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Abstract: The objective of this study was to analyze the influence of large-scale atmospheric–oceanic
mechanisms (El Niño–Southern Oscillation—ENSO and the inter-hemispheric thermal gradient of
the Tropical Atlantic) on the spatial–temporal variability of soy yield in MATOPIBA. The following,
available in the literature, were used: (i) daily meteorological data from 1980 to 2013 (Xavier et al.,
2016); (ii) (chemical, physical, and hydric) properties of the predominant soil class in the area
of interest, available at the World Inventory of Soil Emission Potentials platform; (iii) genetic
coefficients of soybean cultivar with Relative Maturity Group adapted to the conditions of the region.
The simulations were performed using the CROPGRO-Soybean culture model of the Decision Support
System for Agrotechnology Transfer (DSSAT) system, considering sowing dates between the months
of October and December of 33 agricultural years, as well as for three meteorological scenarios
(climatology, favorable-wet, and unfavorable-dry). Results showed that the different climate scenarios
can alter the spatial patterns of agricultural risk. In the favorable-wet scenario, there was a greater
probability of an increase in yield and a greater favorable window for sowing soybean, while in
the unfavorable-dry scenario these values were lower. However, considering the unfavorable-dry
scenario, in some areas the reduction in yield losses will depend on the chosen planting date.

Keywords: ENSO; tropical Atlantic; SST dipole; agrometeorology

1. Introduction

Soybean (Glycine max (L.) Merrill) is the main rainfed crop that can be cultivated in a wide range
of latitudes [1]. In recent decades, the soybean has gained great importance in the global market and
has become an important agricultural commodity due to the increase in its consumption as a staple
food. This increase has been greatly induced by the growing global demand for food [2]. In traditional
Asian cuisine, soy has been used for thousands of years. In Western countries, it was introduced about
a hundred years ago and has recently been used mainly for the production of substitute foods in
vegetarian diets (meat analogues and milk replacers), due to its high protein content [3]. To meet the
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growing worldwide demand for staple foods, including soybeans, crops depend on vast areas and
enormous amounts of water resources [2,4].

In this context, the soybean became an extremely important product for Brazil’s economy by
the end of the 1960s. In the mid-1970s, its increasing production boosted investments in technology
by producers and the government in order to adapt it to Brazilian conditions. Until the mid-1970s,
the three states of Southern Brazil—a humid subtropical zone [5]—accounted for approximately 80% of
the national production. Throughout the 1980s and 1990s, production expanded towards central-west
Brazil, and also towards the states of Minas Gerais, Bahia, Maranhão, Piauí, Tocantins, and Amazônia,
in the tropical zone [5,6].

This expansion was crucial for Brazil to reach the second global position in production and
exportation of this commodity, accounting for 32.4% of total global production, with almost 115 million
tons, occupying an area of 35.8 million hectares, in the 2018/19 crop year, according to the Brazilian
National Supply Company [7]. In light of this expansion scenario, the region that covers part of the
states of MAranhão, TOcantins, PIauí, and BAhia (MATOPIBA) stands out. This region has a warm
climate all year round, a well-defined wet season, and highly homogeneous spatial and temporal
rainfall patterns. These characteristics led to the intensification of agricultural activities, making the
region currently the main frontier for new agribusiness investments in Brazil [8–10]. In crop year
2018/19, MATOPIBA was responsible for approximately 11% of the national production of soybeans,
which corresponds to 13.3 million tons [7].

However, the increase in soybean yield is subject to risks associated with climate variability
and several studies indicate impacts on yield as well as a new geography of production due to
climate change [11–14]. Regarding the influence of climate variability on soybean production, studies
show that the El Niño–Southern Oscillation (ENSO) is the most investigated large-scale phenomenon.
The alternation of its warm (El Niño) and cold (La Niña) phases displaces the ascending and descending
branches of the Walker’s circulation and has a direct influence on the hydrological and thermal regimes
in several regions of South America and Northeast Brazil [15–18], being responsible for severe
agriculture losses in many regions of the globe [19–21]. In Brazil, the areas most affected by the ENSO
are the eastern Amazon (tropical zone), northern portion of Northeast Brazil (tropical climate with
dry winter—Aw, according to Köppen’s classification [5]), and the extratropical zone of South Brazil.
In the Northeast and North Brazil, ENSO warm phases are usually associated with the occurrence of
droughts while during its cold phases there is an increase in precipitation [22–25].

In addition, variations in sea surface temperature (SST) in the Tropical Atlantic modulate the
north–south displacement of the Intertropical Convergence Zone, which also plays an important role in
the occurrence of rainfall over the North and Northeast regions of Brazil [26–28]. Studies show that the
ENSO and the variability of Tropical Atlantic SST directly affect agricultural activities [29–32] due to
their impact on weather conditions, especially rainfall intensity and air temperature. Crop models can
be a useful tool to assess the influence of climatic and other environmental factors on the development
and yield of a crop [33,34], as shown by several studies in Brazil for soybeans [35–38].

The interactions between rainfall, solar radiation, air temperature, and genotype–environment
parameters are of great importance in determining the best development condition for soybean crops
regarding yield [39,40]. These interactions can be impacted when large-scale atmospheric–oceanic
phenomena are taken into consideration, limiting yields [41–44] due to the increase in air temperature
and alternating rainfall patterns which affect the development of the crop. According to references [45,46],
under moderate or intense water shortage, soybean crops usually accelerate maturation and shorten the
pod-filling period, which may hamper productivity as reported by reference [47]. Furthermore, severe
water deficit (mainly during the critical period of flowering and pod-filling) reduces leaf expansion
and leaf area, and accelerates senescence, altering the interception of solar radiation, and reducing
carbon dioxide uptake and photosynthesis rate [48–50]. These issues may be further amplified if air
temperature increases at the same time [51]. Thus, considering the vulnerability of soybeans to water
deficit conditions and extreme temperatures [37,47,52,53], there is a clear need to determine its best
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sowing period, taking into account the assessment of risks to yield [37,54–57], especially when the
region is under the influence of large-scale atmospheric phenomena. Studies on the influence of climate
variability on soybean yield in producing regions of Brazil are scarce, as reported by reference [44].
However, there are no studies aimed at identifying these characteristics under the influence of different
large-scale atmospheric circulation mechanisms, notably the combination of Atlantic and Pacific climate
variability drivers, which allows a better understanding of the modulation of climate parameters.

