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Abstract
Solar radiation is one of the most important meteorological variables, as it is directly related to evaporation. Based on this 
variable, it is possible to develop models for estimating meteorological elements. However, when there is lack of data, esti-
mates can be made using mathematical models. The objective of this paper was to perform the calibration and statistical 
performance evaluation of fifteen simplified models of global solar radiation estimation based on air temperature for 51 
cities in the state of Minas Gerais, Brazil. The data were provided by the National Meteorological Institute  using Automatic 
Meteorological Stations (EMA’s) located in the cities studied. The performance indexes used were the Coefficient of Deter-
mination for Linear Regression (R2), Root-Mean-Square Error and Mean Relative Error, and the Willmott d Index. Through 
the results obtained, it is possible to observe that the model with the best performance for the state of Minas Gerais was 
that of Donatelli and Campbell, because, based on the statistical analysis and ordering of the indexes, that is, the use of the 
position values (Vp) of the indicatives statistics to classify and define the best method for estimating global radiation, this 
model was the one that obtained the lowest Vp value.

Keywords Global solar radiation · Simplified models · Donatelli and Campbell

Introduction

Agriculture plays a strategic role in Brazilian economic 
development. In addition to the economy, it has also con-
tributed to the reduction of poverty and inequality in Bra-
zil (Berchin et al. 2019). The Brazilian agricultural sector 
is characterized by modernity and dynamism (Garcia and 
Vieira Filho 2014; Meyer and Silva 2019; Meyer and Braga 
2019).

The state of Minas Gerais is described as having a vast 
climatic diversity (Antunes 1986; Dubreuil et al. 2019), with 

four main characteristics: humid tropical savanna (Aw), dry 
climate with summer rains (BSw), rainy temperate (Cwa) 
and subtropical altitude (Cwb), according to the Köppen 
climate classification (Souza et al. 2006).

Minas Gerais is a state that has significant importance 
in Brazil’s agricultural economy. In 2017, agribusiness 
accounted for 33.54% of the state’s GDP and had a 13.59% 
share of the Brazil’s GDP. The predominant culture in Minas 
Gerais is coffee, in a way that Minas Gerais is the Brazil-
ian state with the highest coffee production, responsible for 
54.27% of the produced coffee in the country (CEPEA 2019; 
FAEMG 2019).

Several aspects, such as climate, relief and hydrographic 
basins, are predominant in the composition of the varied 
biodiversity of the state of Minas Gerais (Oliveira et al. 
2017). The state’s vegetation can be described in three main 
biomes: Atlantic Forest, Cerrado and Caatinga (IEF 2018).

The predominant biome is the Cerrado, appearing in 
about 50% of the State, mainly in the basins of the São Fran-
cisco and Jequitinhonha rivers (Callisto et al. 2016). In the 
Cerrado, the dry and rainy seasons are well defined (Scher-
rer et al. 2016). The vegetation consists of grasses, shrubs 
and trees. The second largest biome in Minas is the Atlantic 

 * Fernando Ferrari Putti 
 fernando.putti@unesp.br

1 School of Agronomy, José Rosário Vellano University 
(Unifenas), Rodovia MG 179, Km 0, Alfenas, 
MG 37132-440, Brazil

2 School of Sciences and Engineering, São Paulo State 
University (UNESP), Rua Domingos da Costa Lopes 780, 
Tupã, SP 17602-496, Brazil

3 School of Agronomy, Rural Federal University 
of Pernambuco (UFRPE), Rua Manuel de Medeiros, 98-402, 
Recife, PE 52171-900, Brazil

http://crossmark.crossref.org/dialog/?doi=10.1007/s40808-020-00956-x&domain=pdf


604 Modeling Earth Systems and Environment (2021) 7:603–622

1 3

Forest, with a dense vegetation and permanently green for-
est, due to great periods of rainfall (Szabó et al. 2018). The 
trees have large, smooth leaves. The Campo de Altitude, or 
rock biome, is characterized by a lower proportion of vegeta-
tion cover with a wide variety of species, with herbaceous 
vegetation predominating, where shrubs are scarce and trees 
are rare and isolated (Silveira et al. 2016). They are found at 
the highest points of the mountains of Mantiqueira, Espin-
haço and Canastra (Silva et al. 2018). Mata Seca (Dry For-
est) is present in the north of the state, in the São Francisco 
river valley (Rodriguez et al. 2017). The plant formations 
of this biome are characterized by the appearance of spiny 
plants, dry branches and few leaves in the dry season. In the 
rainy season, the forest flourishes intensely, providing great 
foliage (IEF 2018).

