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1. INTRODUCTION

The agricultural sector is extremely important socially and 
economically, accounting for 24.4% of Brazil’s GDP in 2023, 
according to the Brazilian Center for Advanced Studies in 
Applied Economics (CEPEA/ESALQ/USP, 2023). According 
to Leite-Filho et al. (2021), agricultural productivity is 
closely linked to edaphoclimatic conditions, especially to 
the distributions of precipitation volumes, which present 
great spatial-temporal variability, even between farms and 
neighboring municipalities.

Due to this variability, agrometeorology is a very important 
science for agriculture, as it correlates meteorological 
information with the development of agricultural crops. 
Agrometeorological modeling predicts productivity through 
mathematical models (MONTEIRO, 2009). These models 
correlate climatic variables with their respective influences 
on plants. Production is a correlation between the potential 
productivity of a specific crop in a given region (considering 
optimal conditions for the plant to express its maximum 
genetic potential) with the penalty suffered by the crop from 
water conditions (ARAÚJO et al., 2011).

Crop yield forecasting is extremely valuable for producers, 
for the market to plan for storing and selling the produce, 
and for public administrators to manage and implement 
agricultural and public policies (CRESTANI MOTA et al., 
2024). Therefore, for several decades, agrometeorological 
models have been used to estimate crop yield and 
characterize the effects of climate variations on agriculture 
(CAMARGO et al., 1986; FONTANA & BERLATO, 1998; 
BERKA & RUDORFF, 2003; RIZZI & RUDORFF, 2005; 
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ROJAS et al., 2005; SILVA-FUZZO et al., 
2015).

The state of Rondônia (RO) has become a 
major grain-producing state, especially in 
the northern region of the country, with an 
estimated production of 3.74 thousand tons in 
the 23/24 harvest, of which about 2 tons will 
be soybeans, which represents 54.5% of the 
amount of grain produced in the state (CONAB, 
2023). The soybean crop generates capital 
and attracts investments to RO. According 
to the Brazilian Institute of Geography and 
Statistics (IBGE, 2023), the region known as 
the Southern Cone of the RO (SCRO) is central 
to oilseed production in the state, accounting 
for about 51.2% of the 22/23 harvest. Due to its 
importance for soybean production, the SCRO 
needs a model to monitor, even simplistically, 
the relationships between plant physiology, 
environmental variables, and impediments that 
occur during the different phenological stages 
to indicate periods and regions that are adverse 
to cultivation (RIZZI & RUDORF, 2005).

According to Mota et al. (2019), crop yield 
estimation models must meet regional needs, 
be objective, and require as few data sources as 
possible. This is due to limitations in monitoring 
information on-site and the robustness and 
constancy of surface surveys, which pose 
challenges in modeling agricultural crops. The 
same authors noted that in Brazil, inferences 
about harvest progress and crop yields are 
predominantly and subjectively made by public 
agencies and institutions, based on interviews 
with sector-related agents (traders). This 
approach hampers accurate error analysis and 
leads to speculation.

However, the use of agrometeorological 
models in vast regions is limited due to the 
lack of weather stations and the challenge 
of accessing real-time data, especially in 
areas of agricultural hinterlands, making 
timely decisions difficult (MOTA et al., 2019), 
as is the case of SCRO. In addition, station 

readings are limited and often scarce (INMET, 
2023). The need for spatial interpolation can 
result in significant discrepancies from real 
conditions on the earth’s surface. Therefore, 
Silva-Fuzzo et al. (2015) indicate that the 
limited information from surface meteorological 
stations in the estimation of soybean yield can 
be reliably replaced by meteorological data 
from reanalysis and satellite estimates for 
air temperature and precipitation variables to 
obtain a greater coverage area.

Thus, possible options include databases from 
the ERA5-Land for air temperature at 2 m from 
the earth’s surface and the Global Precipitation 
Measurement (GPM_v06) space mission for 
precipitation accumulations. Among the recent 
studies that prove the satisfactory accuracy of 
these estimates are those by Alves and Victoria 
(2020), who proved the feasibility of using data 
from the GPM_v06 space mission for ten-
day or monthly performance on accumulated 
precipitation. Furthermore, Araújo et al. (2021) 
validated that the air temperatures obtained by 
reanalysis of ERA5-Land were similar to data 
from weather stations.