Therefore, the objective of this study was to analyze the influence of large-scale
atmospheric–oceanic mechanisms on the spatial and temporal variability of soybean yield in
MATOPIBA, from the perspective of favorable and unfavorable climatic conditions to the occurrence
of rainfall, in order to determine the best sowing period regarding climate variability. To this end,
we used objective criteria for the definition of these scenarios, based on the occurrence of warm and
cold phases of the ENSO and the interhemispheric gradient of SST in the Tropical Atlantic (also known
as the Atlantic Meridional Mode). In addition, we analyzed the temporal variability of different
meteorological factors and delimited areas at agroclimatic risk given the probability of occurrence of
water deficits during the most critical period for soybean cultivation (flowering/pod-filling), considering
different meteorological scenarios.

Thus, we expect to provide valuable information for the elaboration of public policies, agricultural
planning, guidelines for exportation, research, changes in production models, definitions for the
access to agricultural credit and insurance, and adaptation measures for soybean cultivars in the
MATOPIBA region.

2. Material and Methods

2.1. Study Area

The MATOPIBA region is located in the North and Northeast regions of Brazil, between the
Amazon and the Brazilian Semiarid. Its total area is almost 74 million ha and covers most of the states
of Maranhão (MA—33%) and Tocantins (TO—38%), the southwestern portion of Piauí (PI—11%),
and northwestern Bahia (BA—18%) [58,59] (Figure 1).
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The climate of MATOPIBA is tropical humid with dry winter (Aw), according to the Köppen
classification (1948), with mean temperatures above 25 ◦C during all months of the year, and mean
annual rainfall between 800 and 2000 mm, distributed in two well-defined seasons: the dry season,
which extends from May to September, and the wet season, from October to April [5]. The predominant
vegetation in the region is the Cerrado biome, which covers 91% of its total area [60]. MATOPIBA also
encompasses areas of Amazon remnants (approximately 7.0%) and Caatinga (~2%). The predominant
soil in the region is the yellow latosol [60], which is preferably occupied for soybean cultivation. Latosols
are deep and well-developed soils, with a remarkably low fertility, high permeability, and high porosity.

2.2. Dataset

2.2.1. Meteorological Data

The meteorological data used in this study are daily incident solar radiation (Rs—MJ m−2 day1),
rainfall (mm), maximum and minimum temperature (Tmax and Tmin—◦C), relative air humidity
(RH—%), and reference evapotranspiration (ETo—mm day1) covering the period from 1980 to 2013 and
available in a 0.25◦ × 0.25◦ horizontal grid [55], encompassing a total of 963 points over the MATOPIBA
region (Figure 1), available at the website <https://utexas.box.com/Xavier-etal-IJOC-DATA>. These data
were used to define the climatological patterns of the region. We also used daily Tmax and Tmin (◦C),
rainfall (mm), and Rs (MJ m−2 day1) data to calibrate the CROPGRO-Soybean model of the Decision
Support System for Agrotechnology Transfer (DSSAT), allowing the simulation of 33 sowing seasons.

The dataset of reference [61] has previously excelled when used in the simulation of soybean
growth, development, and yield in Brazil, limited by water availability (yield under dryland conditions),
as shown in the study by reference [37] and validated by reference [62].

2.2.2. Soil Data

Yellow latosol pedological parameters, which are described in Table 1, were used to calibrate the
model. These input data refer to physical and hydraulic information obtained from the World Inventory
of Soil Emission Potentials (WISE) platform of the International Soil Reference and Information
Centre (ISRIC—https://www.isric.org/). They have already been validated and adopted in previous
studies [35,63]. According to reference [63], soils with low- and medium-water-holding capacity are
predominant in the study area.

Table 1. Properties of the yellow latosol used for calibration of the Decision Support System for
Agrotechnology Transfer (DSSAT)/CROPGRO-Soybean model.

Depth PWP SFC SBS RGF SHC SOD OCB CLA SIL PHW CEC

cm - cm3 cm−3 - - cm h−1 g cm−3 - % - cmolc kg−1

YELLOW LATOSOL

0–20 0.144 0.309 0.452 1.0 1.02 1.30 3.14 15.0 7.0 5.7 9.0
20–40 0.069 0.219 0.399 0.6 2.63 1.50 1.57 22.0 6.0 5.9 5.0
40–60 0.154 0.289 0.418 0.4 0.85 1.48 1.57 31.0 5.0 6.0 3.0

Soil classification according to the International Soil Reference and Information Centre (ISRIC)—World Inventory of
Soil Emission Potentials (WISE) platform. Depth (soil depth), PWP (permanent wilting point), SFC (field capacity),
SBS (base saturation), RGF (root growth factor), SHC (hydraulic conductivity), SOD (soil density), OCB (organic
carbon), CLA (clay ratio), SIL (silt ratio), PHW (pH water), CEC (cation exchange capacity).

2.2.3. Crop Data

The studied crop was soybeans, for which phenological parameters refer to the cultivar of the
Relative Maturity Group 8.5 (RMG 8.5), which is the most commonly indicated maturation group for
cultivation in the region [6,64–66].

https://utexas.box.com/Xavier-etal-IJOC-DATA
https://www.isric.org/
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The DSSAT-CROPGRO-Soybean model was calibrated by reference [67], which was replicated in
the studies by authors of [37,44,62] with a root mean square error lower than 550 kg ha−1 in Brazilian
regions. Detailed descriptions of the calibrated genetic coefficients are shown in Table 2.

