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Abstract
The objective of this study was to evaluate the use of estimated global solar radiation data in the simulations of potential
yield of irrigated rice. Global solar radiation was estimated by four empirical models, based on air temperature, and a
meteorological satellite derivated. The empirical models were calibrated and validated for 10 sites, representative of the
six rice regions of the State of Rio Grande do Sul - Brazil. To evaluate the impact of the radiation estimates on irrigated
rice yield simulations, the CERES-Rice model, calibrated for four cultivars, was used. The estimates of global solar radiation of the empirical models based on the air temperature showed deviations, from the observed values, of 20 to 30%
and the estimated by satellite deviations of more than 30%. The global solar radiation data estimated by the Hargreaves
and Samani, Donatelli and Campbell and derived satellite (PowerNasa) type air temperature-based empirical models can
be used as input data in simulation models of crop growth, development and productivity of irrigated rice.
Keywords: empirical models, estimated radiation, Oryza sativa, CERES-Rice.

Parametrização de Modelos e Uso de Dados Estimados de Radiação Solar
Global na Simulação de Produtividade do Arroz Irrigado
Resumo
O objetivo deste estudo foi avaliar a utilização de dados estimados de radiação solar global nas simulações de
produtividade potencial de arroz irrigado. A radiação solar global foi estimada por quatro modelos empíricos, baseados
na temperatura do ar, e um derivado de satélite meteorológico. Os modelos empíricos foram calibrados e validados para
10 locais, representativos das seis regiões orizícolas do Estado do Rio Grande do Sul - Brasil. Para avaliação dos
impactos das estimativas da radiação nas simulações de produtividade do arroz irrigado foi utilizado o modelo
CERES-Rice, calibrado para quatro cultivares. As estimativas de radiação solar global dos modelos empíricos baseados
na temperatura do ar apresentaram desvios, em relação aos valores observados, de 20 a 30% e as estimados por satélite
desvios superiores a 30%. Os dados de radiação solar global estimados pelos modelos empíricos baseados na
temperatura do ar do tipo Hargreaves and Samani, Donatelli and Campbell e derivado de satélite (PowerNasa) podem ser
utilizados como dado de entrada em modelos de simulação do crescimento, desenvolvimento e produtividade da cultura
do arroz irrigado.
Palavras-chave: modelos empíricos, radiação estimada, Oryza sativa, CERES-Rice.
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1. Introduction
Rio Grande do Sul (RS) is the Brazilian state which
has the largest production of irrigated rice (Oryza sativa),
and it responds for 69,83% of the total production in Brazil
within the crop 2015-2016 (CONAB - Compania Nacional
de Abastecimento, 2016). In this crop, the production of irrigated rice in the state of RS exceeded 7 million of metric
tons, with average yield of approximately 7 Mg ha-1 (Breseghello and Neves, 2016). The production of irrigated rice in
RS is divided into 6 rice paddy mesoregions, named Zona
Sul; Campanha; Fronteira Oeste; Depressão Central; Planície Costeira Interna and Planície Costeira Externa. The
average yield for the 2015-2016 crop of these regions was
7.8; 6.9; 7.0; 6.3; 7.7 and 6.2 Mg ha-1, respectively (IRGA Instituto Rio Grandense do Arroz, 2016).
Simulation models of development, growth and crop
yields, known as crop models, are tools that allow the analysis of the climate variability effects on yield oscillation
and explore options for managing or minimizing these variations. Among the crop models for irrigated rice, CERESRice (Jones et al., 2003) and ORYZA (Bouman et al.,
2001) stand out. They allow the assessment of cultural yield
under different management conditions and climate. However, one of the the main limitations for crop models application is the lack of climate data (Heinemann et al., 2012).
Among climate data, it is possible to highlight global solar
radiation (GSR), which directly impacts the biophysical
processes of photosynthesis and evapotranspiration. Therefore, GSR is an important climate variable for several
agroecological studies (Tao et al., 2013; Li et al., 2014).
Normally, the series of daily historical climate data
show periods with no record of GSR, either by failure or
lack of sensors. That results in the necessity of estimating
this variable. To fill this gap, several empirical models
based on air temperature were developed to estimate the
GSR (Salima and Chavula, 2012; Silva et al., 2012; Jerszurki and Souza, 2013), given that air temperature is more
commonly recorded and generally can be spatialized with

