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Abstract – The objective of this work was to estimate the global radiation by simplified models for the state 
of Mato Grosso, Brazil. The parameterized coefficients of 15 simplified models were regionally calibrated 
to estimate the daily global radiation, based only on air temperature, using data from 28 automatic weather 
stations (AWS) of the network of the Brazilian Meteorology Institute, distributed throughout the different 
biomes of the state of Mato Grosso. The simplified models are mostly derived from the Hargreaves and 
Bristow & Campbell methods, with different parameterized coefficients to be calibrated. The coefficient of 
determination (R2), the mean bias error (MBE), the root mean square error (RMSE), and Willmott’s d index 
were used to evaluate statistical performance. For the recommendation of models per station and/or biome, 
the models were rated numerically (position values) according to their specific performance in each statistical 
indicator. The simplified models derived from Bristow & Campbell showed better statistical performances for 
estimating daily global radiation. The values of the calibrated coefficients of the same model varied greatly 
among the AWS and biomes. The R2 values ranged from 0.60 to 0.75, indicating a satisfactory result for the 
obtained calibrations. The Bristow & Campbell model for the Amazon and the Cerrado and the Goodin 
model for the Cerrado are recommended, with scattering varying between 1.52 and 4.33 MJ m-2 per day and 
adjustments greater than 65%.

Index terms: air temperature, Amazon, Cerrado, parameterized coefficients, solar radiation.

Radiação global por modelos simplificados para o Estado de Mato Grosso
Resumo – O objetivo deste trabalho foi estimar a radiação global por modelos simplificados para o Estado 
de Mato Grosso. Os coeficientes parametrizados de 15 modelos simplificados foram regionalmente 
calibrados para estimativa da radiação global diária, com base apenas na temperatura do ar, a partir de 
dados de 28 estações meteorológicas automáticas (EMAs) da rede do Instituto Nacional de Meteorologia, 
distribuídas nos diferentes biomas do Estado de Mato Grosso. Os modelos simplificados avaliados foram 
derivados principalmente dos métodos de Hargreaves e Bristow & Campbell, com diferentes coeficientes 
parametrizados a serem calibrados. Para a avaliação do desempenho estatístico, foram empregados o 
coeficiente de determinação (R2), o erro absoluto médio (MBE), a raiz quadrada do erro quadrático médio 
(RMSE) e o índice d de Willmott. Para a recomendação de modelos por estação e/ou bioma, os modelos foram 
classificados numericamente (valores de posição), de acordo com o desempenho específico em cada indicativo 
estatístico. Os modelos simplificados derivados de Bristow & Campbell apresentaram melhores desempenhos 
estatísticos para estimativa da radiação global diária. Os valores dos coeficientes calibrados de um mesmo 
modelo variaram grandemente entre as EMAs e os biomas. Os valores do R2 variaram de 0,60 a 0,75, o que 
indica resultados satisfatórios nas calibrações obtidas. São indicados o modelo de Bristow & Campbell para a 
Amazônia e o Cerrado e o de Goodin para o Cerrado, com espalhamentos que variam entre 1,52 e 4,33 MJ m-2 
por dia e ajustamentos superiores a 65%.

Termos para indexação: temperatura do ar, Amazônia, Cerrado, coeficientes parametrizados, radiação solar.

Introduction
There is a rising interest in the research field of solar 

irradiation due to its many applications in the physical, 

chemical, and biological processes that occur in the 
biosphere-atmosphere interaction. The knowledge 
of seasonal and temporal variations allow its use in 
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studies on evapotranspiration, optimization of water 
demand in irrigation, crop forecasting, agricultural 
planning, climate change, development of energy 
technology systems (thermal and photovoltaic), food 
preservation, buildings and ambiance, among others 
(Antonanzas-Torres et al., 2013; Dumas et al., 2015; 
Huber et al., 2016).

Geographic, astronomical, meteorological, 
geometric, and biophysical factors – such as the 
dispersion of air molecules, water vapor content in the 
atmosphere, dust scattering, and other atmospheric 
constituents, including O2, CO2, and N2 – affect the 
amount of solar radiation that reaches Earth’s surface 
and are typically used as the basis of empirical models 
(Badescu, 2013; Teke et al., 2015; Huber et al., 2016).

In Brazilian meteorological researches, after the 
diffusion of automatic weather stations (AWS), there has 
been a significant increase in the routine measurements 
of solar radiation. However, in some regions, such 
as in the state of Mato Grosso, there is a low spatial 
distribution of AWS that measure solar radiation. In 
general, the routine monitoring of solar radiation is 
carried out by Instituto Brasileiro de Meteorologia 
(Inmet), universities, and research institutes, depending 
on the costs involved in acquiring and/or maintaining 
the instruments. For hydro-agricultural applications, 
the use of long-time databases is essential; however, 
when these are dependent on solar radiation, they 
can only be obtained by estimates of and applications 
on historical series of conventional weather stations 
(normal climatology).

In this context, the high cost of measuring solar 
irradiation with a pyranometer and the scarcity of long, 
reliable datasets for specific locations has encouraged 
the use of simplified estimators, including models 
based on air temperature, air humidity, precipitation, 
sky cover (clouds), sunshine fraction, linear regression, 
geostationary satellite data, stochastic models, artificial 
neural networks, among others (Gueymard & Myers, 
2009; Antonanzas-Torres et al., 2013; Bojanowski et 
al., 2013; Veeraboina & Guduri, 2014; Yacef et al., 
2014; Dumas et al., 2015; Teke et al., 2015).

Air temperature, sunshine fraction, and 
precipitation are the meteorological parameters 
with greater abundance and spatial distribution in 
databases; therefore, they are the most commonly 
adopted in the simplified models used to estimate 
global radiation for different climatic regions and/or 
temporal scales (Besharat et al., 2013; Bojanowski et 

al., 2013; Veeraboina & Guduri, 2014; Yacef et al., 
2014; Dumas et al., 2015). However, the accuracy 
of these models may vary when applied in different 
locations, requiring local/regional calibrations of the 
parameterized coefficients (Teke et al., 2015; Huber et 
al., 2016).