Table 2. Genetic coefficients for the soybean cultivar of the Relative Maturity Group 8.5 used for
calibration of the DSSAT-CROPGRO-Soybean model.

Trait Coefficients Definition a/Units

CSDL 13.0 Critical short day length below which reproductive development progresses
with no daylength effect (for short day plants)/(h)

PPSEN 0.369 Slope of the relative response of development to photoperiod with time
(positive for short day plants)/(1/h)

EM-FL 24.7 Time between plant emergence and flower appearance (R1)/(ph. days b)

FL-SH 6.5 Time between first flower and first pod (R3)/(ph. days)

FL-SD 18.5 Time between first flower and first seed (R5)/(ph. days)

SD-PM 30.0 Time between first seed (R5) and physiological maturity (R7)/(ph. days)

FL-LF 26.0 Time between first flower (R1) and end of leaf expansion/(ph. days)

LFMAX 1.12 Maximum leaf photosynthesis rate at 30 ◦C, 350 ppm CO2, and high
light/(mg CO2, m−2 s−1).

SLAVR 340 Specific leaf area of cultivar under standard growth conditions/(cm2 g−1)

SIZLF 185 Maximum size of full leaf (three leaflets)/(cm2)

XFRT 1.00 Maximum fraction of daily growth that is partitioned to seed-shell

WTPSD 0.21 Maximum potential weight per seed/(g)

SFDUR 23.0 Seed filling duration for pod cohort at standard growth conditions/(ph. days)

SDPDV 2.3 Average seed per pod under standard growing conditions/(no. pod−1)

PODUR 12.0 Time required for cultivar to reach final pod load under optimal
conditions/(ph. days)

THRSH 74.0 Threshing percentage, the maximum ratio of (seed)/(seed + shell) at maturity

SDPRO 0.40 Fraction protein in seeds/(g(protein)/g(seed))

SDLIP 0.20 Fraction oil in seeds/(g(oil)/g(seed))

FL-VS 26.0 Time from first flower to last leaf on main stem (photothermal days)

RHGHT 1.00 Relative height of this ecotype in comparison to the standard height per node
defined in the species file

a [68] and b Photothermal days/Adapted from reference [67].

2.3. Methods

2.3.1. Meteorological Data

Climate suitability for soybean cultivation was defined for three scenarios with the following
weather conditions: (i) climatology, (ii) favorable (wet), and (iii) unfavorable (dry). The climatology
scenario refers to the mean values of the meteorological variables in the period from 1980 to 2013.
The favorable and unfavorable scenarios were defined based on the occurrence of the ENSO phases and
the interhemispheric gradient of SST in the Tropical Atlantic and their effects on rainfall over the North
and Northeast regions of Brazil, as defined by references [26,69–71]. In this method, a favorable year
(wet) is defined if the ENSO cold phase (La Niña) and the interhemispheric gradient of SST pointing
towards the South Tropical Atlantic are established at the same time. On the other hand, an unfavorable
scenario (dry) is defined when the ENSO warm phase (El Niño) and the interhemispheric gradient
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of SST pointing towards the North Tropical Atlantic are established. The years resulting from these
configurations were defined according to the study in reference [72].

We calculated the mean of each meteorological variable between the months of October to April
(period recommended by the Brazilian Agricultural Research Corporation—Embrapa—for soybean
cultivation in the region) for the crop years from climatology, the crop years of favorable conditions
and for crop years unfavorable conditions.

Subsequently, in order to test the hypotheses on the equality of the medians of each scenario,
the Dunn’s test [73] of multiple comparisons following a significant Kruskal–Wallis test [74] was applied
at the 5% and 10% significance levels. In addition, the Mann–Kendall non-parametric test was applied
in order to verify linear trends in the annual time series from 1980 to 2013.

2.3.2. Crop Simulation Model

Simulations of soybean growth and yield were performed using the CROPGRO—Soybean
model [68,75] of the DSSAT system [76] v4.7, for 33 years of cultivation. The model has been widely
used in several regions of the globe [1,76–81].

The CROPGRO—Soybean model presented the best performance among five other models
analyzed in reference [67] for the simulation of soybean yield under Brazilian environmental
conditions. Regarding the methods for estimating crop development, the model considered the
Ritchie tipping bucket method for determining soil water balance [82], the Suleiman–Ritchie method
for soil evaporation simulation [83], the soil curve number method to define water infiltration [84,85],
and the FAO 56/Penman–Monteith method for estimating photosynthetic response at the leaf level and
evapotranspiration [86,87]. The model further established simulations for a rainfed crop with nitrogen
in the soil resulting from biological fixation.

The processing of meteorological data was performed using the WeatherMan software, which is
part of the DSSAT platform. The parameters of the crop genetic coefficients were obtained from
reference [67] for soybean maturity group 8.5, as previously mentioned. The simulations resulted in a
mean cultivation cycle of approximately 125 days. The sowing period was defined between October
and December, with dates every 10 days considering the crop years from 1980/81 to 2012/13. The choice
of this period took into consideration the wet season in the region, since in rainfed systems the sowing
window directly depends on rainwater. In the simulations, a row spacing of 0.45 m and a population
of 28 plants by m2 was adopted, as commonly recommended by reference [88] and previously adopted
in the study in reference [37]. For the beginning of the simulation, we considered the initial available
water soil content prior to 30 days from the sowing date.

Afterward, based on crop maximum evapotranspiration (ETc) and actual evapotranspiration (ETa)
values simulated by the model, we calculated the water requirement satisfaction index (WRSI) [89]
which is defined as the ratio between ETa and ETc. The WRSI has been used to define climate risk
patterns for the cultivation of different crops in various regions of Brazil and the globe [90–95].

The analyses were performed for the mid-stage of soybean culture (phases R1–R5) with the [96]
phenology being adopted in the model. The mid-stage was chosen because it is the most critical
phenological phase regarding water deficit [54,97–99]. In this phase, the crop is at the apex of its
physiological and metabolic functions, because it is the period of flowering and pod development and
requires the highest water demand of all growth and development phases [100]. Table 3 displays the
criteria used in the definition of the agroclimatic risk for soybean crops. To that end, water deficit
conditions were classified based on the WSRI categories defined by references [54,101,102].