higher accuracy. Alternatively, the GSR can be estimated
by meteorological satellite sensors, which regularly cover
the entire earth (Ceballos et al., 2004; Pinto et al., 2010,
Van Wart et al., 2013). However, for the correct use of empirical estimate models of GSR based on air temperature, it
is necessary to calibrate it locally, due to the presence of
terms, which are implicitly through coefficients. They represent the local variability of the variables responsible for
changes in atmospheric transmissibility patterns, such as
relative humidity and the different systems associated with
the occurrence of cloudiness.
Considering the importance that irrigated rice has on
the economy of RS, it is vital to apply tools, like crop simulation models, to support public and private sector decision-making. Thus, the objective of this study is to verify
the viability and impacts arising from the use of global radiation data series estimated through empirical models
(based on air temperature and derived from satellite) in prediction of irrigated rice crop yield using the model
CERES-Rice.

2. Materials and Methods
In this study, the GSR estimated was carried out
throughout 5 rice mesoregions from the state of Rio Grande
do Sul (Table 1). For that, ten municipalities were considered, two for each region, depending on the availability of
GSR data.
The air temperature models used in this study for estimating GSR were: Bristow and Campbell (1984) - BC
(Eq. (1)); Donatelli and Campbell (1998) - CD (Eq. (2)); the
Hargreaves and Samani equation (1985) - HG, presented by
Hunt et al. (1998) - HG1 (Eq. (3)), and even a variation of
HG described in Chen et al. (2004) - HG2 (Eq. (4)).
The equations of these models are presented below:
é
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Table 1 - Location of the municipalities where calibrations were carried out of the empirical models of estimating global solar radiation.
Id

Cities

Latitude

Longitude

Mesoregion

1

Uruguaiana

-29.84

-57.08

Fronteira Oeste

2

Santana do Livramento

-30.83

-55.60

Campanha

3

São Luiz Gonzaga

-28.42

-54.96

Fronteira Oeste

4

Bagé

-31.35

-54.01

Campanha

5

Santa Maria

-29.7

-53.70

Depressão Central

6

Encruzilhada do Sul

-30.55

-53.47

Depressão Central

7

Santa Vitória do Palmar

-33.74

-53.37

Zona Sul

8

Pelotas

-31.7

-52.40

Zona Sul

9

Porto Alegre

-30.05

-51.17

Planície Costeira Externa

10

Torres

-29.35

-49.73

Planície Costeira Externa
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In the Eqs. (1) to (4), the variables are: Ra = average
daily solar radiation incident at the top of the atmosphere
(MJ m-2 day-1), which is calculated using astronomical
equations based on latitude and on the day of the year; daily
temperature range DT = Tmax – (Tmin + Tmin+1)/2, here Tmin+1
is the minimum air temperature recorded in the next day;
DTavg weekly average temperature, based on the moving average of the minimum and maximum temperatures (°C).
In Eq. (2) the functions f1(Tmin) and f2(i) are given by:
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In Eq. (5), Tnc is the factor of summer night temperature to avoid under-estimating solar radiation i is the day of
the year, c1 e c2 are empirical parameters of the models. In
Fig. (6), f3 is calculated as follows:
f 3 (c 2 ) = 1- 19
. c 3 + 3.83c 3
c 3 = c 2 - int eger(c 2 )

2

(7)
(8)

