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Abstract

The identification and delimitation of regions based on their agricultural aptitude is essential in order to
assure the effective development and adaptation of climate vulnerable regions, such as the Northeast
Brazil (NEB). The objective of this study was to analyze the influence of the water balance on
subsistence corn, bean and cassava yields during the period from 1990 to 2019. Thus, we characterized
the NEB used meteorological variables (precipitation, temperature, relative humidity and radiation) and
water balance elements (potential evapotranspiration, water stored in the soil, water deficit and surplus)
in order to determine the best sowing periods for the aforementioned crops. Data was assessed by
using different statistical analysis tools such as Mann-Kendall’s test for trend identification, analysis of
variance and correlation heatmaps. Results showed an increasing trend for radiation, temperature and
potential evapotranspiration in the wetter regions of the NEB. An increase in water deficit conditions
was also identified during September-October-November, and therefore a reduction in water stored in
the soil during the following months in all regions of the NEB. In the wetter regions, potential
evapotranspiration and temperature were positively correlated with bean and corn yields. In the drier
regions, on the other hand, water stored in the soil and water surplus were more positively associated
with crop yields. For the other climatic types, the following best sowing windows were identified based
on the water balance: January through April (semiarid), March through June (dry subhumid), April
through July (moist subhumid), March through July (humid B1) and January through June (humid B2).

Keywords: Moisture index. Dryland agriculture. Sequential water balance. Agricultural planning.
Time series. Drought.

1 Introduction
The Northeast Brazil (NEB) is the most climatically diverse region in the country, with

climatic types varying from humid to arid, in addition to a remarkable spatial and temporal irregularity
in rainfall occurrence (Alvares et al., 2013; Beck et al., 2018). These characteristics directly impact
water availability in the soil, which in turn impacts crop yield (yield per crop area), and thus generating
socioeconomic losses (Alvala et al., 2019, Silva et al., 2020; Vale et al., 2020). These losses are mainly
due to the water deficit established by the higher atmospheric demand for water (simplified as potential
evapotranspiration, PET) if compared to precipitation in most of the NEB (Cabral Júnior; Bezerra,
2018; Cabral Júnior et al., 2019; Mutti et al., 2020; Rodrigues et al., 2021). Water deficit conditions are
largely responsible for the recurrent drought events registered in the NEB, which are usually more
severe over its semiarid inlands (Brito et al., 2018; Marengo et al., 2018; Medeiros et al., 2020;
Medeiros et al., 2021).

In this sense, the variables related to the water balance provide crucial information on the soil-
vegetation-atmosphere interactions, which are of the uttermost importance for efficient agricultural
planning (Schilling et al, 2008). Studying these variables is also important to adapt crop management
practices and yield to climate variations and trends. The projections for future climate reported by the
Intergovernmental Panel on Climate Change – IPCC (Porter, Howden and Smith, 2017), indicate an
increasing trend in the occurrence of droughts, which will likely impact crop yield. In the NEB, these
trends were analyzed by Marengo and Bernasconi (2015), which revealed reduction in rainfall volumes,
prolonged drought and water deficit periods, and increased aridity in the second half of the 21st century.
Combined with the already remarkable socioeconomic vulnerability in the region, these projected
scenarios make the NEB one of the most susceptible regions in the world to the impacts of climate
change (Marengo et al., 2017; Cunha et al., 2018).

Regarding agriculture in economically developing countries, food security is still highly
dependent on natural resources availability, as reported by the Food and Agriculture Organization of
the United Nations (FAO, 2011; 2013). Therefore, better understanding the spatial patterns of the water
balance over regions where agricultural productivity is highly dependent on climate is an important
tool to help reduce socioeconomic vulnerability (Anderson et al., 2016; Rosato et al., 2017; Martins et
al., 2019). This is particularly true over the semiarid and arid lands of the NEB, since recent studies
indicated significant trends for the expansion of aridity in the region (Mutti et al., 2020; Dubreuil, et al.,
2019).

Still according to the FAO, Brazil figures among the top five corn, bean and cassava producers
in the world, with over 82 million tons of corn produced in the reference year of 2018 (FAOSTATS,
2019). Additionally, approximately 3 million tons of bean and over 17.5 million tons of cassava were
produced that year (FAOSTATS, 2019). In the NEB, these crops are mostly farmed under dryland
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conditions, highly-dependent on soil water availability, and with high agroclimatic risk due to the
irregular occurrence of rainfall over the region (Silva et al., 2011).

It is noteworthy that this type of subsistence agriculture is the most important economic
activity in the region, and thus water availability is the main limiting factor for the development of
agriculture and for obtaining higher crop yields (Reddy, 1983; Pellegrino; Assad; Marin, 2007, Lobell;
Field, 2007; Marengo, 2014; Vale et al., 2019). In some years, water deficit compromises supply to
plants, while in other years it can lead to the complete loss of the crops (Brabo Alves et al., 2010,
Lawrence and Vandecar, 2015; Anderson et al., 2016). Furthermore, most dryland farmers in the NEB
are unassisted, with low financial incentives and rudimentary technology, which increases crop
vulnerability to the previously mentioned agroclimatic risks, particularly in a climate change scenario
(Rockström, 2010).

In this context, the main objective of this study was to analyze the influence of the water
balance and the moisture index on subsistence corn, bean and cassava yields in the period from January
1990 to December 2019. We characterized the NEB region regarding the moisture index variability,
based on local atmospheric conditions (precipitation, temperature, relative humidity and radiation) and
the global behavior of the water balance (reference evapotranspiration, soil water storage, deficit and
surplus) in order to determine the best sowing window for the aforementioned crops.

The present study is divided into three parts: i) calculating the moisture index (Im) through the
aridity (Ia) and humidity (Ih) indices and classifying subregions in the NEB according to climatic types
defined by Thornthwaite and Mather (1955); ii) characterizing the subregions through the climatic
water balance and the sequential water balance observed under the influence of different atmospheric
systems; and iii) analyzing the relationship between climatic types and corn, bean and cassava crop
yields.