For the definition of these categories, a minimum frequency of occurrence of 80% was considered
for each site and planting date as suggested by references [54,102]. Subsequently, by means of
geographic information systems and geostatistical techniques, areas with different occurrences of
water deficit were mapped and identified as favorable, intermediary, and unfavorable, according to the
sowing period, water consumption in the mid-stage, soil properties, and phenological characteristics
of the cultivar.
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Table 3. Criteria for the definition of agroclimatic risk for soybean crops, according to water
deficit conditions.

WRSI Range Categories of Climate Risks

WRSI > 0.65 Favorable, low risk
0.55 ≤WRSI ≤ 0.65 Intermediary, medium risk

WRSI < 0.55 Unfavorable, high risk

WRSI: water requirement satisfaction index.

The simulated soybean yield was analyzed for 10 locations distributed among the 10 MATOPIBA
mesoregions (Northern Maranhão, Central Maranhão, Eastern Maranhão, Western Maranhão,
Southern Maranhão, Southwestern Piauí, Extreme-western Bahia, São Francisco Valley Bahia,
Eastern Tocantins, and Western Tocantins) through the perspective of the three aforementioned
meteorological scenarios. We deem that these 10 sample locations are enough to analyze the soybean
yield behavior under the different environmental characteristics of the MATOPIBA region. The result of
the simulated yield was used to determine the best sowing date, considering the three meteorological
conditions, since the final yield comprises the influence of all soil and climatic factors on crop
development. Thus, as a criterion for determining the best sowing period, the method described in
reference [44] was used, where the appropriate sowing window takes place when the simulated yield
for each crop-year is higher than the average yield (considering the 33 years of cultivation) in at least
60% of the years.

2.3.3. Assessment of Modeling Performance

The assessment of the model performance was carried out through statistical comparison
between the observed yield values obtained by the Municipal Agricultural Production (Produção
Agrícola Municipal—PAM) database of the Brazilian Institute of Geography and Statistics (Instituto
Brasileiro de Geografia e Estatística—IBGE) and those simulated by the CROPGRO—Soybean model,
for 33 cultivation seasons in four locations distributed in the study area. The locations (Grajaú—MA,
Uruçuí—PI, São Desidério—BA, and Figueirópolis—TO) were chosen because they present different
characteristics regarding the climate variability scenarios, as well as a relevant availability of data on
soy yield. The statistical metrics used were (i) correlation coefficient—r (Equation (1)), (ii) mean error
(ME) or bias (Equation (2)), (iii) root mean square error—RMSE (Equation (3)), as previously described
by references [35,36,62,103,104]:

r =
∑n

i=1[(Si − S)(Oi −O)]√∑n
i=1[(Si − S)

2
]
∑n

i=1[(Oi −O)
2
]

(1)

Bias =
1
N

n∑
i=1

(Oi − Si) (2)

RMSE =

√∑n
i=1(Oi − Si )

2

n
(3)

where Oi is the observed value, Si is the simulated value, O is the mean of observed values, and n is
the number of events.
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3. Results

3.1. Monthly Analysis of Meteorological Variables

Figure 2 shows the mean monthly values of Rs (MJ m−2 day−1), rainfall (mm), ETo (mm day−1),
Tmax and Tmin (◦C), and RH (%) from 1980 to 2013 for the MATOPIBA region, considering the
climatology of the period, the favorable scenario (wet), and the unfavorable scenario (dry).Atmosphere 2020, 11, x FOR PEER REVIEW 8 of 25 
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Figure 2. Mean monthly values of the meteorological variables in the period from 1980 to 2013 in
the MATOPIBA region regarding the climatology, the favorable scenario (wet), and the unfavorable
scenario (dry). (a) Rainfall, (b) ETo: Reference Evapotranspiration, (c) Tmax: Maximum Temperature,
(d) Tmin: Minimum Temperature, (e) Solar Radiation and (f) Relative Humidity.

Rainfall (Figure 2a) has similar seasonal behavior in both wet and dry scenarios, with two
well-defined seasons: a wet period between October and April, with a climatological average above
250 mm, and a dry period between May and September, with averages close to zero in July and August.
In January and February of the dry scenario, rainfall is higher (maximum of 237.1 mm in January)
than the climatology and wet scenario. On the other hand, mean monthly values during the other



Atmosphere 2020, 11, 1130 9 of 24

months of the dry season are predominantly lower than the mean monthly climatological and wet
scenario values. In the wet scenario, rainfall is better distributed with intensities equal to or greater
than the climatology in the period from October to May. Therefore, it can be observed that in the dry
scenario, there are very high rainfall rates (January and February) that take place in a shorter period if
compared to the climatology or wet scenario.

Reference evapotranspiration (Figure 2b) has a temporal pattern similar to that of Tmax (Figure 2c),
reaching mean values around 5.0 mm day−1 in September. It can be noticed that throughout the year
(except in January and February) ETo is higher in the dry scenario, when rainfall is lower. This behavior
of ETo is consistent with the variability of RH (Figure 2f), which is predominantly lower in the dry
scenario, and represents a higher atmospheric demand for water. Air relative humidity presents
minimum values in August with a climatological average around 55%.

Regarding Tmax (Figure 2c), the highest mean values were registered in August, September,
and October, and the climatological mean was around 35.0 ◦C in September. This maximum coincides
with the months of higher ETo and minimum rainfall rates. The highest values are verified in the dry
scenario throughout the entire year. Minimum temperature (Figure 2d) presents lower values in July,
with a climatological mean around 18.5 ◦C and consistently higher values throughout the entire year
during the dry scenario.