The objective of this work was to estimate the global 
radiation by simplified models for the state of Mato 
Grosso, Brazil.

Materials and Methods

The data used were obtained from the AWS of 
Inmet located in 28 municipalities of the state of Mato 
Grosso, Brazil (Table 1). The installation, operation, 
and maintenance of the AWS, as well as the availability 
of their databases, are described by Moura et al. (2011). 
It should be noted that, although the network of stations 
in Mato Grosso is formed by 35 AWS, some of them 
were disregarded in the present study due to flaws and 
to the lack of data, which were related to equipment 
failures and/or calibration, to the lack of maintenance, 
or to the fact they were closed. Since the stations began 
operating on different dates in each municipality, the 
periods of data collection varied. Of the daily database, 
70 and 30% were used for calibration and validation, 
respectively.

The state of Mato Grosso is located in the Midwestern 
region of Brazil (06°00'S, 19°45'S and 50°06'W, 
62°45'W), totaling 903,357.908 km2, which represent 
56.23% of the region and 10.61% of the entire Brazilian 
territory. The state stands out for its large territorial 
extension and insertion into the natural landscape of 
three major biomes: Amazon rainforest, Cerrado, and 
Pantanal (Figure 1), which provide a wide range of 
ecological, social, economic, cultural, and production/
agro-industrial development situations.

Two well-defined seasons occur in the state of Mato 
Grosso: rainy, from October to April; and dry, from 
May to September. The average annual temperatures 
range between 23 and 26.84°C and total annual rainfall 
varies from 1,200 to 2,000 mm, with higher levels in 
the north and east-north of the state and in regions with 
altitudes close to 800 m. The climate is classified as 
Aw (tropical savanna climate) and as Cwa (tropical 
climate), according to Köppen (Souza et al., 2013).

The following 15 simplified models, mostly derived 
from those proposed by Hargreaves (1981) and Bristow 
& Campbell (1984), were used to estimate global 
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radiation, with different demands for the calibration of 
the parameterized coefficients:

1. ABS (Abraha & Savage, 2008)
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10. HAR (Hargreaves, 1981)
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11. HU1 (Hunt et al., 1998)
H a T H bG = ∆ + 0

Table 1. Automatic weather stations of the network of Instituto Nacional de Meteorologia (Inmet), from where the data used 
to estimate daily global radiation were collected, located in the state of Mato Grosso, Brazil.

Code Station name Latitude Longitude Altitude  (m) Data collection period Number of data Effective data Losses (%)
Amazon biome and transitions

A-924 1. Alta Floresta -10.0672 -56.7522 294 9/2011–1/2013 519 422 18.69
A-910 2. Apiacás -9.5639 -57.3936 220 10/2006–1/2013 2,315 1,364 41.08
A-926 3. Carlinda -9.9703 -55.8272 300 4/2008–1/2013 1,768 1,517 14.20
A-906 4. Guarantã do Norte -9.95 -54.8833 320 5/2007–1/2013 2,102 1,338 36.35
A-919 5. Cotriguaçu -9.9061 -58.5719 261 1/2008–1/2013 1,858 1,564 15.82
A-914 6. Juara -11.2803 -57.5267 260 11/2006–2/2012 1,947 1,265 35.03
A-920 7. Juína -11.375 -58.775 374 10/2007–1/2013 1,949 1,259 35.40
A-928 8. Nova Maringá -13.0386 -57.0922 353 4/2008–1/2013 1,768 975 44.85
A-917 9. Sinop -11.9822 -55.5658 371 11/2006–6/2012 2,284 930 59.28
A-904 10. Sorriso -12.5452 -55.7113 380 1/2009–1/2013 1,493 958 35.83
A-917 11. Pontes de Lacerda -15.2511 -59.3467 256 1/2008–1/2013 1,858 1,301 29.98
A-935 12. Porto Estrela -15.3247 -57.2264 145 2/2008–1/2013 1,827 767 58.02
A-936 13. Salto do Céu -15.1247 -58.1275 303 1/2008–1/2013 1,858 1,462 21.31
A-922 14. Vila Bela da Santíssima Trindade -15.0628 -59.8729 222 1/2008–1/2013 1,858 1,404 24.43

Cerrado biome and transitions
A-929 15. Nova Ubiratã -13.4111 -54.7522 518 4/2008–1/2013 1,768 1,168 33.94
A-912 16. Campo Verde -15.3139 -55.0808 749 1/2008–1/2013 1,858 898 51.67
A-907 17. Rondonópolis -16.45 -54.5666 284 1/2008–1/2013 1,858 1,377 25.89
A-932 18. Guiratinga -16.3417 -53.7661 526 1/2008–1/2013 1,858 1,201 35.36
A-933 19. Itiquira -17.175 -54.5014 585 8/2008–1/2013 1,646 981 40.4
A-913 20. Comodoro -13.4231 -59.4546 591 1/2008–1/2013 1,858 1,511 18.68
A-927 21. Novo Mundo -12.5219 -58.2314 431 3/2008–1/2013 1,798 1,373 23.64
A-905 22. Campo Novo dos Parecis -13.7833 -57.8333 570 6/2010–1/2013 976 505 48.26
A-931 23. Santo Antônio do Leste -14.9278 -53.8836 648 8/2008–1/2013 1,646 1,238 24.79
A-930 24. Gaúcha do Norte -13.1847 -53.2575 379 8/2008–1/2013 1,646 1,376 16.40
A-908 25. Água Boa -14.0161 -52.2122 432 1/2008–1/2013 1,858 1,631 12.22
A-918 26. Confresa -10.6539 -51.5668 237 6/2008–1/2013 1,707 1,278 25.13
A-921 27. São Félix do Araguaia -11.6189 -50.7278 218 8/2011–1/2013 550 456 17.09

Pantanal biome
A-901 28. Cuiabá -15.5594 -56.0628 240 5/2011–1/2013 642 463 27.88
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12. HU2 (Hunt et al., 1998)
H a T H bT cP dP eG MAX= ∆ + + + + 0

2

13. MAH (Mahmood & Hubbard, 2002)
H a T HG = ∆  0 69

0
0 91. .