2. Material and methods

2.1 Study area
The NEB is located at the northeastern extreme of South America, between latitudes 2°S and

18°S and between longitudes 34°W and 48°W, with a territorial extension of approximately 1,558,196
km², which represents 18% of the total Brazilian area. The NEB is divided into nine regional states:
Maranhão (MA), Piauí (PI), Ceará (CE), Rio Grande do Norte (RN), Paraíba (PB), Alagoas (AL),
Pernambuco (PE) Sergipe (SE) and Bahia (BA) (Figure 1), comprising 1792 municipalities.

The NEB’s surface is covered by different biomes that constitute complex ecosystems with
diversified characteristics such as: vegetation, fauna, soil properties and climate. The largest biome in
extension is the Caatinga, followed by the Cerrado, the Atlantic rainforest and the Amazon rainforest.
(Figure 1).

Figure 1
Fig1: Geographical location, biomes and main water bodies in the Northeast Brazil.

Rainfall regime is modulated by the occurrence of atmospheric systems of different scales as
well as by the interannual variability of the Atlantic and Pacific Oceans. The region is recurrently
affected by drought, which is frequently associated with El Niño conditions and/or the northernmost
displacement of the Intertropical Convergence Zone (ITCZ) when the Tropical Atlantic Ocean
interhemispheric temperature gradient indicates higher temperatures in the north (Cavalcanti, 2012,
Marengo; Alves, 2016; Reboita et al., 2010; Reboita, 2012; Cabral Júnior; Lucena, 2020). The central
portion of the NEB presents an average 500 mm of annual rainfall, while the coast registers
approximately 1500 mm (Hastenrath, 2006; 2012; Reboita et al., 2010; 2012; Alvares et al., 2013).

2.2 Data

Data used on this study were obtained from two different sources: daily meteorological data
from the Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2)
with a spatial resolution of 50 km; and annual agricultural data for corn (Zea mays L.), bean (Vigna
Unguiculata and Phaseolus vulgaris) and cassava (Euphorbiaceae family) subsistence crops from the
Agriculture Production Systematic Survey (LSPA – Levantamento Sistemático de Produção Agrícola)
of the Brazilian Institute for Geography and Statistics (IBGE – Instituto Brasileiro de Geografia e
Estatística) for each of the 1792 NEB municipalities.
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Regarding the meteorological dataset, MERRA-2 is considered consistent regarding water
cycle and water transport variables, with better fits for evaporation and rainfall data when compared to
other reanalysis datasets such as MERRA, ERA-Interim (ECWMF reanalysis), JRA-55 (Japanese 55-
year Reanalysis), Climate Forecast System Reanalysis (CFSR), 20CR, ERA-20 (National Oceanic and
Atmospheric Administration - NOAA Twentieth Century Reanalysis) and when compared to
observations by the Global Precipitation Climatology Project (GPCP) (Bosilovich et al., 2017, Gelaro
et al., 2017). MERRA-2’s dataset was developed by the Global Modeling and Assimilation Office
(GMAO) with the support of the modelling program of the National Aeronautics and Space
Administration (NASA). In the present study, we used daily precipitation (mm day-1), relative humidity
(%), air temperature (ºC) and radiation (MJ m-2 day-1) data. The water balance elements were computed
through the Thornthwaite and Mather (1955) classical method, estimating daily PET (through mean
temperature data), water storage, deficit and surplus in the period from 1st January 1990 to 31st
December 2019.

Crop yield refers to the total annual production amount in kilograms (kg) per hectare (ha) of
cultivated area. These agricultural data provided by the LSPA (IBGE, 2020) comprehend production,
cultivated area and annual yield of corn, bean and cassava crops. We used data at the municipal level
for each of the 30 years of analysis (1990-2019). Yield is largely considered the best agriculture index
representing the performance of crops under specific climate, soil, management practices and input
availability conditions.

2.3 Method
Firstly, we calculated the three-month climatology (1990-2019) of the meteorological

variables in order to identify spatial and temporal variability in the NEB. Time series were analyzed
using the non-parametric Mann-Kendall test. In order to identify potential relationships between crop
yield and hydroclimatic variables we calculated the Pearson’s correlation coefficient. Furthermore, the
climatological and sequential water balance analyses allowed the identification of favorable water
conditions for preparing the soil and sowing.

2.3.1. Thornthwaite and Mather’s climatic water balance
The climatic water balance by Thornthwaite and Mather is based on the relationship between

precipitation (P) and PET, and therefore considers both water output and input fluxes while also
accounting for temperature effects. PET is estimated through the classical Thornthwaite’s method
(Thornthwaite, 1955):

(1)

where Tm is the mean monthly MERRA-2 air temperature (ºC), I and a are adjustable coefficients while
ETp is a standard PET value for 30-day months with 12-hours daily sunlight. The aforementioned
coefficients were computed as follows:

(2
)

(3
)

and actual PET was calculated through the correction of the ETp value by considering monthly and
latitudinal effects:

(4)
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with ND and N representing the number of days and the estimated photoperiod in each month,
respectively. These values can be consulted in tables presented in several studies, including the
classical Thornthwaite study (1948).

We proceed to calculate the actual water balance through a sequential algorithm that calculates
each of its elements, which will be described next. Water deficit (DEF) is the difference between PET
and actual evapotranspiration (AET):

(5)

with:

(6)

Water surplus or excess (EXC) occurs when P ≥ PET and soil is saturated with water,
representing runoff flow. This saturation is estimated based on water stored in the soil (WSS) and its
recharge or utilization (ALT) in each step of the algorithm:

(7)

and:

(8)

with ∑(P - PET) being the cumulative sum of precipitation deficits (difference between P and PET
when P < PET). AWC represents the available water capacity in the soil and was set to 100 mm, which
is a reasonable estimation considering the mean depth of the effective root system in sandy and clay
soils. This AWC value was previously adopted in other water balance studies in the NEB (Lopes et al.,
2017; Dos Santos et al., 2018). It should be noted that this method is largely applied in
agroclimatological and geographical studies, considering that the water lost through evapotranspiration
varies linearly with water stored in the soil (Tomasella; Rossato, 2005).