August is the month with the highest solar radiation intensity (Figure 2e), regardless of the
scenario, with an average of 20.3 MJ m−2 day−1. The difference between scenarios is more pronounced
in the period from January to June, when, in the first three months, Rs is lower in the dry scenario than
the climatology and the wet scenario. On the other hand, in the March–April–May period, radiation
is higher in the dry scenario, reaching values above 18.0 MJ m−2 day−1. The most likely explanation
for this behavior is the higher occurrence of rainfall associated with stratiform clouds, which are well
distributed in the March–April–May period during the wet scenario, corroborating with the observed
rainfall distribution (Figure 2a). On the other hand, during January and February, Rs is higher due to
the occurrence of convective and discontinuous rains, incurring in a higher incidence of solar radiation
at the surface.

3.2. Differences between Scenarios

Table 4 presents the statistical analysis of the comparison between the medians of the meteorological
variables in each scenario. For this purpose, only the medians from October to April (crop year) were
considered. The table presents mean values, deviations, and the Dunn’s test result at the 5% and
10% significance levels. Comparing the dry scenario with the climatology, only Tmax and Tmin were
significantly different (p-value < 0.5). Regarding the wet scenario, Tmax and Tmin were significantly
lower than the climatology (p-value < 0.5). On the other hand, all wet scenario variables were
significantly different in relation to the dry scenario, with the exception of ETo. Therefore, there is
statistical evidence that the soybean crop period in the MATOPIBA region during the wet scenario
is wetter (p-value < 0.10), more humid (p-value < 0.05), and colder (p-value < 0.05) than during the
dry scenario.

3.3. Interannual Variability and Linear Trend

According to Figure 3, we observe that the MATOPIBA region has a high monthly variability
with accumulated rainfall values ranging from 280 mm (1990) to 500 mm (1985) in February, in the dry
and wet scenarios, respectively. The values of Rs, Tmax, and Tmin vary in a similar way, with the
lowest values of Rs (17 MJ m−2 day−1) and Tmax (31.0 ◦C) being reached in 1985. The year of 1998
(dry scenario) was characterized by a strong El Niño event and strong Tropical Atlantic gradient of
SST oriented towards the north, with severe weather consequences. The highest temperatures of the
series were reached that year, recording the maximum Tmax value of 36.2 ◦C and Tmin of 23.1 ◦C
(Figure 3c,d), although rainfall rates were not the lowest of the series, reaching a maximum of 255 mm in
January. Despite the pronounced interannual variability, it can be noted that the positive trends of Tmax
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and Tmin are significant at the 1% level (Table 5), with increases of 3.63 ◦C and 3.41 ◦C, respectively,
as determined by the Z-test.

Table 4. Mean, standard deviation, and Dunn’s test result for the meteorological variables in the
MATOPIBA region, considering the period from October to April of crop years from 1980/81 to 2012/13.

Variables
Scenarios

Climatology Favorable (Wet) Unfavorable (Dry)

Rs (MJ m−2 day−1) 17.86 ± 1.37 17.72 ± 1.29 x 18.15 ± 1.39
Rainfall (mm) 1388.35 ± 131.78 1480.60± 141.54 x 1335.19± 135.44

ETo (mm day−1) 4.01 ± 0.40 4.00 ± 0.44 4.09 ± 0.41
Tmax (◦C) 31.83 ± 1.18 31.57 ± 1.23 b,y 32.18 ± 122 b

Tmin (◦C) 21.93 ± 0.43 21.73 ± 0.38 b,y 22.18 ± 0.41 b

RH (%) 78.44 ± 5.80 78.75 ± 6.66 x 77.18 ± 6.05
b: p-value < 0.05 in relation to the climatology; x: p-value < 0.10 in relation to the unfavorable scenario (dry); y:
p-value < 0.05 in relation to the unfavorable scenario (dry). Rs: solar radiation; RH: relative humidity.

Relative humidity acts as a temperature regulator given the water vapor’s ability to absorb infrared
radiation. Thus, the results point to a statistically significant reduction (at the level of 0.01%) of RH
(Figure 3f and Table 5) and a significant increase in water demand in the atmosphere (accounted for by
ETo—Figure 3b and Table 5), which may be associated with a decrease in soil moisture in the region,
which is linked to the occurrence of weaker rains and increased seasonality. Regarding precipitation,
the results did not show trends in annual precipitation rates.
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Table 5. Summary of the results of the non-parametric Mann–Kendall test (Z-test) in the annual series
of meteorological variables in the period from 1980 to 2013 in the MATOPIBA region.

Variables Z-Test Coef. Angular p-Value

RS (MJ m−2 day−1) 0.590 4.920 <0.001
RAINFALL (mm) 0.001 0.010 0.988
ETO (mm day−1) 0.500 4.150 <0.001

TMAX (◦C) 0.430 3.630 <0.001
TMIN (◦C) 0.410 3.410 <0.001

RH (%) −0.500 −4.220 <0.001

3.4. Soybean Agroclimatic Risk in the MATOPIBA Region

Figure 4 shows the regionalization of risks for soybean cultivation in MATOPIBA considering the
WRSI values estimated for the crop years of the climatology scenario. The extreme north of MATOPIBA,
near the coastal zone of the Maranhão state, is unfavorable to soybean cultivation regardless of the
sowing date. However, the unsuitable area is reduced if sowing starts in December.

Intermediary risk areas also vary according to the date of sowing. These areas occur predominantly
in the central-eastern part of MATOPIBA, encompassing the central-southern part of Maranhão state,
the southwestern part of Piauí state, and the extreme western part of Tocantins state. These areas
occupy larger portions of the territory when sowing is carried out during the month of October.
Areas of intermediary risk are also identified when sowing is done late (during the month of December)
in the southernmost part of the MATOPIBA region (southwest of Bahia state).

The areas favorable to soybean cultivation are predominant in the entire MATOPIBA region,
regardless of the date of sowing. However, sowing from November 21 to early December ensures a
more spatially homogeneous crop throughout the MATOPIBA region.