14. MEV (Meza & Varas, 2000)

H b T HG = − − ∆( )( )0 75 1 2
0. exp

15. THR (Thornton & Running, 1999)

HG H b T= − − ∆( )( )0
1 51 0 9. exp . 

in which ∆T is the thermal amplitude; Tmed is the 
average air temperature; Tmin is the minimum air 
temperature; Tmax is the maximum air temperature; 
esmin is the minimum vapor saturation pressure; esmax 
is the maximum vapor saturation pressure; Alt is 
the local altitude; P is precipitation; tnc is the factor 
temperature of summer nights; H0 is the daily global 
solar radiation on the horizontal surface (MJ m-2 per 
day); and a, b, and c are the parameterized coefficients 
to be calibrated regionally.

The coefficients of the equations were adjusted using 
the solver optimization tool of Microsoft Excel, based 
on the maximization of the coefficient of determination 
(R2). To assess the performance of the equations for 
daily estimates on sloping and horizontal surfaces, the 
statistical indicators R2, mean bias error (MBE), root 
mean square error (RMSE), and Willmott’s adjustment 
d index were employed, as recommended by Souza et 
al. (2011), Badescu (2013), and Teke et al. (2015), using 
the following equations:
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in which Pi are the estimated values; Oi are the 
measured values; N is the number of observations; |Pi| 
is the absolute value of the difference (Pi - Oi); and |Oi| 

Figure 1. Biomes of the state of Mato Grosso, Brazil, and location of the automatic weather stations (AWS). Numerical 
identification according to Table 1.
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is the absolute value of the difference (Pi - Oi). In these 
cases, i ranges from 1 to N.

Then, the position values (Vp) of the statistical 
indicators (R2, MBE, RMSE, and Willmott’s adjustment 
d index), based on their assigned weights, were used 
to classify and to define the best model for estimating 
global radiation. The models were classified from 1 to 
15 for each weather station, according to the Vp of the 
indicators. In this case, 1 represents the best model and 
15 the worst one; consequently, the best model is the 
one with the lowest sum of assigned weights, i.e., with 
lower Vp accumulated for all statistical indicators.

Results and Discussion

Due to the geographical location and rainfall 
behavior of the state of Mato Grosso, the global radiation 
measured in the Amazon and Cerrado biomes showed 
similar averages, i.e., 18.05±1.08 and 18.57±1.41 MJ m-2 
per day, respectively (Table 2). According to Souza et 
al. (2013), seasonal changes in cloudiness and latitude 
are the main factors that determine the variation of 
solar radiation in the state. The averages obtained 
for the periods in which the data from the AWS were 
analyzed are in alignment with those of other studies 
carried out in the evaluated biomes (Tiba, 2000); this 
includes the lower global radiation values observed 
at the weather station located in the municipality of 
Cuiabá (14.18 MJ m-2 per day), when compared with 
those of the other regions (Gomes et al., 2012).

Overall, the values of the calibrated coefficients of 
the same model varied greatly among the AWS and 
biomes (Table 3). In this case, the R2 also shows the 
high adjustment variability of the models within the 
same biome, resulting from changes in air temperature, 
which varies temporally and spatially due to energy 
balance, local weather and environment (configuration 
of surface exposure, land use and occupation, among 
others).

These results, including discrepancies, are in 
alignment with those found in the literature for regional 
models with different calibrations. According to Meza 
& Varas (2000), these differences indicate that the local 
calibration for some simplified models can be crucial 
for their performance; however, most of the proposed 
coefficients in the literature did not correctly estimate 
the historical averages in each location. Weiss et al. 
(2001) pointed out that adjustments or calibrations 

of the coefficients of the empirical models for each 
municipality allow finding a specific coefficient that 
best fits the environmental conditions of the site, which 
reduces the average error of the differences between 
the estimated and measured values of solar radiation.

The R2 is one of the first indicators of the statistical 
performance of estimation models, but requires other 
valuation parameters (Teke et al., 2015). According to 
Souza et al. (2011), the combined use of the statistical 
indicators MBE, RMSE, and the adjustment d index 
provides an adequate alternative for the validation of 
statistical models with the simultaneous analysis of 
deviations from the mean, identifying the occurrence 
of under- or overestimation, spreading, and model 
adjustment in relation to the measured values.

In general, the R2 values ranging from 0.60 to 0.75 
indicate satisfactory results for calibration proposals, 
as found by Borges et al. (2010) for the municipality 
of Cruz das Almas, in the state of Bahia, Brazil. 
However, these results were lower than those reported 
by Silva et al. (2012) for different regions of the state 
of Minas Gerais, also in Brazil, and for the original 
models evaluated.

Good performances are normally expected when 
databases from regions climatically similar to those of 
the original models are used. It should also be noted 
that the size of the database affects the obtained results, 
since calibrations and/or performance reviews carried 
out with data obtained during years of air maximum 
and minimum temperatures can occur in atypical 
years, with effects from other external phenomena of 
the region.

The ALM, DJS, and HU2 models with calibration 
coefficients for rainfall dependence showed that this 
variable made it difficult to estimate solar radiation 
due to the low R2 values, as observed by Liu et al. 
(2009) and Silva et al. (2012). This could be attributed 
to measurement errors in the rainfall monitoring 
equipment and/or to errors in bug fixes, particularly for 
regions with high temporal and spatial variability in 
rainfall events of convective origin (Souza et al., 2013).