In the calibration process, b and c are empirical parameters of BC and CD models (Eqs. (1) and (2)) and they
were estimated by ordinary least squares. Also, these parameters (b and c) for HG1 and HG2 (Eqs. (3) and (4)) were
estimated using an iterative process using the GaussNewton algorithm (Heinemann et al., 2012). For this, we
used daily GSR’s automatic stations observed data from the
National Institute of Meteorology (INMET), except for the
municipality of Pelotas, whose automatic station belongs to
Embrapa Clima Temperado. In the calibration process, it
was used even years series of the meteorological data from
2008 to 2014. Also, to evaluate the models it was used odd
years series from 2008 to 2014. The Tnc, c1 and c2 (Eqs. (5)
and (6)) were adjusted by ordinary least squares, as described by Bellocchi et al. (2003) and Donatelli et al.
(2003).
The estimated GSR satellite-derived data were obtained from the Project POWER/NASA (2015) (Prediction
of Worldwide Energy Resource, named in this study as
PN). These data have not been locally calibrated, as occurs
with the empirical models based on air temperature
(Eqs. (1) to (4)) described above. PN data have regular coverage around the globe, with a spatial resolution of 1°. The
detailed methodology description for the satellite-derived
GSR estimation is presented in Stackhouse Jr. et al. (2015)
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and these data have already been used in another studies in
the environmental modeling (Van Wart et al., 2013, 2015;
Espe et al., 2016; Tesfaye et al., 2017).
To assess the impact of using GSR estimated data in
the irrigated rice yield simulations, we used the crop model
simulation (CMS) driven process CERES-Rice (Jones et
al., 2003). The model simulates rice phenology, leaf area,
development, biomass production, yield, and nitrogen accumulation in the aerial part, in response to climatic variables (precipitation, air temperature and solar radiation),
management (population density, sowing date, application
of nitrogen) and Genetics (characteristics of the cultivar).
This model was used to simulate the cultivars BRS
Atalanta, BRS 7 Taim, BR/IRGA 410 and BRS Querência,
potential yield (which considers only the effect of air temperature, global solar radiation and cultivar characteristic)
once the rice cultivation in the State of Rio Grande do Sul is
done under flood irrigation and also to prevent bias in yield
due to nitrogen deficiency, diseases, and pests.
The CERES-Rice model was previously calibrated on
the experimental data basis from the experimental Embrapa
Clima Temperado’s station, Pelotas, RS. These cultivars
present distinctive features about biological cycle, being
the BRS Atalanta classified as very short cycle. It takes approximately 100 days from emergency to full grain maturation. The cultivar BRS Querência is consider as short cycle
(110 days for full maturation) being characterized by its
high production potential and grain quality. On the other
hand, BRS 7 Taim and BR/IRGA 410 cultivars are classified as medium cycle, with a biological cycle of 121 to 131
days to complete grain maturation (SOSBAI, 2012). In the
present work, we have considered four simulations for the
sowing dates (September 15, October 15, November 15 and
December 15) consistent with the sowing calendar used in
Rio Grande do Sul. The GSR estimated data impact in simulations of irrigated rice potential productivity was evaluated through comparisons between statistical indexes
obtained from simulations performed with the GSR observed (Yobs) and estimated (Yest) data.
The efficiency of the models of GSR estimates was
quantified through the following statistical indexes: a)
RMSE (root mean square error - Eq. (9)), b) and E (efficiency index of Nash and Sutcliffe - Eq. (10)), c) RRMSE
(relative root mean square error - Eq. (11)) and d) coefficient of determination (R2) that is obtained from linear regression between estimated and observed GSR values. To
analyze this efficiency, we have considered the estimated
and observed data grouped by mesoregions (Table 1).
RMSE =
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where Yest are the estimated variables (GSR or potential
productivities), and Yobs are the observed values, n is the
number of observations used, and Yobs are the measurement data average.
The RMSE and RRMSE indexes are precision measures and values close to zero indicate better model performance. The RRMSE allows a qualitative rating, according
with Jamieson et al. (1991), and the estimates are classified
as “poor” for RRMSE > 30%, “reasonable” for values of
RRMSE between 20 and 30%, “good” for values between
10 and 20%, and “excellent” for values lower than 10%.
The E index is an accuracy measure and ranges from -¥ to
1. Values close to 1 indicate the model perfection.
Also, the impact of the GSR estimated data in the simulations of irrigated rice potential yield was determined
through the comparisons between the observed (Yobs) and
estimated (Yest) GSR simulations. For this, we used the
empirical cumulative distribution function (ecdf). This
function estimates the cumulative distribution underlying
to the sample’s points and converges with probability 1 according to the theorem of Glivenko-Cantelli (Dudley,
1969). The estimated ecdf by different models of GSR’s estimation were tested against the observed ecdf considering
the maximum distance between the estimated and observed
curves through the Kolmogorov-Smirnov (K-S). To analyze this efficiency the estimated and observed data were
considered and grouped by months: September, October,
November, and December. To analyze the effect of the
GSR estimation on yield a total of 5600 simulated productivities were considered (7 years x 4 cultivars x 4 sowing dates x 5 models of GSR estimations x 10 locations).