ERA5-Land is a high-resolution global 
climate data set that is part of the ERA5 
series, developed by the European Centre for 
Medium-Range Weather Forecasts (ECMWF) 
(MUÑOZ SABATER, 2019) and provides 
detailed information on several meteorological 
and environmental variables. GPM_v06 is an 
updated and improved version of the Global 
Precipitation Measurement GPM_v5 mission. 
This earth observation satellite was developed 
by an international collaboration, led by the 
National Aeronautics and Space Administration 
(NASA), an agency of the United States 
federal government responsible for research 
and development of space exploration 
technologies and programs, and the Japan 
Aerospace Exploration Agency (JAXA). It was 
designed to measure precipitation worldwide 
with high accuracy on 0.1º × 0.1º spatial and 
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daily temporal scales (HUFFMAN et al., 2019).

Thus, considering the presented scenario and 
the possibility of estimating soybean production 
through an agrometeorological model, this 
study was conducted in the hydroclimatic 
conditions of the region known as the Southern 
Cone of the state of Rondônia. The objective 
was to estimate soybean productivity in the 
SCRO in the 2020/21, 2021/22, and 2022/23 
harvests from an agrometeorological model, 
with emphasis on the penalty resulting from 
water scarcity at different phenological stages 
of the crop. The data on average air temperature 
was obtained from ERA5-Land reanalyzes, and 
daily accumulated precipitation was estimated 
using data from the GPM_3IMERGDL_v06 
satellite.

2. MATERIALS AND METHOD

The SCRO is a region formed by the seven 
municipalities located to the Southeastern 
RO, between the geographical coordinates 
10°989’S to 13°693’S latitude and 62°115’W 
to 59°774’W longitude. The municipalities 
included are Cabixi, Cerejeiras, Chupinguaia, 
Colorado do Oeste, Corumbiara, Pimenteiras 
do Oeste, and Vilhena (Table 1). The region 
was chosen due to its relevance as a soybean 
producer, responsible for more than half of 
the soybeans produced in the entire state of 
RO (IBGE, 2023). The predominant climate 
is the Am type (ALVARES et al., 2013), with 
an average annual precipitation ranging from 
1,340 mm to 2,340 mm with a mean of 1,906.5 
mm. The region has two well-defined seasons: 
the rainy season, from October to April, with 
almost 90% of the total precipitation, and the 
dry season, from May to September, with 
scarce precipitation (SILVA et al. 2015). The 
average altitude of the SCRO is 313.79 m 
(EROS, 2017).

The agrometeorological variables adopted in 
this research considered a set of data referring 
to three soybean crops 2020/2021, 2021/2022, 
and 2022/2023 (from October 1 to January 31 
of the following year). The study covered 12 
ten-day periods, which coincide with 120 days 
of the phenological development cycle (stages 
of vegetative development, flowering, grain 
filling, and maturation) and the agricultural 
calendar of the crop in the seven municipalities 
of the SCRO for early and semi-early cycle 
cultivars (Table 2).

Table 1. Information on 
latitude, longitude, and 
average altitude of the 
municipalities that make up 
the SCRO.

Municipality Latitude (S) Longitude (W) Altitude (m)
Cabixi 13°474’ 60°639’ 236.55

Cerejeiras 13°201’ 61°259’ 223.43
Chupinguaia 12°537’ 60°901’ 345.44

Colorado 13°159’ 60°551’ 390.30
Corumbiara 12°927’ 61°092’ 294.95
Pimenteiras 13°381’ 61°717’ 205.57

Vilhena 12°09’ 60°2493’ 600.00

Ten-day O1 O2 O3 N1 N2 N3 D1 D2 D3 J1 J2 J3
Phenology V V V F F - - - GF GF M M

DAE 10 20 30 40 50 60 70 80 90 100 110 120

Table 2. Relationship 
between the ten-day period 
analyzed, the phenological 
stage in which the crop 
is found, and the number 
of days after emergence 
(DAE).