Atmosphere 2020, 11, x FOR PEER REVIEW 11 of 25 

 

3.4. Soybean Agroclimatic Risk in the MATOPIBA Region 

Figure 4 shows the regionalization of risks for soybean cultivation in MATOPIBA considering 
the WRSI values estimated for the crop years of the climatology scenario. The extreme north of 
MATOPIBA, near the coastal zone of the Maranhão state, is unfavorable to soybean cultivation 
regardless of the sowing date. However, the unsuitable area is reduced if sowing starts in December. 

Intermediary risk areas also vary according to the date of sowing. These areas occur 
predominantly in the central-eastern part of MATOPIBA, encompassing the central-southern part of 
Maranhão state, the southwestern part of Piauí state, and the extreme western part of Tocantins state. 
These areas occupy larger portions of the territory when sowing is carried out during the month of 
October. Areas of intermediary risk are also identified when sowing is done late (during the month 
of December) in the southernmost part of the MATOPIBA region (southwest of Bahia state). 

The areas favorable to soybean cultivation are predominant in the entire MATOPIBA region, 
regardless of the date of sowing. However, sowing from November 21 to early December ensures a 
more spatially homogeneous crop throughout the MATOPIBA region. 

 
Figure 4. Agroclimatic risk of soybean culture in the MATOPIBA region for the climatology scenario. 

Figure 5 shows the characterization of agroclimatic risk under favorable conditions (wet). It was 
observed, in comparison with the climatological scenario, that the areas classified as unfavorable and 
intermediary risks are reduced, which implies a lower risk of yield loss due to the occurrence of water 
deficit. In this scenario, favorable areas did not change in relation to the climatology scenario for the 
sowing dates between mid-November and early December. 

Similar to the climatology scenario, the medium- and high-risk areas were concentrated in the 
north of the region, regardless of the date of sowing, and in the southernmost portion of MATOPIBA 
when sowing is done late (December). It is worth noting that the unfavorable areas to the north 
reduce in extension in later sowing dates. 
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Figure 5 shows the characterization of agroclimatic risk under favorable conditions (wet). It was
observed, in comparison with the climatological scenario, that the areas classified as unfavorable and
intermediary risks are reduced, which implies a lower risk of yield loss due to the occurrence of water
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deficit. In this scenario, favorable areas did not change in relation to the climatology scenario for the
sowing dates between mid-November and early December.

Similar to the climatology scenario, the medium- and high-risk areas were concentrated in the
north of the region, regardless of the date of sowing, and in the southernmost portion of MATOPIBA
when sowing is done late (December). It is worth noting that the unfavorable areas to the north reduce
in extension in later sowing dates.
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For the unfavorable scenario (Figure 6), one can observe that there is an expansion of both
medium- and high-risk areas in relation to the climatology scenario, especially for the sowing carried
out in October. It is also noted that regardless of the sowing dates, unfavorable areas to soybean
cultivation increase in the northernmost part of the MATOPIBA region in relation to the other scenarios.
On the other hand, most of the central-southern portion of the MATOPIBA region remains suitable for
soybean cultivation regardless of the date of sowing, except for the southernmost part, which presented
restrictions for sowing carried out in December. Nonetheless, the same restrictions were observed in
the other scenarios for this particular portion of the study area during December sowing dates.

3.5. Soybean Yield

In general, results show that the mean achievable yields of simulated soybean during 33 cultivation
seasons in nine sowing dates for the 10 locations distributed in the MATOPIBA region were similarly
affected in the three analyzed meteorological conditions, presenting higher mean values in the favorable
(wet) scenario and lower ones in the unfavorable (dry) scenarios (Figure 7). Considering the yield
behavior in the nine sowing windows, four distinct patterns were observed among locations. The first
encompasses the municipalities of Vargem Grande, Chapadinha, Amarante do Maranhão, and Grajaú,
located in the state of Maranhão in the northern portion of the MATOPIBA region; the second comprises
the municipalities of Balsas (MA) and Uruçuí (PI) covering the central-eastern part of MATOPIBA;
the third encompasses areas of the municipalities of São Desidério and Serra do Ramalho, both in
Bahia comprising the southeastern portion of the MATOPIBA region; and the fourth encompasses
locations in the Pedro Afonso and Figueirópolis municipalities, both located in the state of Tocantins,
comprising the central-western part of MATOPIBA. Among these groups, we noted that the highest
yields were retrieved in the central-western portion of the MATOPIBA region, with an average of
approximately 2800 kg ha−1, mainly for sowing carried out in late October and mid-November.
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Meanwhile, the lowest averages were retrieved in the northern part of the region, with mean values of
approximately 1500 kg ha−1.
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When the influence of the large-scale atmospheric–oceanic mechanisms of the Pacific and Atlantic
are combined, one can note that the northern portion of the MATOPIBA (Figure 7a–d) can be considered
the most impacted region among the analyzed locations. The vulnerability of this area is evidenced
by the remarkable yield losses for all sowing dates in the unfavorable scenario while the favorable
scenario resulted in significantly larger yields. The maximum amount of soybean produced was
obtained with the sowings carried out at the beginning and middle of December in the three climatic
scenarios, with accentuated losses during the unfavorable scenario, with decreasing production rates
of approximately 600 kg ha−1.

In relation to the central-eastern region of the MATOPIBA (Figure 7e,f), we can observe that
higher yield values are reached when soybeans are sown during the month of November, both in
the climatology and the dry scenarios. However, in the dry scenario, the sowing window is shorter.
Alternatively, in the wet scenario, in addition to the increase in the number of soybeans produced
(sown in November and December), we can also observe a larger favorable sowing window. In the
southeast region of MATOPIBA (Figure 7g,h) the best sowing dates were during the months of October
and November in the climatology and the wet scenarios. On the other hand, in dry years, the highest
soybean yield values were obtained when sowing was carried out in December. In other words, during
unfavorable years, the delay of sowing until December will cause gains in yield that may exceed
400 kg ha−1. Regarding the mid-western portion of MATOPIBA (Figure 7i,j), results indicated that the
effects of combined large-scale mechanisms on soybean yield are not clearly perceived. In this region,
the best sowing window is large (October to December), with low variability of soybean yield in the
nine sowing dates.