There were no trends of super- or underestimation 
by biomes; however, a great discrepancy was observed 
between the MBE values of the same model for the 
AWS (Table 4). There is a major drawback in analyzing 
the MBE in isolation, as the underestimation of a single 
observation can undo an overestimation of another one 
(Souza et al., 2011; Badescu, 2013; Teke et al., 2015).

http://dx.doi.org/10.1590/S0100-204X2017000400001


220 A.P. de Souza et al.

Pesq. agropec. bras., Brasília, v.52, n.4, p.215-227, abr. 2017 
DOI: 10.1590/S0100-204X2017000400001 

Table 2. Daily global radiation (HG) measured and estimated by 15 simplified models using data from 28 automatic weather 
stations located in the state of Mato Grosso, Brazil(1).

Station HG (MJ m-2  
per day)

Simplified models
ABS ASW ALM ANN BRC CHE DJS DOC GOO HAR HU1 HU2 MAH MEV THR

Amazon biome  and transitions
A-924 18.05 19.26 19.22 19.09 18.70 18.71 18.73 18.78 18.44 18.54 19.09 18.68 18.79 19.30 19.17 19.28
A-910 17.72 18.24 17.84 18.26 17.65 17.84 17.76 17.84 17.69 17.66 17.65 17.67 17.67 17.67 18.14 17.75
A-926 18.98 19.01 18.86 18.89 18.70 18.75 19.26 18.58 18.62 18.69 18.70 18.79 18.88 18.71 19.03 18.74
A-906 16.72 17.93 16.48 16.59 16.55 16.54 17.79 17.41 17.57 18.30 16.15 16.56 17.05 16.39 17.33 16.34
A-919 17.10 17.31 17.08 17.06 16.96 17.00 17.03 17.37 16.88 16.92 16.96 16.82 16.96 16.99 17.30 17.01
A-914 17.76 18.52 17.85 18.01 17.71 17.78 17.76 17.84 17.82 17.79 17.75 17.73 17.96 17.60 18.44 17.68
A-920 17.58 17.98 17.49 17.67 17.43 17.49 17.55 17.45 17.46 17.47 17.43 17.53 17.52 17.38 17.92 17.40
A-928 16.87 17.25 16.83 16.78 16.26 16.75 16.44 16.76 16.49 16.51 16.26 16.42 16.65 16.51 17.11 16.62
A-917 21.03 21.23 21.25 21.28 21.21 21.26 21.08 21.16 21.18 20.93 22.18 21.39 0.00 0.00 0.00 0.00
A-904 18.02 18.09 18.13 18.04 17.78 17.93 18.46 18.19 17.67 17.71 17.78 17.87 18.33 18.02 18.10 18.02
A-917 18.71 18.69 18.79 18.68 18.43 18.62 18.99 18.44 18.31 18.31 18.43 18.41 18.72 18.63 18.65 18.67
A-935 17.93 17.41 18.89 19.09 17.43 17.95 17.57 18.26 17.61 17.65 17.43 17.55 17.68 17.24 18.85 16.60
A-936 17.61 17.47 17.63 17.46 17.26 17.42 17.67 17.61 17.13 17.20 17.26 17.25 17.68 17.35 17.41 17.33
A-922 18.66 18.91 18.97 18.80 18.43 18.71 18.57 18.70 18.35 18.47 18.45 18.80 19.15 18.70 18.88 18.81

Cerrado biome  and transitions
A-929 19.10 19.40 19.42 19.26 19.10 19.21 19.19 19.06 19.02 19.04 19.10 19.37 19.25 19.07 19.45 19.12
A-912 20.50 20.68 20.89 21.07 20.44 21.07 21.15 21.22 21.19 21.25 19.69 19.66 20.90 20.09 19.79 20.22
A-907 18.36 18.82 17.28 17.97 17.33 17.30 17.60 17.54 17.99 18.04 17.33 17.81 18.40 17.01 18.78 17.09
A-932 15.50 15.77 15.28 15.27 15.37 15.18 15.39 15.22 15.36 15.39 15.37 15.34 15.18 15.15 15.73 15.10
A-933 19.81 19.67 19.68 18.30 19.47 18.66 20.08 20.05 19.35 19.52 19.47 19.47 20.03 19.36 19.76 19.36
A-913 18.09 18.09 17.88 17.90 17.78 17.83 17.98 18.36 17.69 17.78 17.78 17.77 17.95 17.70 18.02 17.72
A-927 19.27 19.29 19.25 19.06 18.91 19.00 18.74 18.80 18.88 18.93 18.91 19.01 19.07 18.93 19.34 19.00
A-905 16.33 17.43 16.69 16.60 16.51 16.54 16.53 16.71 16.45 16.53 16.47 16.51 16.63 16.55 16.90 16.51
A-931 20.13 20.33 20.44 20.24 19.98 20.18 20.18 20.40 19.94 19.95 19.98 20.28 20.24 20.06 20.36 20.21
A-930 18.91 19.28 19.32 19.15 18.84 19.08 18.87 19.75 18.78 18.87 18.81 18.81 19.66 18.95 19.35 19.05
A-908 18.89 18.99 18.91 18.92 18.75 18.84 18.66 18.73 18.68 18.74 18.75 18.72 18.76 18.81 19.02 18.88
A-918 18.03 18.07 18.16 18.04 17.76 17.99 17.71 18.30 17.71 17.74 17.76 17.77 18.15 17.96 18.12 17.96
A-921 18.51 18.64 17.69 18.54 17.95 18.22 18.37 18.12 18.15 18.26 17.95 18.00 18.05 17.93 18.52 18.03

Pantanal biome
A-901 14.18 14.35 11.59 12.66 15.25 12.58 15.38 15.63 14.58 15.27 12.75 15.28 15.32 12.66 14.97 12.49
(1)The periods of data collection are shown in Table 1. Models: ABS, Abraha & Savage (2008); ASW, Weiss et al. (2001) and Abraha & Savage (2008); 
ALM, Almorox et al. (2011); ANN, Annandale et al. (2002); BRC, Bristow & Campbell (1984); CHE, Chen et al. (2004); DJS, De Jong & Stewart (1993); 
DOC, Donatelli & Campbell (1998); GOO, Goodin et al. (1999); HAR, Hargreaves (1981); HU1, Hunt et al. (1998); HU2, Hunt et al. (1998); MAH, Mah-
mood & Hubbard (2002); MEV, Meza & Varas (2000); and THR, Thornton & Running (1999).