3. Results and Discussion
The empirical coefficients referring to the estimates
models of GSR based on air temperature (Eqs. (1) to (4))
are described in Table 2. The models of GSR estimates, BC
(Eq. (1)) and HG2 (Eq. (4)), presented greater variability to
the b (standard deviation of 2.45) and c (standard deviation
of 1.39) parameters, respectively. For the BC model in the
localities of Santa Vitoria do Palmar and Torres (Id 7 e 10,
Table 1), situated on the coast, the parameter b presented
higher values (7.74 e 3.55, Table 2), inflating the variability
of the parameter. This variance, or standard deviation, indicates that the location (the coast proximity) influences the
parameter b adjustment for this model. To stress this influence, when the coastal towns (Santa Vitória do Palmar (Id
7) and Torres (Id 10)) are removed from the analyses, the
standard deviation reduced to 0.32. So, the value is close to
the one obtained by Heinemann et al. (2012) in a study conducted in the State of Goiás - Brazil. For the HG2 model
(Eq. (4)), the variability of the parameter c related to the
proximity to the coast is not very clear. However, when
these coastal sites are removed, the standard deviation is
also reduced from 1.39 to 0.86. According with Liu et al.
(2009), the empirical parameters b and c, from the respective models (Eqs. (1) and (4)) present significative correlation with the relative air humidity and this is a ruling
element to the variability that is observed in the coastal localities. These locations are influenced by the interaction of
local phenomena, such as the occurrence of sea breeze
(Reboita et al., 2010). The other models of GSR estimates
showed lower variability in the empirical parameters with
values of standard deviations three orders of magnitude
smaller than the average (Table 2).
The validation in the models of GSR estimates based
on air temperature was made grouping observed and estimated data for each rice paddy mesoregion (Table 1) is presented in the Fig. 1. Through this analyses a variability in
the estimates related to the observed values of GSR was observed. This effect occurs with greater emphasis on mesoregions that have municipalities located in the coastal area
(Santa Vitória do Palmar and Torres), which indicates a

Table 2 - Coefficients of the empirical models of global solar radiation estimation, estimated for each location, accompanied by the average and standard
deviation (sd). See Table 1 to find out the Id corresponding to each city.
Models

Coef.