Regarding the analysis of water deficit conditions during the period of pod-filling for the different
sowing dates of the 10 locations in MATOPIBA (Figure 8), it was observed that the water deficit
patterns have a similar behavior if compared to the achievable yield.
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Overall, water availability changes according to the analyzed meteorological conditions, with lower
values during the dry scenario and higher values during the wet scenario. However, in the southeast
portion of the region, represented by the locations of São Desidério (BA) and Serra do Ramalho (BA)
(Figure 8g,h), there was an increase in water availability during the sowing carried out in mid-December
in the unfavorable scenario. Furthermore, it was observed that in the western portion of the region
(Pedro Afonso—TO and Figeirópolis—TO) there were no variations in WRSI values considering the
three scenarios. In addition, the high WRSI values were observed in all analyzed sowing windows
in these locations. These results indicate a direct relationship between water deficit and achievable
yield, i.e., the low yield is a result of the reduction of water availability during the pod-filling period
of soybeans. This relationship highlights the importance of adjusting the sowing date to the current
meteorological scenario in order to optimize production according to the water deficit pattern in
the region.

Figure 7 also shows that the simulated yields agree with the observed values (mean of the 33 crop
years) in the locations taken into consideration. However, in order to further validate this statement,
the model’s performance was statistically evaluated through the estimation of three statistical measures.
Table 6 presents the results of these tests, considering the estimated soybean yield for the agricultural
years 1980/81 to 2012/13, in four locations of the MATOPIBA region. The yield observed in the
climatology scenario varied from 1986 kg ha−1 to 2223 kg ha−1 in all locations, in the wet scenario
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it varied from 2061 kg ha−1 to 2460 kg ha−1, and in the dry scenario, it ranged from 1935 kg ha−1
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Table 6. Performance of the CROPGRO-Soybean crop model for soybean yield simulation in 33 crop
seasons, considering three meteorological scenarios.

Locations
Ms Mo r Bias RMSE

Climatology

Grajaú (MA) 2550 2223 0.80 −21 224.3
Uruçuí (PI) 2194 2108 0.78 117 310.5

São Desidério (BA) 2027 1986 0.81 38 282.6
Figueirópolis (TO) 2256 2146 0.81 152 68.4

Favorable-Wet

Grajaú (MA) 2605 2460 0.95 −113 187.8
Uruçuí (PI) 2316 2301 0.98 −15 78.3

São Desidério (BA) 2115 2061 0.98 140 57.6
Figueirópolis (TO) 2609 2298 0.93 140 104.4

Unfavorable-Dry

Grajaú (MA) 2372 2219 0.92 153 242.0
Uruçuí (PI) 2048 2029 0.93 121 198.0

São Desidério (BA) 1951 1935 0.84 −161 144.1
Figueirópolis (TO) 2397 2159 0.98 113 59.6

Ms: mean simulated achievable yield; Mo: mean observed achievable yield.
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The model adequately simulated achievable yield in all locations and under all meteorological
conditions, with a correlation coefficient higher than 0.90 in the wet scenario, and varying from 0.78 to
0.81 (climatology) and 0.84 to 0.98 (dry) in the other scenarios. The bias values ranged from −21 kg ha−1

(Grajaú—MA) to 152 kg ha−1 (Figueirópolis—TO) in the climatology scenario. In the wet scenario,
bias values varied from –113 kg ha−1 to 140 kg ha−1, in the locations Grajaú—MA and São Desidério—BA,
respectively. In the dry scenario, the bias ranged from −161 kg ha−1 (São Desidério—BA) to 153 kg ha−1

(Grajaú—MA). Regarding the RMSE, the São Desidério—BA location presented the lowest value,
of 57.6 kg ha−1 in the wet scenario, while Uruçuí—PI presented the highest RMSE in the climatology
scenario, of 310.5 kg ha−1.

4. Discussion

The results obtained in this study show that large-scale atmospheric–oceanic mechanisms in the
Pacific and Atlantic oceans play a fundamental role in the alternation between dry and wet years over
the MATOPIBA region, as well as in the spatial coverage of drought, which is in agreement with recent
analyses [105]. The higher rainfall rates observed in the favorable (wet) years are mainly related to a
better distribution of rains in the course of the wet season and not to the occurrence of excess rainfall
in a few months (January and February). The maximum values observed in these months during dry
years are possibly associated with extreme rainfall events in Northeast Brazil and in the Cerrado areas,
which have been documented in recent studies [106,107].

The results of the trend analysis point out that the soybean sowing seasons in the MATOPIBA region,
from the 1980s on, are increasingly exposed to higher temperatures, with a sharp increase in exposure
to climate risk, consistent with the analyses performed in references [23,59,107–109] in areas with
agricultural potential in Brazil. The increase in air temperature causes physiological damage to soybean
plants, which is further accentuated by the occurrence of water deficits [23,54]. In addition, this increase
shortens the crop cycle due to the faster accumulation of energy (growing degree-day—GDD) [110].
Regarding precipitation, the results corroborate the studies in references [107,111] which show no
trends in precipitation rates in several regions of the North and Northeast of Brazil.

For much of the region, the exposure of soybeans to the risk caused by water deficit is minimized
with the establishment of the wet season (late October to mid-November). These results are consistent
with several studies [39,40,55,112–115] that demonstrated that the amount of rainfall is positively
correlated with the WRSI, contributing to the reduction of yield loss due to the water deficit.

In the wet years, low-risk areas were more frequent in the central portion of the region, regardless
of the sowing date. In addition, there was a decrease in high-risk areas in the northern portion of
the region for sowings taking place in the month of November. This situation is associated with
the increase in the total volume of rainfall in the region as identified in previous studies [26,69–71],
which show that rainfall in most of Northeast Brazil is modulated by the combination of the effects of
ocean–atmosphere interaction mechanisms in the Pacific and Atlantic oceans. In contrast, in dry years,
there was an increase in areas with high-risk patterns, mainly in the northern portion of the region,
corroborating the references [116,117] which verified significant correlation patterns between the hot
phase of the ENSO and the seasonal rainfall regime in South America, particularly in the northern
portion of Northeast Brazil.