The scattering between the measured and estimated 
values (RMSE) ranged from 1.52 to 4.58 MJ m-2 per 
day (Table 5), with best results obtained with the BRC 
and GOO models. Figure 2 shows the correlation 
behavior of these two models at the weather station of 
the municipality of Sinop. In this case, due to temporal 
partition, these values were lower than those found 
by Goodin (1999) in the United States and by Silva et 
al. (2012) under the climatic conditions of the state of 
Minas Gerais, but were similar to those reported by 
Liu et al. (2009) and Almorox et al. (2011) under the 
climatic conditions of China and Spain, respectively.

Willmott’s d index shows the accuracy degree of 
the measured and estimated values, for which most 
models (ASW, ALM, ANN, BRC, CHE, DJS, DOC, 
GOO, HAR, HU1, and HU2) obtained satisfactory 
results, with adjustment values ranging from 0.80 to 
0.90 (Table 6). These results are in alignment with 
those found by Silva et al. (2012) in the northwest of 
Minas Gerais.

Considering the Vp accumulation for three of the 
statistical indicators evaluated in each weather station, 
the models that showed the best statistical performance 
for 57.14 and 17.85% of the analyzed stations were BRC 
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Figure 2. Correlations between the daily global radiation (HG) measured and estimated by simplified models using data 
from the automatic weather station A-917 of the municipality of Sinop, located in the Amazon biome, in the state of Mato 
Grosso, Brazil. Models: ABS, Abraha & Savage (2008); ASW, Weiss et al. (2001) and Abraha & Savage (2008); ALM, 
Almorox et al. (2011); ANN, Annandale et al. (2002); BRC, Bristow & Campbell (1984); CHE, Chen et al. (2004); DJS, De 
Jong & Stewart (1993); DOC, Donatelli & Campbell (1998); GOO, Goodin et al. (1999); HAR, Hargreaves (1981); HU1, 
Hunt et al. (1998); HU2, Hunt et al. (1998); MAH, Mahmood & Hubbard (2002); MEV, Meza & Varas (2000); and THR, 
Thornton & Running (1999).

15

20

25

30

15

20

25

30

10

15

20

25

30

10

15

20

25

30

10 15 20 25 30
10

15

20

25

30

10 15 20 25 30 10 15 20 25 30 35

HG = 5.3530 + 0.7159 HGM ABS

R  = 0.6610
2

ABS

HG = 6.7766 + 0.6510 HM GASW

R  = 0.7152
2

ASW

HG = 5.4421 + 0.7434 HGM ALM

R  = 0.7164
2

ALM

HG = 6.4448 + 0.7013M ANNHG

R  = 0.5825
2

ANN

HGM = 5.8730 + 0.7216 HGBRC

R  = 0.6733
2

BRC

HG = 4.7230 + 0.7749 HGM CHE

R  = 0.7046
2

CHE

HGM = 8.1131 + 0.6145 HGDJS

R  = 0.5957
2

DJS

HG = 6.2150 + 0.7060M DOCHG

R  = 0.6656
2

DOC

HG = 1.6606 + 0.91864M GOOHG

R  = 0.6829
2

GOO

HG = 6.1835 + 0.7120M HARHG

R  = 0.5877
2

HAR

M
ea

su
re

d
 d

ai
ly

 g
lo

b
al

 r
ad

ia
ti

o
n

 (
M

J 
m

p
er

 d
ay

)
-2

HG = -0.4030 + 1.0208 HM HU1G

R  = 0.5825
2

HU1

HG = -0.0908 + 1.0047 HGM HU2

R  = 0.5932
2

HU2

HGM= 9.5848 + 0.5545 HGMAH

R  = 0.3887
2

MAH

HGM = 5.7283 + 0.6973 HGMEV

R  = 0.6750
2

Estimated daily global radiation (MJ m per day)
-2

MEV

HGM = 9.9821 + 0.5239 HGTHR

R  = 0.4229
2

THR

http://dx.doi.org/10.1590/S0100-204X2017000400001


Estimates of global radiation by simplified models 225

Pesq. agropec. bras., Brasília, v.52, n.4, p.215-227, abr. 2017
DOI: 10.1590/S0100-204X2017000400001 

Ta
bl

e 
6.

 A
dj

us
tm

en
t i

nd
ex

 (d
) o

f t
he

 d
ai

ly
 g

lo
ba

l r
ad

ia
tio

n 
es

tim
at

ed
 b

y 
si

m
pl

ifi
ed

 m
od

el
s 

us
in

g 
da

ta
 fr

om
 a

ut
om

at
ic

 w
ea

th
er

 s
ta

tio
ns

 lo
ca

te
d 

in
 th

e 
st

at
e 

of
 

M
at

o 
G

ro
ss

o,
 B

ra
zi

l(1
) .

St
at

io
n

Si
m

pl
ifi

ed
 m

od
el

s
A

B
R

A
SW

A
LM

A
N

N
B

RC
C

H
E

D
JS

D
O

C
G

O
O

H
A

R
H

U
1

H
U

2
M

A
H

M
EV

TH
R

A
m

az
on

 b
io

m
e 

an
d 

tr
an

si
tio

ns
A

-9
24

0.
84

1 
(6

)
0.

86
1 

(4
)

0.
79

8 
(1

2)
0.

79
9 

(1
1)

0.
88

9 
(2

)
0.

79
9 

(1
0)

0.
80

8 
(7

)
0.

88
9 

(1
)

0.
88

5 
(3

)
0.

78
6 

(1
4)

0.
80

0 
(9

)
0.

79
9 

(8
)

0.
77

7 
(1

5)
0.