Id Cities
1

HG1

2

3

4

5

6

7

8

9

Average

sd

10

b

0.27

0.25

0.28

0.28

0.23

0.27

0.12

0.25

0.24

0.23

0.24

0.05

c

-0.30

-0.27

-0.36

-0.33

-0.22

-0.23

0.28

-0.25

-0.20

-0.03

-0.19

0.19

HG2

b

0.21

0.18

0.20

0.20

0.19

0.20

0.21

0.18

0.20

0.25

0.20

0.02

c

-3.09

-1.74

-2.76

-2.65

-3.24

-0.70

1.24

-1.86

-2.89

-2.77

-2.05

1.39

BC

b

0.19

0.18

0.18

0.14

0.32

1.10

7.74

0.40

0.52

3.55

1.43

2.45

c

2.17

2.06

2.14

2.27

1.96

1.00

0.50

1.86

1.80

1.13

1.69

0.60

CD

b

0.45

0.37

0.41

0.44

0.50

0.60

0.46

0.50

0.56

0.60

0.49

0.08
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Figure 1 - Dispersion among the estimated values (y-axis) and observed (x-axis) of global solar radiation. The secondary x-axis (top) represents the producers meso-regions to where the models were calibrated (see Table 1). The secondary y-axis are the used estimate models of GSR. Continuous line represents the straight 1:1. The dotted line is the straight of regression adjustment between estimated and observed values of GSR. The statistical measures
presented within the panels are RMSE, RRMSE and the index of efficiency.
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need for calibration of the empirical coefficients for each
region.
The models of GSR estimates based on air temperature relate the daily thermal amplitude with the global incident radiation at the surface. These relationships are
difficult to predict in places where changes in cloudiness
are accentuated, particularly with daily scale fluctuations,
and the models tend to present poor performances. On the
occurrence of nocturnal cloud cover, there is a tendency of
reduction of thermal amplitude as a function of higher minimum air temperature (Bechini et al., 2000). If throughout
the day the dissipation of cloudiness is existent, despite the
high maximum temperature, the temperature amplitude
tends to be lower, but the global solar radiation is high, and
as a result, this method shows an underestimate. Thus, the
inferior result in the coastal Zona Sul and Planície Costeira
Externa (lower R2, Fig. 1) mesoregions can be related to
bigger water vapor influence as well for the occurence of
local factors that influence the cloudiness variations in a local scale which tend to have a sub-daily life cycle.
It is observed that the performance of the empirical
models of GSR estimates was similar for all mesoregions.
The models then were classified as reasonable
(20% < RRMSE < 30%) except the PN (satellite-derived)
that presented poor performance (RRMSE > 30%) for all
mesoregions (Fig. 1 e, j, o, t and y). The RMSE index presented values ranging from 3.83 MJ m-2 day-1 (Fig. 1, c) to
5.24 MJ m-2 day-1 (Fig. 1, v). This value range was verified
for all the mesoregions and empirical models based on temperature but the BC for the Depressão Central mesoregion
which presented 8.09 MJ m-2 day-1 (Fig. 1, k) and the PN
(satellite-derived) which showed values ranging from 8.47
to 9.16 MJ m-2 day-1 (Fig. 1 e, j, o, t and y).
In the ensemble analysis of the GSR estimated data in
considering only the model as a factor, the best adjustment
was obtained by HG1, followed by HG2 and CD. These
models presented RMSE values of 4.34 MJ m-2 day-1;
4.53 MJ m-2 day-1 and 4.70 MJ m-2 day-1 and RRMSE values
of 25.8; 26.9 e 27.9%, respectively. So, they were also classified as reasonable according to Jamieson et al. (1991). On
the other hand, the BC model showed a value of 31.27%
and was classified as poor.
In the validation carried out by Silva, et al. (2012) for
the State of Minas Gerais - Brazil the models HG1, HG2,
CD and BC showed better performance to the one obtained
in this study with RMSE values ranging from 3.25 to
3.50 MJ m-2 day-1. In Canada, Hunt et al. (1998) obtained
an RMSE value similar to the HG1 model that was achieved
in this study. The models HG1, CD and BC showed a better
performance in Goiás, with RRMSE values around 13%
(Heinemann et al., 2012). The variability related to the performance of the GSR estimation models is related to factors
as the altitude, longitude, and precipitation, which affect
the BC and CD models significantly, while the models HG1
HG2 and are influenced by the thermal amplitude (Liu et
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al., 2009). Comparing the studied mesoregions here and the
study by Heinemann et al. (2012) in the State of Goiás, the
performances of these models are affected by patterns of
cloudiness and altitude.
The mentioned studies indicate that the variation on
the performance of the GSR estimation models based on
the air temperature may be related to the distinct characteristics of sites in the regions. However, the results from GSR
models obtained at RS in this study can be extrapolated for
the main irrigated rice producing region in South America
as showed in Fig. 2.
The three regions, south of Brazil, Uruguay and Argentina, represent 65% of total rice produced in South
America (CAS, 2012; CONAB, 2016). This region is characterized by having similar climatic and ecological classification (Pampa biome), and has similar synoptic patterns
that influence the weather and climate, such as, the surface
temperature of the western subtropical portion of the Atlantic Ocean (Doyle e Barros, 2002; Reboita et al., 2010).
Thus, air temperature models calibration is justified,
mainly the HG1 model for the Fronteira Oeste and Campanha regions (Fig. 1, c and r), being an alternative for GSR
estimate in the south of Brazil, Uruguay and Argentina regions.
The utilization of estimated GSR data as an input data
in the simulation model CERES-Rice showed that it is
practicable for the evaluation of the accumulated frequency
distribution curves (ecdf) of the simulated and observed
productivities (Fig. 3). There is an overlap of the ecdf
curves for the simulated potential yield, obtained with the
bases CD (grey line, Fig. 3) and PN (red line, Fig. 3), and
the obtained using the GSR observed data (black line,
Fig. 3), to the times of sowing (Fig. 3-a, b, c and d). The

Figure 2 - Principal production rice zones in Latin America at Brazil
(green), Argentina (blue) and Uruguay (beige), and municipalities location where the GSR estimation models were calibrated (see Table 1 for latitude and longitude).
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Figure 3 - Distribution curves of accumulated empirical frequency, from potential yield simulations obtained with the use of GSR data estimated by BC
(Brown), CD (grey), DB (green), (yellow) HG1 and HG2 (blue) models; and by satellite-derived data PN (red) for the Sowings made in a) September, b)
October, c) November and d) December. The black line refers to the distribution obtained using observed data of GSR.

models HG1 (yellow line, Fig. 3) and HG2 (blue line,
Fig. 3) overestimated the values of simulated potential rice
productivity, regardless of the time of sowing (Fig. 3-a, b, c,
and d). On the other hand, the BC model (brown line,
Fig. 3) underestimated the potential yield simulated values
(Fig. 3-a, b, c and d).