Considering the achievable yield of soybean crops, the simulated results showed a certain
homogeneity in the region, basically due to climatic conditions, with a regular distribution of rainfall
during the sowing season (October to April), typical of the “Aw” climate type according to the Köppen
classification [5]. Based on the two contrasting climatic scenarios (wet and dry), it could be noted that
the region faces yield losses in dry years and yield increases in wet years, which is more clearly observed
in the locations in the northern portion of the region, which in turn is consistent with the results
of the agroclimatic risk delimitation. In addition, it was found that yield varied according to water
deficit conditions during the flowering/pod-filling phase in the 10 analyzed locations, corroborating
the studies in references [47,62,118].
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In the central-eastern region of MATOPIBA, more precisely in the Balsas (MA) and Uruçuí (PI)
locations, there is an increase in soybean yield during favorable (wet) conditions, with a larger best
sowing window. Alternatively, in the dry years, there is a shortening of this window, agreeing with
the study in reference [44]. It should be noted that the reduction in soybean yield during unfavorable
weather conditions may be aggravated by the reduction in rainfall rates and by the increase in air
temperature [16,119,120]. The severity of droughts is more pronounced when the hot phase of the
ENSO is associated with the occurrence of negative SST anomalies in the South Atlantic—dry scenario
[26,28,120,121]. Meteorological droughts can be devastating for soybean cultivation, being amplified
by the combination of low rainfall and warmer temperatures, damaging the physiology of the
plants [23,99,122,123], and impacting soil moisture due to the increase in crop evapotranspiration [124].

Although results are more positive for the wet years, some exceptions were clearly observed
in the southeastern part of the region (São Desidério/BA and Serra do Ramalho/BA), when positive
effects on yield were identified during unfavorable (dry) years. This result highlights the importance
of adjusting the sowing date in order to optimize the success of yield by choosing the period with the
highest water availability for the development of the crop [12,114,118,125].

Results are less conclusive for the central-western portion of the region (Pedro Afonso/TO and
Figueirópolis/TO), where all analyzed sowing dates provide positive results for soybean yield in all
three weather conditions. This indicates that large-scale climate variability does not necessarily lead
to negative anomalies in the meteorological conditions over this region and, consequently, does not
compromise final soybean yield. It was possible to observe that the ideal condition for the success of
yield in this region is related to the availability of rainfall, demonstrated by its regular distribution
during the period of soybean cultivation, from October to April [5], and confirmed by the results of
water availability in these locations. Favorable climatic conditions minimize the effects of limiting
factors for soybean cultivation, optimizing the development of the crop by improving its vegetative
and productive capacity [126,127].

Regarding the performance of the model, results were similar or better than those obtained in
other studies, such as references [67,68,128], in which RMSE values of 226 to 650 kg ha−1, 201 to
413 kg ha−1, and 548 kg ha−1, respectively, were found.

5. Conclusions

The DSSAT/CROPGRO-Soybean model showed a good predictive capacity, confirmed by the
statistical parameters, indicating high applicability for the environmental conditions of MATOPIBA.
The approach used in this study showed that the effects of climate variability and the interactions
between different sowing dates and genotype–environment characteristics of the analyzed region can
result in different levels of yield, as well as regional patterns of agroclimatic risk, depending on the
probability of occurrence of water deficit in the flowering/pod-filling phase.

The trends of yield associated with large-scale atmospheric–oceanic mechanisms varied according
to the sowing dates and locations, since the choice of the best sowing period may minimize the effects
of climate variability. In addition, strong evidence was found regarding the reduction of yield as a
function of the intensity of the water deficit. In relation to the sowing dates, it was verified that in
most of the region, yield gains are more substantial for the sowings carried out from the month of
November to the beginning of December.

In general, during the wet years, there was a clear tendency for an increase in the average values of
achievable yield. In the dry scenario, these values were lower. Among the analyzed areas, the northern
region of MATOPIBA was the most affected, registering positive and negative impacts (wet and dry
scenarios, respectively) in all the analyzed dates. In the central-eastern and southeastern portions of
the MATOPIBA region, the effects of climate variability were clear and directly related to the choice of
the sowing window, with a shortening and a delay of the best window considering the dry scenario.
Furthermore, it was found that the delay of the best sowing window in the southeast region increases
the yield values in relation to other meteorological conditions, i.e., when choosing the best sowing
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period, the potentially negative anomalies produced by the dry scenario conditions may generate
positive effects in soybean yield in this area. In the central-eastern portion of the MATOPIBA region,
the effects of the analyzed weather conditions were barely noticeable, since variations in the yield
behavior were small in all the sowing windows.

These results are unprecedented as they are the first to address the influence of large-scale
mechanisms in the Pacific and the Atlantic oceans on the achievable yield of soybeans in an area of
great agricultural potential, currently considered the main frontier for new investments in large-scale
agriculture in Brazil. In general, most farmers in the MATOPIBA region sow at the onset of the
wet period (mid-October to November) in order to try to minimize the effects of climate variability
on productivity. However, our results show that these effects, particularly in the unfavorable-dry
scenario, may be minimized by selecting the best sowing window (mid-December). Furthermore,
no negative impacts on productivity were observed in some locations, regardless of the climate
variability scenario. Thus, the study provides relevant information that can support and guide
agribusiness agents (producers, researchers, credit institutions, policy makers) in making decisions
for the better planning of their activities; in adopting strategic actions that take into account climate
conditions, especially the occurrence of rainfall; and finding the best sowing window and location as a
way to improve crop management for successful yield.

In Figure 9, we present the best sowing windows for soybean considering the three analyzed
meteorological conditions in the different MATOPIBA locations.
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