85
4 

(5
)

0.
79

1 
(1

3)
A

-9
10

0.
88

4 
(4

)
0.

87
1 

(6
)

0.
79

5 
(9

)
0.

79
0 

(1
0)

0.
88

9 
(3

)
0.

79
0 

(1
2)

0.
78

8 
(1

3)
0.

87
8 

(5
)

0.
89

9 
(1

)
0.

79
0 

(1
1)

0.
77

9 
(1

4)
0.

76
7 

(1
5)

0.
84

5 
(8

)
0.

89
6 

(2
)

0.
86

6 
(7

)
A

-9
26

0.
90

9 
(6

)
0.

91
6 

(3
)

0.
81

5 
(1

4)
0.

86
7 

(1
3)

0.
92

2 
(1

)
0.

88
1 

(9
)

0.
88

5 
(8

)
0.

91
2 

(5
)

0.
92

0 
(2

)
0.

86
7 

(1
2)

0.
86

9 
(1

1)
0.

87
4 

(1
0)

0.
88

7 
(7

)
0.

91
3 

(4
)

0.
88

9 
(6

)
A

-9
06

0.
88

56
 (2

)
0.

87
4 

(3
)

0.
82

2 
(7

)
0.

78
0 

(1
1)

0.
89

5 
(1

)
0.

78
1 

(9
)

0.
76

7 
(1

4)
0.

84
2 

(4
)

0.
77

6 
(1

2)
0.

73
6 

(1
5)

0.
78

1 
(1

0)
0.

77
2 

(1
3)

0.
79

3 
(8

)
0.

89
4 

(2
)

0.
82

4 
(6

)
A

-9
19

0.
88

0 
(6

)
0.

88
4 

(4
)

0.
85

4 
(9

)
0.

79
1 

(1
2)

0.
89

2 
(2

)
0.

80
4 

(1
1)

0.
86

4 
(7

)
0.

88
3 

(5
)

0.
89

2 
(1

)
0.

79
1 

(1
3)

0.
78

8 
(1

4)
0.

77
9 

(1
5)

0.
84

3 
(1

0)
0.

88
5 

(3
)

0.
85

4 
(8

)
A

-9
14

0.
79

8 
(6

)
0.

81
2 

(2
)

0.
66

4 
(1

4)
0.

75
7 

(1
2)

0.
81

4 
(1

)
0.

74
7 

(1
3)

0.
53

5 
(1

5)
0.

79
9 

(5
)

0.
80

8 
(3

)
0.

75
8 

(1
1)

0.
75

9 
(1

0)
0.

75
9 

(9
)

0.
78

0 
(7

)
0.

80
7 

(4
)

0.
77

8 
(8

)
A

-9
20

0.
92

0 
(5

)
0.

91
9 

(6
)

0.
86

1 
(1

5)
0.

88
8 

(1
3)

0.
92

9 
(1

)
0.

89
3 

(9
)

0.
88

7 
(1

4)
0.

92
3 

(3
)

0.
92

5 
(2

)
0.

88
8 

(1
2)

0.
88

9 
(1

1)
0.

89
0 

(1
0)

0.
89

3 
(8

)
0.

92
1 

(4
)

0.
89

8 
(7

)
A

-9
28

0.
90

6 
(1

4)
0.

91
0 

(1
3)

0.
94

2 
(6

)
0.

94
8 

(2
)

0.
94

4 
(4

)
0.

93
4 

(1
0)

0.
94

1 
(7

)
0.

94
3 

(5
)

0.
93

9 
(9

)
0.

94
8 

(3
)

0.
94

0 
(8

)
0.

95
0 

(1
)

0.
93

4 
(1

1)
0.

89
8 

(1
5)

0.
93

1 
(1

2)
A

-9
17

0.
58

3 
(1

1)
0.

50
9 

(1
5)

0.
66

6 
(8

)
0.

69
5 

(6
)

0.
82

0 
(1

)
0.

69
2 

(7
)

0.
57

3 
(1

2)
0.

66
4 

(9
)

0.
75

6 
(4

)
0.

78
4 

(3
)

0.
75

2 
(5

)
0.

82
8 

(2
)

0.
62

5 
(1

0)
0.

56
2 

(1
4)

0.
57

2 
(1

3)
A

-9
04

0.
90

0 
(1

)
0.

88
9 

(5
)

0.
84

5 
(1

0)
0.

84
1 

(1
4)

0.
89

3 
(3

)
0.

84
2 

(1
1)

0.
85

0 
(9

)
0.

89
1 

(4
)

0.
87

3 
(8

)
0.

84
1 

(1
2)

0.
84

1 
(1

3)
0.

83
2 

(1
5)

0.
87

6 
(7

)
0.

89
8 

(2
)

0.
88

9 
(6

)
A

-9
17

0.
84

7 
(7

)
0.

87
1 

(4
)

0.
85

5 
(5

)
0.

79
6 

(1
4)

0.
89

5 
(1

)
0.

79
5 

(1
5)

0.
81

4 
(1

0)
0.

88
8 

(2
)

0.
88

8 
(3

)
0.

79
6 

(1
3)

0.
79

6 
(1

2)
0.

79
6 

(1
1)

0.
82

1 
(9

)
0.

84
9 

(6
)

0.
82

7 
(8

)
A

-9
35

0.
89

5 
(6

)
0.

90
0 

(5
)

0.
85

4 
(1

5)
0.

87
3 

(1
1)

0.
91

6 
(2

)
0.

87
8 

(7
)

0.
87

8 
(8

)
0.

91
7 

(1
)

0.
90

7 
(3

)
0.

87
4 

(1
0)

0.
87

4 
(9

)
0.

86
5 

(1
4)

0.
86

7 
(1

3)
0.

90
1 

(4
)

0.
87

3 
(1

2)
A

-9
36

0.
86

1 
(5

)
0.

87
0 

(4
)

0.
85

7 
(7

)
0.

80
7 

(1
2)

0.
89

2 
(1

)
0.