The sequential computing procedure was carried out starting from the last day of the last
month of the first wet season in each time series (1990), when water is assumed to be fully available in
the soil for evaporation (WSS = AWC). According to Pereira et al. (2002), this method allows the
quantification of irrigation needs of a given crop and the assessment of relative storage regarding
favorable conditions for the preparation of the soil and sowing, therefore relating water deficit to crop
yield (Doorenbos; Kassam, 1994; Anderson et al., 2016). Through a climatological perspective, at the
monthly scale we have: i) DEF = 0 if P is larger than PET, and therefore precipitation exceeds
atmospheric demands for water, contributing to the recharge of WSS or the generation of surplus flows
(EXC); ii) DEF > 0 if PET is larger than P and WSS is being consumed, and therefore there is water
deficit in the soil, potentially impacting water availability to plants; and iii) DEF > 0 if PET is larger
than P and WSS is completely consumed by high evapotranspiration rates and low rainfall, leading to
drought and water stress in plants, affecting vegetation growth and crop yield (Mutti, 2020).

2.3.2 Thornthwaite’s climatic classification

According to Thornthwaite (1948), climate typologies are defined based on the humidity index
(Ih) and the aridity index (Ia), which consider periods of water deficit and surplus for the winter and
summer seasons (Vianello; Alves, 1991). Although this method provides advantages regarding the
definition of non-arbitrary climate boundaries, it remains an empirical agrometeorological tool, despite
its simplicity and usefulness in the characterization of moisture level in climatic classification.

The climate typologies are defined through the assessment of the ratio between DEF and PET
(Ia), and between EXC and PET (Ih). The final moisture index (Im) is calculated as the difference
between Ih and 60% of the Ia:

(9)
(10)
(11)
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Climate typologies according to Thornthwaite’s rational classification through the Im index are
presented in Table 1.

Table 1: Climate typologies according to Thornthwaite’s classification
based on the moisture index (Im)

Climatic type Category Im

Arid E -60 ≤ Im < -40
Semiarid D -40 ≤ Im < -20

Dry subhumid C1 -20 ≤ Im < 0
Moist subhumid C2 0 ≤ Im < 20

Humid B1 20 ≤ Im < 40
Humid B2 40 ≤ Im < 60
Humid B3 60 ≤ Im < 80
Humid B4 80 ≤ Im < 100
Perhumid A Im ≥ 100

Fonte: Rational classification of climate, Thornthwaite (1948).

2.3.3 Trend analysis

Mann-Kendall’s test was used to detect trends in the water balance elements and in crop yield.
It consists of a non-parametric test (Mann, 1945; Kendall, 1975; Sen; Hill, 2016) and therefore data do
not need to comply with normality assumptions. The Sen’s slope estimator (τ) was used to estimate the
magnitude of the trend. The TREND package for the R software (3.5.0) was used to this end (Dalgaard,
2008).

2.3.4 Pearson’s correlation analysis

Pearson’s correlation coefficients (Heumann, Schomaker, 2016) were calculated to evaluate
the degree of association between crop yield and hydroclimatic variables (Anderson et al., 2016).
Correlations were presented in the form of heatmaps relating correlation coefficient values with a color
gradient.

2.3.5 Analysis of variance (ANOVA)

Analysis of variance (ANOVA) was used to compare the means of the variables for each of
the six climate typologies from Thornthwaite’s classification (Dalgaard, 2008). In this case, ANOVA
indicates whether there are significant differences between the mean of the variables in each climate
typology. The same analysis was carried out for the crop yield data (also comparing the six climate
typologies). Subsequently, Tukey’s test was used for multiple comparisons, in order to identify
significant differences between municipal crop yield in each typology. A 5% significance level was
used both for ANOVA and Tukey’s test.

3. Results and discussion

3.1. Northeast Brazil’s climatology

Figure 2 shows the spatial and temporal variability of climate variables (precipitation and PET)
and the water balance elements (WSS, EXC and DEF) in the NEB. Only rainfall presented its highest
values in the MAM (Month-April-May) period (Figure 2a), which refers to austral autumn, particularly
in the northern and northwestern NEB. Rainfall occurring over this region is associated with the
southern displacement of the ITCZ and the formation of squall lines associated with sea breeze
circulation (Hastenrath, 2006). These results corroborate with results reported by Rodrigues et al.
(2019). In this period, rainfall in the northern NEB accounted for 33% to 55% of total annual volumes,
while PET ranged from 200 to 400 mm trimester-1 (Figure 2b). However, PET was generally lower
than precipitation in this portion of the NEB, which lead to a period of potential recharge of the WSS
(Figure 2e) and occurrence of water surplus (Figure 2c). As a consequence, water deficit was roughly
inexistent or lower than 100 mm during this period (Figure 2d).

In most part of the NEB, the wettest period was DJF (December-January-February), which
refers to austral summer months. In this period, the South Atlantic Convergence Zone (SCAZ) as well
as the formation of upper tropospheric cyclonic vortices (UTCV) in southern PI, MA and mainly
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southwestern BA are responsible for cloud formation and precipitation in these regions, which
registered accumulated rainfall values between 600 and 1000 mm trimester-1 (Figure 2a). Due to PET
values ranging from 300 to 600 mm trimester-1 (Figure 2b), most locations over this region presented
low soil water storage (Figure 2c), with values lower than 100 mm trimester-1. The exception to this
pattern during this period is the northwestern portion of the NEB, where intense rainfall occurred,
surpassing PET, leading to higher WSS than in other regions (100 to 150 mm trimester-1, Figure 2c).
Despite some zones presenting water surplus ranging from 100 to 300 mm trimester-1 (Figure 2c),
others presented deficit (Figure 2d).