Solar radiation is all electromagnetic radiation derived 
from the Sun that reflects the planet (Querino et al. 2011). 
Solar radiation is the driving force for many physical–chemi-
cal and biological actions that take place in the Earth-
Atmosphere system (Brusseau et al. 2019). It is considered 
an important meteorological variable used in the analysis 
of water requirement of irrigated crops, modeling of plant 
growth and production, climate change, among others 
(Borges et al. 2010; Jahani et al. 2017).

The difficulty in measuring solar radiation, mainly due to 
the cost of sensors, maintenance and the technical difficulty 
of installation in remote locations (Das et al. 2015; Yang 
et al. 2006), causes the need for modeling to estimate solar 
radiation. Thus, several researchers have developed mod-
els to determine radiation, being based on artificial intelli-
gence (Mohammadi et al. 2015; Shamshirband et al. 2016). 
The importance of determining solar radiation is extremely 
important, since it is a source of energy for plants.

However, there are locations where the collection of solar 
radiation data is not performed. In these cases, the estimated 
values can be obtained by means of mathematical models, 
which differ from each other by the degree of complexity 
and by the input variables (Borges et al. 2010). The first 
published model to estimate solar radiation was made by 
Angströn (1924). This model is based on heat stroke (hours 
of sunlight), to estimate the incident solar radiation (Borges 
et al. 2010; Buriol et al. 2012).

For Tanaka et al. (2016), the most popular and employed 
temperature-based models are the models by Hargreaves 
(1981) and Bristow and Campbell (1984), since they require 
few meteorological variables to estimate solar radiation, thus 
being characterized by simplicity.

An Automatic Meteorological Station (EMA) collects, 
every minute, meteorological data (temperature, humid-
ity, atmospheric pressure, precipitation, wind direction and 
speed, and solar radiation) that represent the place where 
it is located. Every hour, these data are received and made 
available to be transmitted, via satellite or cell phone, to the 

National Meteorological Institute (INMET’s) headquarters 
in Brasília (capital of Brazil). All data received are validated, 
through a quality control and stored in a database (INMET 
2018).

In view of this relevant scenario of agribusiness in the 
state of Minas Gerais, it is noted that it is extremely impor-
tant to have knowledge of the conditions that can influence 
agricultural production. Based on the problem raised, in 
which several regions of the state of Minas Gerais do not 
present data, and studies that indicate the simplified model 
that presents the best performance, the present work aimed 
to perform the calibration of fifteen simplified models for 
estimating solar radiation and, subsequently, evaluate their 
statistical performance for 51 cities in the state of Minas 
Gerais.

Materials and methods

Study area

Figure 1 shows the location of the 51 cities where the auto-
matic stations are located in the state of Minas Gerais, which 
were used in the study. It is observed that all regions of the 
state were able to be contemplated.

Data acquisition and information about EMA’s

The data used in this work were obtained from the net-
work of Automatic Meteorological Stations (EMA’s) of the 
National Institute of Meteorology (INMET), located in 51 
cities in the state of Minas Gerais, Brazil (Table 1). This 
network is composed by 68 EMA’s in the whole of the state. 
However, some EMAs had failures and lack of data, charac-
terized by equipment failures, maintenance periods, or were 
built recently and so, had little data. Therefore, 17 EMA’s 
were disregarded in the analyses.

The data period was different from city to city, since 
the EMA’s started operations at different times, and also, 
due to technical problems, there were periods when data 
collection did not occur, thus causing different amounts of 
data between the cities studied. Table 1 shows the amount 
of data used in the study, the period of data collection, the 
amount of data collected and the percentage of null data. 
The data actually used in the analyzes are lower than the 
totals collected, since there was a loss of data caused through 
collection system failures, instrument failures, data capture 
problems, among others.