81
5 

(1
2)

0.
82

5 
(9

)
0.

88
8 

(2
)

0.
87

4 
(3

)
0.

80
7 

(1
3)

0.
80

7 
(1

4)
0.

81
6 

(1
0)

0.
81

6 
(1

1)
0.

86
0 

(6
)

0.
83

3 
(8

)
A

-9
22

0.
69

2 
(6

)
0.

64
8 

(7
)

0.
69

5 
(5

)
0.

60
8 

(1
0)

0.
75

6 
(1

)
0.

58
2 

(1
3)

0.
64

7 
(8

)
0.

74
8 

(2
)

0.
74

7 
(3

)
0.

60
8 

(9
)

0.
58

8 
(1

2)
0.

59
3 

(1
1)

0.
56

2 
(1

4)
0.

71
9 

(4
)

0.
52

2 
(1

5)
A

-9
29

0.
88

9 
(4

)
0.

90
6 

(1
)

0.
89

3 
(6

)
0.

81
9 

(1
5)

0.
90

3 
(2

)
0.

83
0 

(1
1)

0.
86

5 
(9

)
0.

88
4 

(7
)

0.
89

4 
(5

)
0.

81
9 

(1
3)

0.
81

9 
(1

4)
0.

82
9 

(1
2)

0.
86

0 
(1

0)
0.

90
1 

(3
)

0.
87

9 
(8

)

C
er

ra
do

 b
io

m
e 

an
d 

tr
an

si
tio

ns
A

-9
12

0.
83

5 
(3

)
0.

83
8 

(2
)

0.
81

2 
(8

)
0.

75
7 

(1
3)

0.
83

4 
(4

)
0.

76
2 

(1
1)

0.
82

1 
(6

)
0.

81
3 

(7
)

0.
83

3 
(5

)
0.

75
7 

(1
4)

0.
75

6 
(1

5)
0.

76
1 

(1
2)

0.
78

2 
(1

0)
0.

84
0 

(1
)

0.
79

0 
(9

)
A

-9
07

0.
87

4 
(3

)
0.

88
2 

(2
)

0.
83

3 
(8

)
0.

77
7 

(1
4)

0.
85

7 
(4

)
0.

76
4 

(1
5)

0.
81

5 
(1

0)
0.

83
9 

(6
)

0.
83

8 
(7

)
0.

77
7 

(1
3)

0.
78

2 
(1

2)
0.

78
6 

(1
1)

0.
83

0 
(9

)
0.

88
4 

(1
)

0.
85

5 
(5

)
A

-9
32

0.
80

2 
(1

5)
0.

88
2 

(8
)

0.
85

4 
(9

)
0.

82
2 

(1
4)

0.
93

6 
(1

)
0.

84
3 

(1
1)

0.
83

6 
(1

2)
0.

91
2 

(4
)

0.
90

2 
(6

)
0.

90
8 

(5
)

0.
92

0 
(2

)
0.

84
4 

(1
0)

0.
91

3 
(3

)
0.

83
1 

(1
3)

0.
89

8 
(7

)
A

-9
33

0.
85

9 
(6

)
0.

88
5 

(2
)

0.
84

7 
(7

)
0.

82
1 

(1
0)

0.
89

4 
(1

)
0.

82
0 

(1
2)

0.
79

6 
(1

4)
0.

87
4 

(4
)

0.
87

8 
(3

(
0.

82
1 

(1
1)

0.
77

8 
(1

5)
0.

79
9 

(1
3)

0.
84

0 
(9

)
0.

86
9 

(5
)

0.
84

6 
(8

)
A

-9
13

0.
88

6 
(4

)
0.

88
2 

(6
)

0.
85

9 
(9

)
0.

82
9 

(1
2)

0.
89

5 
(1

)
0.

82
7 

(1
3)

0.
82

6 
(1

4)
0.

89
2 

(2
)

0.
88

8 
(3

)
0.

83
0 

(1
1)

0.
82

2 
(1

5)
0.

85
6 

(1
0)

0.
86

1 
(8

)
0.

88
4 

(5
)

0.
86

7 
(7

)
A

-9
27

0.
89

6 
(4

)
0.

90
3 

(2
)

0.
80

2 
(1

3)
0.

79
1 

(1
5)

0.
89

9 
(3

)
0.

84
8 

(8
)

0.
83

3 
(1

0)
0.

88
7 

(5
)

0.
88

6 
(6

)
0.

79
1 

(1
4)

0.
80

2 
(1

2)
0.

81
4 

(1
1)

0.
84

1 
(9

)
0.

90
3 

(1
)

0.
86

5 
(7

)
A

-9
05

0.
90

8 
(5

)
0.

89
6 

(6
)

0.
86

6 
(1

0)
0.

85
6 

(1
4)

0.
92

6 
(1

)
0.

86
0 

(1
1)

0.
87

3 
(8

)
0.

91
7 

(3
)

0.
92

4 
(2

)
0.

85
6 

(1
5)

0.
85

6 
(1

3)
0.

85
9 

(1
2)

0.
87

3 
(9

)
0.

91
3 

(4
)

0.
88

1 
(7

)
A

-9
31

0.
89

1 
(7

)
0.

99
5 

(2
)

0.
99

3 
(5

)
0.

81
6 

(1
2)

0.
99

6 
(1

)
0.

81
7 

(1
3)

0.
83

3 
(1

0)
0.

88
4 

(9
)

0.
88

7 
(8

)
0.

81
6 

(1
1)

0.
81

3 
(1

4)
0.

80
3 

(1
5)

0.
99

5 
(3

)
0.

89
7 

(6
)

0.
99

4 
(4

)
A

-9
30

0.
80

6 
(2

)
0.

74
5 

(4
)

0.
63

8 
(1

1)
0.

64
6 

(9
)

0.
65

4 
(8

)
0.

62
0 

(1
5)

0.
66

0 
(7

)
0.