V = Vegetative development, F = Flowering, GF = Grain filling, M = maturation, DAE = Days after emergence.
Source: Oliveira Junior et al. (2016)

Two databases were used to obtain 
meteorological information. The first database 
containing the air temperature 2 m above the 
earth’s surface was obtained from ERA5-
Land (global atmospheric reanalysis produced 
by the European Centre for Medium-Range 
Weather Forecast - ECMWF), available on the 
Copernicus platform. The other was obtained 
from NASA’s GPM space mission and used 
to generate the database of accumulated 
daily precipitation estimates, employing the 
IMERG v6. alagorithm. Both the air temperature 
reanalysis data and the estimated precipitation 
data were extracted from their respective 
systems in the “netCDF” format through the 
Python Spyder software (anaconda3) version 
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Temperatures were converted from Kelvin (K) 
to Celsius (°C) by subtracting 273.15.

The CWB used was the Normal Climatic 
Water Balance, proposed by Thornthwaite 
and Mather (1955), with a ten-day temporal 
analysis providing the most refined monitoring 
of conditions. The model estimates information 
on soil water storage (SWS), actual 
evapotranspiration (AE), water surpluses 
(WSP), and water deficiencies (DEF). 
The Available Water Capacity (AWC) was 
considered to be 100 mm for the entire region, 
based on data from the Irrigation Atlas (ANA, 
2021).

Multiplicative model proposed by Doorenbos 
and Kassam (1979) and modified by Camargo et 
al. (1986) was the agronomic model employed 
to estimate soybean crop productivity in the 
SCRO (Equation 1). This considers the penalty 
suffered by the crop due to the water surplus  
( ) (Equation 2) instead of just the deficit.

2020.11.0.0 in the domain from 10.989°S 
to 13.693°S latitude and from 59.774°W to 
62.115°W longitude (an area covering the 
seven SCRO municipalities) on hourly and daily 
scales, respectively, with a spatial resolution of 
0.10° or 9 km of horizontal resolution (Figure 
1).

The first set of data had to be transformed 
into a daily average scale in Python Spyder. 
The second data were already in accumulated 
daily precipitation (mm day-1). Both files were 
converted to “.txt” and from “.txt” to Comma 
Separated Values (CSV) pixel by pixel 
(each pixel contained a pair of daily average 
air temperature and daily accumulated 
precipitation information, always linked 
to a grouping of georeferenced points of 
spatialized latitude and longitude for the seven 
SCRO municipalities in the QGIS geographic 
information system). The data were grouped 
in ten-day periods for the development of 
the Climatological Water Balance (CWB). 

Figure 1. Regular grid 
for the municipalities in 

the Southern Cone of 
Rondônia (SCRO) with 

a spatial resolution of 
0.10° or 9 km horizontal 
resolution representing 

the ERA5-Land reanalysis 
data for the average daily 

air temperature at 2 m 
above the earth’s surface 

and estimated daily 
precipitation accumulated 
by GPM_3IMERGDL_v06 
for the SCRO. Red circles 

(centroids) indicate the 
latitudes and longitudes to 

which the Climatological 
Water Balances of 

Thornthwaite and Mather 
(1955) were projected, 

and the average soybean 
yields in the 2020/2021 to 

2022/2023 harvests in each 
SCRO municipality.
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The calculation of  is determined by the 
technological level applied to the crop, with 
a maximum value defined for the cultivation 
conditions, provided there are no climatic 
constraints. To estimate  , 10% was added 
to the  of each municipality for each harvest 
analyzed. This approach resulted in a more 
accurate model adjustment for the SCRO, due 
to the limited historical information available 
(data series with only three harvests) on 
soybean cultivation. This method differs from 
that proposed by Silva-Fuzzo et al. (2015), who 
added 10% to the highest observed crop yield 
in the historical series, as they analyzed at 
least ten agricultural harvests in their studies. 
According to Moraes et al. (1998) and Carvalho 
et al. (2005), the 10% increase in yield aims 
to account for any environmental effects that 
might interfere with the yield potential.