The climatic stations in which the data were collected 
are standardized, being free from natural and building 
obstruction, with a minimum area of 14X18 meters, fenced 
and grassed. The vegetation within that radius is grassy, 
always kept around 5 cm. This area is closed with a fence 
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to prevent the entry of animals. Since the EMA’s are com-
posed of a data collection subsystem, through sensors that 
measure environmental variables; control subsystem and 
local storage in data-logger; power subsystem; communi-
cations subsystem; database subsystem; and a subsystem 
for disseminating data to users, openly and free of charge 
over the internet. In EMA’s the data collection is done 
through sensors to measure the meteorological parameters 
to be observed. The measures taken, at minute-by-minute 
intervals, and paid for within an hour, to be transmitted, 
are: Instant Air Temperature; Maximum Air Temperature; 
Minimum Air Temperature; Instant Relative Air Humidity; 
Maximum Relative Humidity of Air; Minimum Relative 
Humidity of Air; Instant dew point temperature; Maximum 
Dew Point Temperature; Minimum Dew Point Temperature; 
Instant Atmospheric Air Pressure; Maximum Atmospheric 
Air Pressure; Minimum Atmospheric Air Pressure; Instant 
Wind Speed; Wind Direction; Intensity of the Wind Gust; 
Solar Radiation and Precipitation accumulated in the period.

Models

The equations addressed in the present research are based on 
air temperature and precipitation, since these data were col-
lected in all stations used in this study (Table 1). In addition 
to that, such variables can be measured with low-cost equip-
ment. The mathematical models for estimating the studied 
global solar radiation, coefficients with demand for calibra-
tion and their respective references are presented in Table 2.

The models under evaluation were ordered according to 
the name of the author(s). Most of them are models from the 
proposals of Hargreaves (1981) and Bristow and Campbell 
(1984), in which there are different requirements regarding 
the parameterized coefficients with the need for calibration 
(Tanaka et al. 2016).

First, the coefficients of each model were calculated, to 
ascertain which model would have the least error for the cities 
studied.

The obtaining of the parameters of all models was done 
using the Matlab Software, with the lsqcurvefit function, which 
is indicated for solving nonlinear curve fitting problems (data 
adjustment) in the sense of least squares (Matlab 2019).

Therefore, the following function seeks to determine coef-
ficients x that solve the problem mentioned above:

In which the input data provided is xdata and the observed 
output values are ydata. Thus, xdata and ydata are matrices 
or vectors, and F (x, xdata) is a function with a matrix value 
or vector value of the same size as ydata.

The function lsqcurvefit requires the user-defined function 
to calculate the function with a vector value:

min
x

‖F(x, xdata) − ydata‖2
2
= min

x

�
i

(F(x, xdatai) − ydatai)
2,

F(x, xdata) =

⎡⎢⎢⎢⎣

F(x, xdata(1))

F(x, xdata(2))

⋮

F(x, xdata(k))

⎤⎥⎥⎥⎦
.

Fig. 1  Location of the cities studied in the state of Minas Gerais. Source: INPE (2019)
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Table 1  Automatic meteorological stations in the state of Minas Gerais

Station Code City name Latitude (S) Longitude (W) Altitude (m) Data period Number of data Effective data Losses (%)

A549 1. Águas Vermelhas − 15,751 − 41,457 754 09/07–12/18 4132 3758 9.05
A534 2. Aimorés − 19,532 − 41,090 288 12/08–12/18 4167 2696 35.30
A508 3. Almenara − 16,166 − 40,687 189 11/07–12/18 5861 3445 41.22
A505 4. Araxá − 19,605 − 46,949 1.018 05/08–12/18 5857 3640 37.85
A502 5. Barbacena − 21,228 − 43,767 1.169 07/03–12/18 5869 4870 17.02
A521 6. Belo Horizonte—

Pampulha
− 19,883 − 43,969 854 10/06–12/18 4466 4345 2.71

A544 7. Buritis − 15,524 − 46,435 894 11/07–12/18 4214 3514 16.61
A530 8. Caldas − 21,918 − 46,382 1.077 11/06–12/18 4417 4107 7.02
A519 9. Campina Verde − 19,539 − 49,518 559 07/06–12/18 4553 3877 14.85
A541 10. Capelinha − 17,705 − 42,389 932 09/07–12/18 4140 3853 6.93
A554 11. Caratinga − 19,735 − 42,137 609 05/07–12/18 4240 3885 8.37
A548 12. Chapada Gaúcha − 15,300 − 45,617 873 06/07–12/18 4313 3584 16.90
A520 13. Conceição das 