Regarding rainfall in JJA (June-July-August, Figure 2a), it is mostly caused by the
propagation of easterly waves disturbances (EWD) from the Atlantic Ocean towards the coast of the
RN and CE states. When associated with sea breezes, EWD may reach 300 km into the continent.
During this period, the propagation of frontal systems from the south towards the southern BA is also
common (Machado et al., 2009, Bezerra et al., 2019, Vale et al, 2020).

The driest period in the NEB is the SON (September-October-November) trimester, with
scarce and irregular rainfall, usually not exceeding 200 mm trimester-1 (Figure 2a). On the other hand,
PET is almost two-fold higher than precipitation, ranging from 400 to 500 mm of potential water loss
to the atmosphere during austral spring (Figure 2b). As a consequence, WSS in the entire region is
predominantly lower than 50 mm (Figure 2c), EXC is negligible (Figure 2e) and water deficit prevails
(Figure 2d).

As to the behavior of PET, high values are observed in almost all trimesters, ranging from 400
to 500 mm trimester-1 or approximately 167 mm month-1. These values oscillate, reaching their peak of
over 600 mm in SON (Figure 2b), since it is strongly related to temperature which reached
approximately 32ºC these months. These observed patterns agree with the study by Cabral Júnior and
Bezerra (2018), which identified a higher atmospheric demand for water in austral spring if compared
to the winter months (JJA).

By analyzing WSS (Figure 2c), one can notice that the highest amounts were registered in
zones where rainfall surpasses PET. During MAM, these zones were located at the northern NEB. In
winter months (JJA), these zones were located along the eastern coast, particularly in the SE, AL and
PE states, but also in parts of the MA and BA state.

Water deficit usually occurs when there is a persistent period when PET surpasses
precipitation. In the central and northern NEB, the SON period was the trimester with the highest
deficit, with values over 500 mm (Figure 2d). This result is closely linked to the lack of rainfall caused
by the northern displacement of the ITCZ (Hastenrath, 1990; Reboita et al., 2010; Marengo et al., 2013;
Cabral Júnior and Lucena, 2020; Medeiros et al., 2021) and the higher potential for water loss to the
atmosphere (Cabral Júnior; Bezerra, 2018; Cabral Júnior et al., 2019; Rocha Júnior et al., 2020).

Water excess, on the other hand, was higher in the MAM period (Figure 2e) over the western
NEB, particularly in the MA state. In the DJF trimester, this region also presented indications of wetter
soil and therefore more surplus. Thus, when soil water recharge increases, WSS increases and therefore
the potential to recharge surface and underground water sources.

Figure 2
Fig2: Spatial and trimestral variability of precipitation (a), potential evapotranspiration (PET)
estimated through Thornthwaite’s method (b), water stored in the soil – WSS (c), water deficit – DEF
(d), and water surplus – EXC (e) in the Northeast Brazil region considering the period from 1990 and
2019.

3.2. Climatic classification
Thornthwaite’s climatic classification was calculated based on the Im index, which allowed the

identification of different climatic types in the NEB (Figure 3). The diversity of climatic types can be
noticed even between adjacent municipalities. Six climate categories were found: arid (28
municipalities – 1.56% of the total municipalities), semiarid (746 municipalities – 41.63% of the total
municipalities), dry subhumid (536 municipalities – 29.91% of the total municipalities), moist
subhumid (389 municipalities – 21.71% of the total municipalities), humid B1 (73 municipalities –
4.07% of the total municipalities) and humid B2 (20 municipalities – 1.12% of the total municipalities).
It is worth mentioning that, considering the period from January 1990 to December 2019, most
municipalities (93.25%) were classified as either semiarid or subhumid.
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Figure 3
Fig3: Climatic classification at the municipal level for the Northeast Brazil region, considering the
period from 1990 to 2019.

The arid climate comprises mostly the central NEB, while the semiarid climate extends further
throughout all latitudes of the NEB and the eastern BA, PB and RN states. The dry subhumid climate is
also present throughout the entire NEB, although mostly concentrated in the northwestern CE state.
Moist subhumid climate was identified in the MA state and in the coast of the PE, AL and SE states.
Humid B1 and B2 climates were identified mostly in the MA state (Figure 3).

3.3. Characterization of the climate typologies in the Northeast Brazil
In order to identify differences in the Im over the NEB region, Table 2 presents the mean

annual values for different climate variables obtained from the MERRA-2 product. Regions with the
highest or lowest values for the studied variables were, as expected, under the arid and humid B2
climatic types. One can notice a gradual increase in mean precipitation, humidity and radiation values
with the increase in the Im. Therefore, an increase in WSS and EXC is also observed favoring more
humid climates. On the other hand, DEF decreases in the same sense.

As expected, the arid region presented the lowest mean rainfall (468.3 mm), relative humidity
(55.5%), WSS (67.0 mm) and EXC (31.0 mm) values, resulting in the highest DEF (1260.7 mm)
among all identified climatic types (Table 2). This region presented similar mean air temperature and
PET values if compared to the Humid B2 regions, which corroborates with the studies by Cabral Junior
et al. (2019) and Mutti et al. (2020), which reported higher PET rates than rainfall in NEB regions.

Table 2: Mean annual values for the meteorological and climatic water balance variables (PET –
potential evapotranspiration, WSS – water stored in soil, DEF – water deficit, EXC – water surplus),
per climatic type in the Northeast Brazil region (NEB) considering the period from 1990 to 2019.