To evaluate the performance of the 
multiplicative model, linear regression analyses 
were conducted, involving the coefficient 
of determination  and the concordance 
index  as proposed by Willmott et al. 
(1985). These analyses relate the estimated 
values to the observed values, allowing for 
the assessment of the model’s accuracy 
and precision, which together indicate the 
consistency of the estimated data with the 
measured data. Precision, represented by the 
coefficient of determination , reflects the 
degree of dispersion of the estimated values 
around the mean and measures random error, 
without considering systematic error. The 
concordance index  numerically quantifies 
the model’s accuracy by evaluating how well 
it simulates the observed values (Equation 
3). This index ranges from 0 to 1, with values 
closer to 1 indicating better agreement with 
the observed data. The  index reflects the 
deviation from the ideal 1:1 line in scatter plots, 

Where  is the real soybean yield (kg ha-1);   
is the potential soybean yield in the region (kg 
ha-1); ∏ is the product,  is the relationship 
between real evapotranspiration and potential 
evapotranspiration, respectively;  is an index 
for growth stage and  is total number of crop 
growth stages;  is the crop penalty coefficient 
for water deficiency; and  is the crop penalty 
coefficient for water surplus. Both  the  and 
vary according to the phenological stage of the 
crop, due to the different water requirements 
of plants according to their development. The 
different water requirements were represented 
based on the tabulated values of   proposed 
by Doorenbos and Kassam (1979) (Table 
3) and  presented by Camargo et al. (1986) 
(Table 4).

Table 3. Values of the 
productivity coefficients   
used in the multiplicative 
model.

Phenological Stage Productivity Coefficient 
Vegetative 0.2
Flowering 0.8

Grain filling 1.0
Maturation 0.2

Source: Doorenbos and Kassam (1979) and Camargo et al. (1986).

Table 4. Values of the 
productivity penalty 
coefficients for water surplus 

 used in the multiplicative 
model.

Phenological Stage Penalty coefficient 
Vegetative 0.0
Flowering 0.1

Grain filling 0.1
Maturation 0.1

Source: Camargo et al. (1986).

The surplus factor measures the influence 
of water surplus on crop productivity by 
correlating water surplus  and potential 
evapotranspiration . This factor is only 
used under the condition that the  is equal 
to or greater than ; otherwise, the  will 
be equal to the unit, regardless of the result 
(CAMARGO et al., 1986).

(Eq. 2) 

(Eq. 1) 
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Where  is the value estimated by the model,  
is the observed value, and  is the average 

of the observed values.

Additionally, the evaluation model proposed by 
Willmott et al. (1985) provides other important 
information, such as systematic error  and 
non-systematic (random) error , which 
are components of the mean absolute error 

. measures the average magnitude 
of the differences between the estimated and 
observed values, offering a comprehensive 
view of the model’s performance by considering 
both systematic and random errors.

The statistical analysis performed to evaluate 
the model also considered the coeffi cient, 
as defi ned by Camargo and Sentelhas 
(1997), which is calculated by multiplying the 
correlation coeffi cient  by Willmott’s index 

 (Equation 4). According to the authors, 

Results and Discussion

The graphical representation of the analyzed data 
for the 2020/21 to 2022/23 harvests (Figure 2) 
illustrated the variation in the observed real values 

from 3,350 to 3,900 kg ha-¹, while the values 
estimated by the agronomic model ranged 
from 3,354 to 3,975 kg ha-¹, demonstrating a 
very close relationship. The lowest  value 
was recorded in the 2020/21 harvest, while 
the highest occurred in the 2022/23 harvest, 
both in Colorado do Oeste, indicating a 
gradual increase in yield attributable to the 
municipality’s agricultural development. This 
trend of gradually increased yield was also 
observed in the municipalities of Cabixi, 
Corumbiara, and Chupinguaia.

its interpretation is as follows: “excellent” 
(c > 0.85); “very good” (0.76 ≤ c ≤ 0.85); “good” 
(0.66 ≤ c ≤ 0.75); “fair” (0.61 ≤ c ≤ 0.65); “poor” 
(0.51 ≤ c ≤ 0.60); “bad” (0.41 ≤ c ≤ 0.50); and 
“very bad” (c< 0.40).

measuring the difference between the slope of 
the regression line and the ideal value of 1, as 
well as the deviation of the line’s intercept from 
zero. 

