted by a reduction of stomatal opening, that reduces the transpiration of the plant 
(Ueyama et al., 2020). One could expect this reduction in plant transpiration to increase the crop resistance to drought, 
however a research about the effect of CO2 fertilization and water deficit on cucumber, another C3 plant, has shown that 
severe water stress would reduce or even offset the possible benefits brought by increased atmospheric [CO2], which, 
according to the authors, suggests that ecological models based on strong CO2 fertilization may overestimate the benefits 
of plants from rising atmospheric [CO2] (Fan et al. 2020). As there is not any recent experiment regarding the effects of 
increased atmospheric [CO2] on cowpea, the current research does not account for effects of CO2 fertilization on cowpea.

Earlier sowing would reduce the amount of time available to grow other crop(s) in double cropping systems, which are 
widely used to intensify the use of cropland and thus increase the economic returns of farming (Pires et al. 2016). In some 
colder regions around the world, climate changes are likely to increase the suitability of double cropping, since a warmer 
climate would reduce the amount of time needed to grow crops (Seifert and Lobell 2015).

However, in the region of the current study, changes in rainfall patterns have a greater impact upon climate risk than 
the temperature increase (Souza et al. 2016). Although an increase of total rainfall during the rainy season is expected for 
this region, studies indicate a possible change of the position of the ITCZ as a consequence of climate changes. A southward 
shift during May–October and a shift towards the Equator between November and April (Mamalakis et al. 2021) could 
minimize the scenarios of high climate risk expected for the near future based solely on the results of the RegCM4 model, 
primarily in the dry season.

Irrigation, as mentioned, can be used to mitigate impacts on cowpea sown at the end of the low-risk season (Souza 
et al. 2019). The irrigation requirements are expected to increase in all Brazilian regions until 2039 (Cunha et al. 2014), 
however, in some regions of Amazon, deforestation and climate changes could alter water availability (Gomes et al. 2020) 
and drive water use to unsustainable levels in the upcoming decades (Lathuillière et al. 2018). Taxation on water use could 
be instrumental to increase water productivity (Berbel et al. 2019). Smallholder farmers are more susceptible to climate 
changes, and more likely to experience some food insecurity following extreme weather events (Harvey et al. 2018).

The decision on which date to adopt as a new sowing window must consider the new rainfall regime for the region for 
the upcoming decades (2016–2026 and 2026–2036), whose scenarios indicate an increase of 5 to 10% in the rainy trimester 
(DJF) and a 5 to 30% reduction in the dry semester (JJA) (Souza et al. 2016). Such scenarios may increase the possibility of 
greater yield gap for cowpea due to the higher frequency of water deficiencies during the reproductive phase, considering 
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that for this region and for this crop, when water deficits during reproductive stage reach more than 47 mm, yield gaps 
greater than 20% can occur (Souza et al. 2020).

In other regions, such as northeastern Brazil, cowpea will be impacted in similar ways due to climate change, where 
increased temperature could reduce the area with low climate risk (Silva et al. 2010). A decrease on the time the crop needs 
to reach physiological maturity is also expected in different warming scenarios (Cavalcante Junior et al. 2016). Even small 
changes in the sowing date could drastically reduce the aboveground biomass (Matoso et al. 2018), number of pods per 
plant and number of grains per pod, which results in lower yield (Almeida et al. 2017).

Finally, for practical purposes, the optimal sowing dates for cowpea for each decade, in chronological order, can be 
described as follows: for regions between 3° S and 5° S it is, respectively, March 25, from March 25 to April 5, and from 
March 15 to March 25. For regions north of 2° S, it is from May 25 to June 25, from May 25 to June 25, from June 15 to June 
25. For regions south of 5° S, the sowing is not recommended in 2026–2036; in the other two decades, it is, respectively, 
from March 25 to April 15, and from March 25 to April 5. For better spatial precision, the raster images should be used.

CONCLUSION

Simulations show that climate changes are likely to reduce the duration of the optimal period for sowing cowpea. Such 
a reduction is due to limited water supply at the end of the wet season in northeastern Pará. Farmers may adapt to such 
changes by sowing earlier, in order to avoid the crop development occurring during the dry season, or by irrigating. However, 
any of these strategies would have economic and social costs for farmers.
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