Variables Arid Semiarid Dry
subhumid

Moist
subhumid

Humid
B1

Humid
B2 NEB

N of
municipalities 28 746 536 389 73 20 1.792
Precipitation 468,3f 695,0e 932,2d 1.187,2c 1.532,4b 2.024,0a 984,5
Temperature 26,7a 26,2b 25,7c 25,2d 26,0b 26,9a 26,1
Relative
humidity 55,5f 60,8e 69,3d 73,9c 77,3b 79,4a 69,4
Radiation 34,1b 34,2b 34,5c 34,6c 35,4b 36,0a 34,8
PET 1.719,5a 1.641,7b 1.541,5c 1.460,2d 1.608,6bc 1.714,5a 1.614,3
WSS 67,0e 223,4d 386,3c 533,0b 587,6b 684,8a 413,7
DEF 1.260,7a 1.004,8b 757,7c 561,0d 634,8cd 608,3d 804,6
EXC 31,0e 100,5de 210,8cd 364,2c 642,0b 1.007,4a 392,7

Note: a, b, c, d, e, f – Different letters represent significant differences at the 5% level according to
Tukey’s test.

In the opposite extreme of the climatic classification, the Humid B2 type presented higher
mean precipitation (2040.0 mm), humidity (79.4%) and radiation (36.0 MJ m-2 day-1) values, favoring
water storage and the occurrence of surpluses, which were 684.8 mm and 1007.4 mm on average,
respectively. Furthermore, DEF was much lower (608.3 mm), comparable only to the Humid B1
climate (Table 2).

In addition to the spatial distribution of climatic types, it is also important to analyze the
behavior of the entire time series of assessed data. The annual time series (1990-2019) of the
meteorological variables used are presented in Figure 4, indicating a negative rainfall trend (p-
value=0.024) in the humid B1 zone. Temperature presented a significant positive trend in the semiarid
(p-value=0.019), dry subhumid (p-value=0.001), moist subhumid (p-value=0.059), humid B1 (p-
value=0.013) and humid B2 (p-value<0.001) zones.

Results indicate that relative humidity also presented significant reductions in the moist
subhumid (p-value=0.043) and humid B1 (p-value=0.014) regions. Solar radiation at the surface level
presented increasing trends for all climatic types. Furthermore, solar radiation values were higher (up
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to 37.10 MJ m-2 day-1, Figure 4d) in humid B1 and B2 regions since these areas are located mostly at
the northern NEB, which is closer to the Equator, and therefore higher radiation values are expected.

Figure 4
Fig4: Annual time series (1990-2019) for the precipitation (a), air temperature (b), relative humidity (c)
and solar radiation (d) variables per Thornthwaite’s climatic type in the Northeast Brazil region.

Figure 5 shows that both PET and DEF peaked twice at the beginning of the time series: in
1993 and 1997. The 1993 peak is associated with a severe drought that occurred that year, as reported
by Rao et al. (1995) as one of the ten most severe droughts registered until that time. It was comparable
to the historical droughts of 1915, 1919, 1932 and 1958, as reported by Hastenrath (2012), Marengo et
al. (2017) and Cabral Júnior and Lucena (2020) when analyzing secular series of local rainfall data
over the NEB. Furthermore, the PET and DEF peaks in 1997 are associated with the strong 1997-1998
El Niño episode (Slingo, 1998). WSS (Figure 5b) presented a significant reduction trend in the arid (p-
value=0.021) and humid B1 (p-value=0.055) zones, as well as EXC (Figure 5d) in the humid B2 (p-
value=0.054) area. These trends are probably associated with the more recent persistent drought event
registered in the NEB, lasting from 2012 to 2016 (Cunha et al., 2018; Marengo et al., 2018; Medeiros
et al., 2021).

Figure 5
Fig5: Annual time series (1990-2019) for the potential evapotranspiration – PET (a), water stored in
soil – WSS (b), water deficit – DEF (c) and water surplus – EXC (d) variables per Thornthwaite’s
climatic type in the Northeast Brazil region.

Understanding the behavior and trends in hydroclimatic variables is crucial to help agriculture in
the NEB prepare and adapt to future climate scenarios. Therefore, we analyzed the seasonal behavior of
the studied variables through trimestral (based on the seasons of the year) time series (Table 3). It is
noteworthy that temperature significantly increased in all climatic types and in all trimesters, except in
JJA for the arid type and in MAM for the semiarid type. PET also featured an increasing trimestral
trend in each climatic class, except for the arid and semiarid which presented increasing trends only in
the DJF and SON trimesters, respectively. The temperature variable presented the greatest Sen’s slope
estimator during JJA (austral winter) in all three of the more humid climatic zones.

Radiation also experienced an increase throughout the studied period during DJF and MAM
trimesters for all climatic types. In humid B2, this increasing trend also comprised the JJA trimester.
On the other hand, radiation decreased during JJA in the dry subhumid and moist subhumid types

Varia
bles Trim Arid Semiarid Dry

subhumid
Moist

subhumid Humid B1 Humid B2

Precip
itation

DJF -0,090 -0,046 -0,015 0,001 -0,085 -0,076
MAM 0,007 -0,028 -0,040 -0,073 -0,143** -0,022
JJA 0,120* 0,059 -0,017 -0,119* -0,145** -0,095
SON -0,015 -0,015 -0,056 -0,126* -0,168*** -0,138***

Temp
eratur
e

DJF 0,127* 0,129* 0,158** 0,203*** 0,149** 0,138*
MAM 0,123* 0,116 0,163** 0,195*** 0,271*** 0,262***
JJA 0,090 0,158** 0,265*** 0,417*** 0,399*** 0,383***
SON 0,119* 0,172*** 0,238*** 0,252*** 0,337*** 0,344***

Relati
ve

humid
ity

DJF -0,055 -0,085 -0,036 -0,029 -0,056 -0,058
MAM -0,045 -0,041 -0,038 -0,042 -0,104 -0,122*
JJA -0,016 0,019 -0,065 -0,164** -0,183*** -0,130*
SON -0,042 -0,025 -0,118 -0,191 -0,234 -0,121