Figure 2. Comparison 
between the yields 

observed  observed 
by IBGE and yields 

estimated  by 
the multiplicative 

agrometeorological 
model for the seven 
municipalities in the 

Southern Cone of 
Rondônia during the 

2020/21, 2021/22, and 
2022/23 harvests.

(Eq. 3) 

(Eq. 4) 
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Mean absolute error  and random error  
demonstrated an inversely proportional 

relationship with the agreement index  . 
Municipalities with higher values of d also 
exhibited lower errors, such as Cerejeiras 
( =0.90, =62.64, =42.1) (Figure 2-B) 
and Pimenteiras do Oeste ( =0.83,  =88.53, 

= -88.53) (Figure 2-F). Conversely, Vilhena 
( =0.41, =225.96, =42.1) (Figure 
2-G) and Chupinguaia ( =0.67,  
=207.18, = -207.18) (Figure 2-C) showed 
higher errors with lower d values. The average 

The coeffi cient of determination  indicated 
that the results did not deviate signifi cantly 
from the adjusted regression line, with the 
model explaining more than 74% of the data 
variation for all municipalities, as well as for the 
study by Camargo et al. (1986). Exceptions 
include Colorado do Oeste (48%) (Figure 2-D) 
and Vilhena (50%) (Figure 2-G), which showed 
the lowest values, though these still presented 
considerable signifi cance. This indicator 
revealed that the municipalities with the lowest 
data divergence were Corumbiara, with 88% 
(Figure 2-D), Cabixi, with 83% (Figure 2-A), 
and Pimenteiras do Oeste, with 81% (Figure 
2-F), in terms of the variance explained by the 
model. According to the confi dence index (c) 
used by Camargo and Sentelhas (1997), the 
results achieved a median to good performance 
(Table 5).

 for all municipalities indicates that the 
model had an average error of less than two 
and a half bags per hectare, which represents 
less than 5% of the region’s crop yield.

The agreement index d exhibited excellent 
results, where six of the seven municipalities 
obtained values between 80 and 95% 
of correlation, including Cabixi with 87% 
correlation (Figure 2-A), Chupinguaia 95% 
(Figure 2-B), Chupinguaia 81% (Figure 
2-C), Colorado do Oeste 89% (Figure 2-D), 
Corumbiara 85% (Figure 2-E) and Pimenteiras 
do Oeste with 91% (Figure 2-F). The lowest 
value (Figure 2-G) showed 64% correlation, 
thus validating the effi ciency of the model.

CONCLUSIONS

Despite the limited volume of data, due to the 
analysis of only three harvests and the lack 
of detailed information on the cultivars sown 
in each of the seven municipalities analyzed, 
the multiplicative agrometeorological model 
effectively estimated soybean yield in the 
SCRO. The average error was less than two 
and a half sacks per hectare. This confi rms 
the accuracy of both the prediction model and 
the air temperature data obtained from ERA5-
Land reanalysis, as well as the precipitation 
data provided by the GPM_v06 space mission 
remote sensing. Freely available online, these 
products are powerful tools for assisting in 
agricultural planning and management in the 
region.

kg ha-1

d c MAE RAE
Cabixi 0.65 0.54 151.21 151.21

Cerejeiras 0.9 0.67 62.64 42.01
Chupinguaia 0.67 0.51 207.18 -207.18

Colorado 0.8 0.38 154.07 -34.11
Corumbiara 0.73 0.64 154.45 -91.7
Pimenteiras 0.83 0.67 88.53 -88.53

Vilhena 0.41 0.2 225.96 -225.96

Willmott agreement index; Camargo and Sentelhas confi dence 
index (1997); mean absolute error; random error. 

Table 5. Performance 
of the multiplicative 
agrometeorological model 
using air temperature 
reanalysis data from 
ERA5-Land and estimated 
precipitation from GPM_v06 
in the 2020/21, 2021/22, and 
2022/23 soybean harvests 
in the Southern Cone of 
Rondônia.
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