The medians of the simulated productivities obtained
from the accumulated frequency distribution curves are
presented in Table 3. The potential yield values simulated
by the models HG1, CD and PN are similar in every season
of sowing, with a decrease of yield as the sowing is delayed.
The K-S test showed equivalence, at 5% significance, be-

Table 3 - Quantile of 50% and p-valor (in brackets) of the Kolmogorov-Smirnov test between the estimated empirical cumulative distribution curves and
the distribution performed with data observed from GSR to the simulation of potential yield (Mg ha-1).
Seeding

Observed

HG1

HG2

BC

CD

PN

September

9.3

November

8.8

9.6 (0.47)

9.8 (0.16)

8.6 (< 0.05)

9.5 (0.99)

9.1 (0.96)

9 (0.21)

9.3 (< 0.05)

8.1 (< 0.05)

8.8 (0.98)

8.7 (0.98)

October
December

8.1

8.3 (0.22)

8.4 (< 0.05)

7.4 (< 0.05)

8.1 (0.98)

8.2 (0.61)

6.3

6.4 (0.32)

6.6 (< 0.05)

5.9 (< 0.05)

6.3 (0.98)

6.6 (0.40)
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tween the ecdf (Fig. 3-a, b, c, and d) obtained with the observed GSR data and the ones estimated by CD models, PN
and HG1 for sowing dates (Table 3).
Although the GSR estimates from the PN basis have
shown the worst performance regarding GSR estimations
to mesoregions (Fig. 1, high indexes of RMSE and low E),
the equivalence in simulated potential yield is justified due
to radiation accumulation throughout all rice cycle. Generally, this model does not present the tendency of errors as
a function of the values of GSR -i.e., despite variability, the
values are centered on line 1:1 (Fig. 1). To evaluate the accumulation of GSR in different simulations, it was found
that the GSR buildups during the culture cycle between the
simulations performed with the PN and the based observed
data are similar (Table 4). Heinemann et al. (2012) also
noted that there was no impact on simulated yield of rice by
using data from GSR empirical models, based on estimated
air temperature, BC, CD, DB and HG1.
Furthermore, we could notice the variability of simulations performed using data observed of GSR (Table 3).
This marked variability can be explained both by the productive potential differences between cultivars, as well as
due to occurrence of other abiotic stresses such as the occurrence of minimum temperatures, in the time and magnitude sufficient to cause sterility of the spikelet. This effect
was observed as a consequence of the time of sowing used
(Steinmetz et al., 2013). Thermal stress is captured by the
model of culture derived from dates of sowing, which provide the occurrence of reproductive stages outside the ideal
period. This results in yield falls, as can be verified in the
ecdf related simulations carried out in December (Fig. 3d).
It is observed that this pattern is also captured with the use
of estimated radiation data.

4. Conclusions
1. GSR data estimated by empirical models, based on air
temperature HG1, HG2 and CD and satellite derived
(PowerNasa) can be used as an entry data in models of
growing simulation, development and yield in irrigated rice crop.
2. We suggest that the applicability of global solar radiation
estimation models be also evaluated in the producing
regions of Argentina and Uruguay, in order to allow a
Table 4 - GSR accumulation (MJ m-2) during the complete cycle of crop
and periods between the emergency to the anthesis and physiological maturation, observed when simulating potential yield. They were performed
with different data base of GSR.
Period

Observed

HG1

HG2

BC

CD

PN

Complete cycle

2512

2586

2626

2257

2496

2565

Emergency to
the anthesis

1969

2032

2063

1778

1959

2001

Anthesis to
maturation

543

554

563

478

537

563

complete validation for the main rice producing region
of Latin America.
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