Radiat
ion

DJF 0,128* 0,266*** 0,240*** 0,216*** 0,423*** 0,420***
MAM 0,256*** 0,210*** 0,218*** 0,318*** 0,427*** 0,437***
JJA 0,017 -0,102 -0,185*** -0,210*** 0,061 0,314***
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Table 3: Trimestral (DJF, MAM, JJA, SON) Mann-Kendall trends represented by the Sen’s slope
estimator for the meteorological and water balance (PET – potential evapotranspiration, WSS – water
stored in soil, DEF – water deficit, EXC – water surplus) variables per Thornthwaite’s climatic type in
the Northeast Brazil region considering the period from 1990 to 2019.
Note: Significance level: ***1%; **5% and *10%

Results indicate an increasing trend in precipitation during JJA in the arid zones, while for the
three more humid climatic types it significantly decreased during SON since JJA for moist subhumid
zones and since MAM for humid B1 zones. These differences directly influence on the behavior of
WWS. During the DJF trimester (austral summer), WSS is decreasing, which in turn increases DEF in
all climatic types, particularly moist subhumid and humid B1 since JJA. Apart from the summer period,
WWS showed negative trends in the arid and semiarid zones during MAM, in the moist subhumid
zones during JJA and SON, in the humid B2 during SON until DJF, and most importantly in humid B1
during all trimesters. Furthermore, EXC decreased in all periods for the humid B1 region (Table 3).

3.4. Monthly and sequential climatic water balance
The characterization of the monthly climatic water balance (Figure 6) for each climatic type is an

important tool for the identification of soil water availability and the determination of favorable months
for crop sowing (Angelocci; Sentelhas; Pereira, 2002). The region under arid climate (Figure 6a)
presented, on average, water deficit throughout all months of the year, peaking at November. Even
during the wet season, rainfall is not sufficient to recharge soil water storages. High PET rates help
consume surface water, further dislocating the water balance towards deficit conditions. The semiarid
zone (Figure 6b) also showed a large number of months with water deficit, but surpluses of over 37
mm were identified at the end of the wet season (April). There is a positive water balance in this four-
months window between January and April. The dry subhumid zone is characterized by drier periods
intensifying from July until December, but with a recharge of approximately 12 mm per month and
surpluses of up to 30 mm between March and June. The zones under moist subhumid climate presented
a larger window with soil water recharge and the generation of surpluses between April and July, with
an average of 75 mm (Figure 6d). In the two subhumid zones, it is worth highlighting the period from
August to December, marked by the dry season when soil water is consumed by atmospheric demands.
The humid B1 region featured an average of 20 mm of monthly recharge between March and July, with
the highest surpluses occurring in June (91.2 mm). Humid B2 region, on the other hand, presented
highest EXC between January and June, with a negative balance occurring from July on. The highest
surplus rate is observed in March (275 mm – Figure 6f).

Figure 6
Fig6: Monthly climatic water balance per Thornthwaite’s climatic type in the Northeast Brazil region
considering the period from 1990 to 2019.

Regarding the monthly sequential water balance, the arid region (Figure 7a) showed a larger
period of water deficit. In the time series, one can highlight the highest deficits during the following

SON 0,016 0,035 0,031 0,022 0,254 0,414

PET

DJF 0,118* 0,115 0,119* 0,153** 0,136* 0,120*
MAM 0,098 0,105 0,132* 0,139* 0,214*** 0,196***
JJA 0,054 0,111 0,224*** 0,372*** 0,298*** 0,335***
SON 0,112 0,174*** 0,248*** 0,273*** 0,365*** 0,332***

WSS

DJF -0,154* -0,174** -0,166** -0,200*** -0,172** -0,168**
MAM -0,191*** -0,123* -0,047 -0,095 -0,152** -0,063
JJA -0,108 -0,033 -0,056 -0,181** -0,151** -0,100
SON -0,037 -0,004 -0,103 -0,134* -0,148*** -0,185***

DEF

DJF 0,113 0,068 0,031 0,021 0,063 0,061
MAM 0,081 0,081 0,074 0,086 0,104 0,045
JJA -0,038 0,054 0,083 0,154** 0,129* 0,100
SON 0,129* 0,158*** 0,186*** 0,231*** 0,295*** 0,229***

EXC

DJF -0,040 -0,143* -0,139* -0,137* -0,100 -0,082
MAM 0,066 -0,069 -0,063 -0,132* -0,151* -0,028

JJA -0,007 -0,075 -0,156 -0,264*** -0,264*** -0,099

SON 0,011 0,009 -0,087 -0,131* -0,097 -0,099
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periods: June 1992 to December 1993, September 1997 to February 1999, and October 2011 to March
2013, which were marked by the occurrence of El Niño episodes that influenced on the occurrence of
drought in the NEB (Marengo et al, 2016). The only months with high water surpluses comprised the
initial months of 2002, 2004 and 2016. On average, water deficit was of -83.75 mm, which is usually
classified as very dry conditions (Mounier, 1977; Mutti, 2020). The semiarid region (Figure 7b)
presented intervals of periods with water scarcity similar to the arid region. However, water surplus
episodes were more evenly distributed (April 1996, March 1997, January 2002, February 2008 and
April 2009), being usually associated with atmospheric circulation patterns such as the displacement of
the ITCZ to positions further south in the austral hemisphere, favoring precipitation between March
and April in the entire NEB (Hastenrath, 1990, Vale et al., 2020). The subhumid dry region (Figure 7c)
presented a mean water deficit of 63.1 mm, which can be classified as dry. Moist subhumid zones
(Figure 7d), on the other hand, presented more periods with water surplus, such as: June 1994 (174.1
mm), April 1996 (177.6 mm), January 2004 (170.5 mm), May 2009 (217.2 mm) and April 2011 (158.7
mm), while water deficit peaked at -155.1 mm in November 2015. The humid B1 region (Figure 7e)
presented a more evenly distributed water balance between positive and negative values, peaking at up
to 200 mm (deficit or surplus). The humid B2 zones (Figure 7f), on the other hand, presented more
water surplus periods if compared to periods with water deficit, which leads to higher WSS and more
favorable conditions for the development of agriculture.