68
0 

(6
)

0.
63

7 
(1

2)
0.

62
4 

(1
3)

0.
64

5 
(1

0)
0.

62
4 

(1
4)

0.
71

0 
(5

)
0.

80
9 

(1
)

0.
74

8 
(3

)
A

-9
08

0.
90

3 
(2

)
0.

89
1 

(6
)

0.
80

9 
(1

3)
0.

84
7 

(8
)

0.
90

1 
(3

)
0.

79
4 

(1
4)

0.
81

7 
(1

2)
0.

89
8 

(4
)

0.
89

6 
(5

)
0.

84
7 

(9
)

0.
76

3 
(1

5)
0.

83
4 

(1
1)

0.
84

7 
(1

0)
0.

91
1 

(1
)

0.
85

5 
(7

)
A

-9
18

0.
91

4 
(6

)
0.

90
6 

(9
)

0.
88

8 
(1

4)
0.

89
6 

(1
1)

0.
91

9 
(2

)
0.

88
8 

(1
3)

0.
90

7 
(8

)
0.

91
2 

(7
)

0.
92

7 
(1

)
0.

89
6 

(1
2)

0.
89

6 
(1

0)
0.

86
9 

(1
5)

0.
91

7 
(4

)
0.

91
5 

(5
)

0.
91

7 
(3

)
A

-9
21

0.
77

6 
(4

)
0.

79
5 

(1
)

0.
70

6 
(1

0)
0.

77
9 

(3
)

0.
69

4 
(1

1)
0.

66
8 

(1
2)

0.
65

5 
(1

3)
0.

62
6 

(1
4)

0.
62

4 
(1

5)
0.

76
5 

(7
)

0.
76

4 
(9

)
0.

78
2 

(2
)

0.
76

5 
(6

)
0.

76
4 

(8
)

0.
76

9 
(5

)

Pa
nt

an
al

 b
io

m
e

A
-9

01
0.

87
7 

(1
)

0.
63

6 
(1

3)
0.

57
6 

(1
5)

0.
64

3 
(1

2)
0.

65
3 

(8
)

0.
64

3 
(1

1)
0.

70
1 

(7
)

0.
81

0 
(3

)
0.

74
3 

(4
)

0.
61

5 
(1

4)
0.

64
3 

(1
0)

0.
64

6 
(9

)
0.

70
5 

(6
)

0.
83

5 
(2

)
0.

73
4 

(5
)

(1
) V

al
ue

s 
be

tw
ee

n 
pa

re
nt

he
se

s 
in

di
ca

te
 th

e 
po

si
tio

n 
va

lu
e 

of
 th

e 
st

at
is

tic
al

 in
di

ca
to

rs
, w

hi
ch

 w
as

 u
se

d 
to

 c
la

ss
if

y 
th

e 
es

tim
at

io
n 

m
od

el
s 

fr
om

 1
 to

 1
5 

fo
r t

he
 s

am
e 

w
ea

th
er

 s
ta

tio
n.

 In
 th

is
 c

as
e,

 1
 is

 
at

tr
ib

ut
ed

 to
 th

e 
be

st
 m

od
el

 a
nd

 1
5 

to
 th

e 
w

or
st

 o
ne

. M
od

el
s: 

A
B

S,
 A

br
ah

a 
&

 S
av

ag
e 

(2
00

8)
; A

SW
, W

ei
ss

 e
t a

l. 
(2

00
1)

 a
nd

 A
br

ah
a 

&
 S

av
ag

e 
(2

00
8)

; A
LM

, A
lm

or
ox

 e
t a

l. 
(2

01
1)

; A
N

N
, A

nn
an

da
le

 
et

 a
l. 

(2
00

2)
; B

RC
, B

ri
st

ow
 &

 C
am

pb
el

l (
19

84
); 

C
H

E,
 C

he
n 

et
 a

l. 
(2

00
4)

; D
JS

, D
e 

Jo
ng

 &
 S

te
w

ar
t (

19
93

); 
D

O
C

, D
on

at
el

li 
&

 C
am

pb
el

l (
19

98
); 

G
O

O
, G

oo
di

n 
et

 a
l. 

(1
99

9)
; H

A
R

, H
ar

gr
ea

ve
s (

19
81

); 
H

U
1,

 H
un

t e
t a

l. 
(1

99
8)

; H
U

2,
 H

un
t e

t a
l. 

(1
99

8)
; M

A
H

, M
ah

m
oo

d 
&

 H
ub

ba
rd

 (2
00

2)
; M

EV
, M

ez
a 

&
 V

ar
as

 (2
00

0)
; a

nd
 T

H
R

, T
ho

rn
to

n 
&

 R
un

ni
ng

 (1
99

9)
.

http://dx.doi.org/10.1590/S0100-204X2017000400001


226 A.P. de Souza et al.

Pesq. agropec. bras., Brasília, v.52, n.4, p.215-227, abr. 2017 
DOI: 10.1590/S0100-204X2017000400001 

and GOO, respectively, especially BRC for the Amazon 
region (80% of the AWS); however, both models 
showed similar values for the Cerrado conditions. 
For the Cuiabá region (Pantanal-Cerrado transition), 
the ABS model stood out, with an overestimation of 
0.17 MJ m-2 per day, scatterings of 2.67 MJ m-2 per day, 
and adjustments of 87.7%. These results corroborate 
those obtained by Silva et al. (2012), who observed 
that Bristow & Campbell was one of the most accurate 
simplified models for the state of Minas Gerais.

Conclusions

1. Biomes can be applied in simplified estimation 
models, based only on air temperature, to estimate the 
global radiation for the state of Mato Grosso, Brazil, 
using data from automatic weather stations.

2. The parametric coefficients used in the original 
models increase the average errors of the estimates, 
indicating the need for regional calibrations.

3. The best statistical performance in estimating the 
global radiation for the state of Mato Grosso, Brazil, 
is obtained by the Bristow & Campbell (1984) and 
Goodin et al. (1999) models.
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