Figure 7
Fig7: Sequential water balance per Thornthwaite’s climatic types in the Northeast Brazil region,
considering the period from 1990 to 2019.

3.5 – Climate, water balance and crop yield
Before describing and discussing the results regarding bean, cassava and corn crops yields in

the NEB, it is worth describing the main soil characteristics of the region. According to the study by
Marques et al. (2014), the region under the arid climate is mainly characterized by luvisols and oxisols,
with a slightly lesser participation of plinthosols and cambisols. The semiarid and dry subhumid zones
are mostly covered by entisols, acrisols, luvisols and planosols. The soil over the moist subhumid zones
is mostly acrisols, oxisols and plinthosols. Finally, humid B1 and B2 region’s soil is characterized by
the acrisols, entisols and oxisols.

The average bean crop yield ranged between 302.6 kg ha-1 (arid) to 449.0 kg ha-1 (moist
subhumid), with significant drops in production during high water deficit years such as 1992, 1993,
1998, 2012 and 2016 in most regions of the NEB. The year 2010, for example, was marked by sharp
reductions in yield in all regions except humid B2, which presented an increased yield of more than
500 kg ha-1 (Figure 8a).

The highest cassava yields during the studied period were registered in the arid region,
followed by the semiarid, dry subhumid and moist subhumid regions. This higher yield in regions with
drier climate is impacted after 2017, with a sharp decrease identified in 2018. Overall, regions under all
six climatic types presented similar yield time series behavior, with the lowest productions being
registered in 1993, 1996, 1998, 2012 and 2016 (Figure 8b). Higher cassava yields can be obtained in
purple soils (oxisols) mixed with arenite (entisols), with higher fertility the higher the proportion of
purple soil, which can be usually find in the margins of non-flooded rivers over the humid B1 and B2
regions.

Corn yield (Figure 8c) varied from 664.8 kg ha-1 to 1065.3 kg ha-1, with significant increasing
trends in all regions. The years with the highest yields were 1991, 2000, 2009, 2011 and 2017, which
were years marked by La Niña anomalies that influenced the climate over the NEB (INPE, 2020). The
regions that presented the highest corn yield were the ones under the humid B1 and B2 climatic types.
The MA state excelled in corn production during 2019/20, reaching 2215.0 tons according to the most
recent survey of the National Supply Company (CONAB, 2020).

Regarding agricultural production of subsistence crops in the NEB, soil characteristics usually
impact fertility, its capacity to retain water and its permeability. The highest corn and bean yields in the
NEB are from dryland or recessional systems. In order to thrive without the need of irrigation, these
systems need an average of 300 to 400 mm of rainfall. In lands covered by yellow oxisols, red-yellow
oxisols, red-yellow acrisols and fluvent entisols, fertility increases with the proportion of purple soil.
However, low fertility soils such as quartzipsamments oxisols and entisols may be used if previously
treated with chemical and/or organic fertilizers (Júnior et al., 2002, Cruz et al., 2002). Overall, cassava
develops under sandy or medium texture soils, which favor root growth due to their good drainage and
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the fact that these crops thrive in loosen, light and deep soils with ordinary organic matter content (Da
Souza et al., 2009; Junior e Alves, 2014).

Figure 8
Fig8: Crop yield (kg/ha) for: (a) cassava, (b) beans, and (c) corn per Thornthwaite climate group in the
Northeast Brazil region from 1990 to 2019.

Bean yield presented an increasing trend in the moist subhumid, humid B1 and B2 regions, but
a significant decrease in yield in the arid region. Cassava yield presented increasing trends in the humid
B2 region and decreaseing trends (p-value<0.001) in all other climatic zones, except humid B1 where
no trend was identified. Corn presented highly significant increasing trends in all regions of the NEB
(Table 4).

Table 4: Mann-Kendall trends represented by the Sen’s slope estimator for (a) bean, (b) cassava and (c)
corn yield variables per Thornthwaite’s climatic type in the Northeast Brazil region considering the
period from 1990 to 2019.

Climatic type
(a) bean (b) cassava (c) corn

Mean τ p-value Mean τ p-value Mean τ p-
value

Arid 302,6 -0,480 <0,001 9.983,3 -0,158 0,225 581,0 0,595 <0,001
Semiarid 378,8 -0,140 0,284 9.579,5 -0,306 0,019 664,8 0,375 0,004
Dry subhumid 376,5 0,085 0,520 9.271,3 -0,205 0,116 680,2 0,485 <0,001
Moist
subhumid 449,9 0,347 0,007 9.904,5 -0,320 0,014 881,1 0,853 <0,001
Humid B1 438,7 0,658 <0,001 8.450,8 0,163 0,212 960,9 0,880 <0,001
Humid B2 440,5 0,664 <0,001 8.061,3 0,479 <0,001 1.065,3 0,862 <0,001

According to Vale et al. (2020), subsistence crops such as corn, bean and cassava are strongly
and positively correlated with precipitation indicators and present water aptitude of more than 100 mm
per month while needing approximately 25ºC of temperature for their optimal development. The
phenological cycle of these crops vary from 90 to 120 days for corn and bean, and from 9 to 18 months
for cassava (FAO, 2008).

The heatmap in Figure 9 shows that bean yield in the semiarid and dry subhumid zones is
positively correlated with: precipitation (ρ=0,75; ρ=0,76), relative humidity (ρ=0,74; ρ=0,74), WSS
(ρ=0,76; ρ=0,74) and EXC (ρ=0,61; ρ=0,69). In these two regions, bean yield is also strongly and
negatively correlated with PET (ρ=-0,72; ρ=-0,78) and DEF (ρ=-0,58; ρ=-0,72). In the moist subhumid
zones, this crop yield was positively associated with precipitation, radiation and water surplus. In the
humid B1 and B2 zones, on the other hand, radiation, PET and temperature positively contributed to
bean yield (Figure 9).

Cassava yield was moderately/strongly and positively correlated with precipitation, WSS,
EXC and relative humidity in the four least humid climatic types: arid, semiarid, dry and moist
subhumid. It was also negatively correlated with DEF, PET and temperature (Figure 9). In the humid
B2 region, cassava productivity was positively associated with radiation.

Corn yield in the semiarid, dry subhumid and moist subhumid regions is positively and
moderately correlated with precipitation, EXC, WSS and relative humidity. For the arid region, as well
as the three wetter climatic zones (moist subhumid, humid B1 and B2), radiation, PET and temperature
were positively correlated with corn yield (Figure 4.9).

Figure 9
Fig9: Heatmap of the correlation between bean, cassava and corn yields, and the variables: PREC –
precipitation, RH – relative humidity, EXC – water surplus, WSS – water stored in soil, RAD –
radiation, DEF – water deficit, T – temperature, and PET – potential evapotranspiration per
Thornthwaite’s climatic type in the Northeast Brazil region considering the period from 1990 to 2019.
Note: Strong = [1.00;0.65] and Moderate = ]0.65;0.45]. Colors represent statistically significant
correlations (p-value<0.05).
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4 Conclusion
An optimistic future scenario for the domestic supply of agriculture goods in the NEB relies

on efficient water resources management. To that end, several actions and products are required such as
information and support programs to farmers in order to assure water use efficiency. The objective of
this study was to analyze the influence of meteorological variables and water balance components on
subsistence bean, corn and cassava yields considering data series from 1792 municipalities in the NEB
and comprising the period from January 1990 to December 2019. We also assessed the best sowing
windows in each climatic zone of the NEB according to the water balance.

By using the classical Thornthwaite’s climatic classification method based on the moisture
index, six climatic types were identified in the NEB: arid, semiarid, dry subhumid, moist subhumid,
humid B1 and humid B2. By analyzing seasonal trends, we observed a reduction in precipitation during
the JJA and SON trimesters over the moist subhumid zone, and during the MAM, JJA and SON
trimesters in the humid B1 zone. Relative humidity decreased during JJA in the wetter climatic zones
(moist subhumid, humid B1 and B2). On the other hand, the arid zones featured increasing
precipitation trends during JJA. All climatic zones, except for arid, presented an increase in mean
temperature and, consequently, PET. Furthermore, increased radiation was identified in all regions
during DJF and MAM. These conditions lead to an increase in PET during MAM, JJA and SON in all
four of the wettest climatic types (dry subhumid, moist subhumid, humid B1 and B2).

We identified a decreasing trend in WSS during austral summer (DJF) in the entire NEB,
particularly in the humid B1 zone where reductions were identified during all trimesters of the year.
Water surplus significantly decreased in all trimesters over the moist subhumid zones. Thus, WWS
decreased during DJF and as a consequence DEF increased in all regions during SON.

Crop yield was directly influenced by precipitation, which evidently plays a crucial role in
water availability in the soil. Regions demanding more water to assure crop development were
positively correlated with precipitation, relative humidity and water surplus, which are factors
associated with water availability in the environment.

In the arid zones, where water deficit prevailed, water resources management is crucial to
assure yields and the quality of agriculture production since the beginning of planting. In the semiarid
region, the period with more water availability takes place between January and April. The dry
subhumid zones present more favorable conditions for planting from March to June while in the moist
subhumid zones, WSS recharge and water surplus take place from April to July. The period with more
WSS recharge or water surplus in the humid B1 zone occurs from March to July while in the humid B2
zone it occurs between January and June.

It is noteworthy that climatic and hydrological variables are not the only factors determining
the improvement of crop yields. It also requires dealing with other challenges such as workforce
qualification, genetic enhancement and the development of innovative technologies such as alternative
irrigation and fertilization practices that minimize the effects of climate change on the development of
crops.
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Figures

Figure 1

Geographical location, biomes and main water bodies in the Northeast Brazil.

Figure 2

Spatial and trimestral variability of precipitation (a), potential evapotranspiration (PET) estimated
through Thornthwaite’s method (b), water stored in the soil – WSS (c), water de�cit – DEF (d), and water
surplus – EXC (e) in the Northeast Brazil region considering the period from 1990 and 2019.

Figure 3

Climatic classi�cation at the municipal level for the Northeast Brazil region, considering the period from
1990 to 2019.



Figure 4

Annual time series (1990-2019) for the precipitation (a), air temperature (b), relative humidity (c) and solar
radiation (d) variables per Thornthwaite’s climatic type in the Northeast Brazil region.

Figure 5

Annual time series (1990-2019) for the potential evapotranspiration – PET (a), water stored in soil – WSS
(b), water de�cit – DEF (c) and water surplus – EXC (d) variables per Thornthwaite’s climatic type in the
Northeast Brazil region.

Figure 6

Monthly climatic water balance per Thornthwaite’s climatic type in the Northeast Brazil region considering
the period from 1990 to 2019.



Figure 7

Sequential water balance per Thornthwaite’s climatic types in the Northeast Brazil region, considering the
period from 1990 to 2019.

Figure 8

Crop yield (kg/ha) for: (a) cassava, (b) beans, and (c) corn per Thornthwaite climate group in the
Northeast Brazil region from 1990 to 2019.

Figure 9

Heatmap of the correlation between bean, cassava and corn yields, and the variables: PREC –
precipitation, RH – relative humidity, EXC – water surplus, WSS – water stored in soil, RAD – radiation,
DEF – water de�cit, T – temperature, and PET – potential evapotranspiration per Thornthwaite’s climatic
type in the Northeast Brazil region considering the period from 1990 to 2019.

Note: Strong = [1.00;0.65] and Moderate = ]0.65;0.45]. Colors represent statistically signi�cant correlations
(p-value<0.05).
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