Alagoas
− 19,985 − 48,151 573 07/06–12/18 4550 4032 11.38

A538 14. Curvelo − 18,747 − 44,453 669 12/06–12/18 4397 4239 3.59
A537 15. Diamantina − 18,231 − 43,648 1.359 06/07–12/18 4228 3761 11.05
A536 16. Dores do Indaiá − 19,481 − 45,593 721 06/07–12/18 4232 3564 15.78
A543 17. Espinosa − 14,912 − 42,808 565 11/07–12/18 4066 3769 7.30
A535 18. Florestal − 19,885 − 44,416 754 06/08–12/18 3840 3792 1.25
A524 19. Formiga − 20,454 − 45,453 878 08/06–12/18 4520 4345 3.87
A532 20. Governador Vala-

dares
− 18,830 − 41,977 198 05/07–12/18 4235 3925 7.32

A533 21. Guanhães − 18,786 − 42,942 853 06/07–12/18 4231 3782 10.61
A546 22. Guarda-Mor − 17,561 − 47,199 997 07/07–12/18 4192 3863 7.85
A555 23. Ibirité (Rola Moça) − 20,031 − 44,011 1.199 06/08–12/18 3861 3623 6.16
A550 24. Itaobim − 16,575 − 41,485 272 09/07–12/18 4136 3714 10.20
A512 25. Ituiutaba − 18,952 − 49,525 540 05/06–12/18 4617 4204 8.95
A553 26. João Pinheiro − 17,784 − 46,119 877 07/07–12/18 4196 3876 7.63
A518 27. Juiz de Fora − 21,769 − 43,364 937 05/07–12/18 4238 3893 8.14
A540 28. Mantena − 18,780 − 40,986 255 08/07–12/18 4171 3884 6.88
A531 29. Maria da Fé − 22,314 − 45,373 1.281 12/06–12/18 4413 4235 4.03
A539 30. Mocambinho − 15,085 − 44,016 454 11/07–12/18 4069 3737 8.16
A526 31. Montalvânia − 14,408 − 44,404 520 06/07–12/18 4207 3670 12.76
A506 32. Montes Claros − 16,686 − 43,843 646 03/09–12/18 5857 3251 44.49
A509 33. Monte Verde − 22,861 − 46,043 1.545 12/04–12/18 5126 4015 21.67
A517 34. Muriaé − 21,104 − 42,375 283 08/06–12/18 4507 4118 8.63
A513 35. Ouro Branco − 20,556 − 43,756 1.048 07/06–12/18 4540 4235 6.72
A529 36. Passa Quatro − 22,395 − 44,961 1,017 06/07–12/18 4234 3618 14.55
A516 37. Passos − 20,745 − 46,633 782 07/06–11/18 4550 3418 24.88
A523 38. Patrocínio − 18,996 − 46,985 978 08/06–12/18 4515 4011 11.16
A551 39. Rio Pardo de Minas − 15,723 − 4243 850 11/07–12/18 4063 3856 5.09
A525 40. Sacramento − 19,875 − 47,434 913 08/06–12/18 4518 4307 4.67
A552 41. Salinas − 16,160 − 42,310 487 09/07–12/18 4127 3909 5.28
A514 42. São João Del Rei − 21,106 − 44,250 930 06/06–12/18 4589 3950 13.92
A547 43. São Romão − 16,362 − 45,123 490 06/07–12/18 4203 3868 7.97
A522 44. Serra dos Aimorés − 17,798 − 40,249 212 08/06–12/18 4516 3992 11.60
A527 45. Teófilo Otoni − 17,892 − 41,515 467 08/06–12/18 4512 3827 15.18
A511 46. Timóteo − 19,573 − 42,622 493 02/06–12/18 4696 3986 15.12
A528 47. Três Marias − 18,200 − 45,459 931 08/06–12/18 4511 4327 4.08
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The function syntax is:

As an example of applying the function to a simple expo-
nential fit model, assuming that the observation time data is 
xdata and the observed response data is ydata, the objective is 
to find the parameters x (1) and x (2) to fit the model:

Thus, for the vectors:

x = lsqcurvefit(fun, x0, xdata, ydata)

ydata = x(1)exp(x(2)xdata)

xdata = [12345678910];

The associated simple exponential decay model will be:

Adjusting the model using the starting point × 0 = [100, 
− 1], we have:

ydata = [45542812467432813 − 4 − 1 − 5];

function = @(x, xdata)x(1) ∗ exp(x(2) ∗ xdata)

x0 = [100,− 1];

x = lsqcurvefit(fun, x0, xdata, ydata)

Source: INMET (2018)

Table 1  (continued)

Station Code City name Latitude (S) Longitude (W) Altitude (m) Data period Number of data Effective data Losses (%)

A507 48. Uberlândia − 18,917 − 48,255 875 03/03–12/18 5858 4853 17.16
A542 49. Unaí − 16,554 − 46,881 641 06/07–12/18 4217 3972 5.81
A515 50. Varginha − 21,566 − 45,404 950 07/06–12/18 4555 4180 8.23
A510 51. Viçosa − 20,762 − 42,864 698 09/05–12/18 4856 4255 12.38

Table 2  Equations for 
estimating solar radiation, 
parameters and references

ΔT thermal amplitude, Tmed average air temperature, Tmin minimum air temperature; Tmax maximum air 
temperature, esmin minimum vapor saturation pressure, esmax maximum vapor saturation pressure, Alt local 
altitude, P precipitation, tnc temperature factor of summer nights
Source: Adapted from Tanaka et al. (2016)

Model Equation Parameters Reference

1. ABS H = 0.75
(
1 − exp

(
−b

ΔT

ΔTmed

))
H0

B Abraha and Savage (2008)

2. ASW H = 0.75
[
1 − exp

(
−bf

(
Tmed

)
ΔT

(
Tmin

))]
H0

f
(
Tmed

)
= 0.017exp

[
exp

(
−0.053Tmédio

)]

f
(
Tmin

)
= exp

(
Tmin
tnc

)

b, tnc Abraha and Savage (2008); 
Weiss and Hays (2004)

3- ALM H = aΔTb
[
1 − exp

(
−c

(
esmin

esmax

)
d
)]

H0
a, b, c, d Almorox et al. (2011)

4. ANN H = a
�
1 + 2, 7.10−5Alt

�√
ΔTH0

A Annandale et al. (2002)
5. BRC H = a

[
1 − exp (−bΔTc)

]
H0

a, b, c Bristow and Campbell (1984)
6. CHE H = (a

√
ΔT + b)H0

a, b Chen and Hu (2004)

7. DJS H = aΔTb
(
1 + cP + dP2

)
H0

a, b, c, d Jong and Stewart (1993)
8. DOC H = a

(
1 − exp

(
−b

ΔT2

ΔTmed

))
H0

a, b, c Donatelli and Campbell (1998)

9. GOO H = a
(
1 − exp

(
−b

ΔTc

H0

))
H0

a, b, c Goodin et al. (1999)

10. HAR H = a
(
Tmax − Tmin

)0.5
H0

A Hargreaves (1981)

11. HUI H = a
√
ΔTH0 + b a, b Hunt et al. (1998)

12. HU2 H = a
√
ΔTH0 + bTmax + cP + dP2 + e a, b, c, d Hunt et al. (1998)

13. MAH H = aΔT0.69H0.91
0

A Mahmood and Hubbard (2002)
14.MEV H = 0.75(1 − exp(−bΔT2))H0

B Meza and Varas (2000)
15. THR H = H0

[
1 − 0.9 exp

(
−bΔT1.5

)]
B Thornton and Running (1999)
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The statistical performance indexes used in this work, to 
ascertain the accuracy of the models, were: the Coefficient 
of Determination for Linear Regression (R2); Root-Mean-
Square Error (RMSE) and Mean Relative Error (MRE). To 
assess whether the model performs well or not, the R2 and 
RMSE values are observed. For the value of R2, the best is 
that it is closer to 1, so that the estimated values are close 
to the measured values. For RMSE, the lower the value, the 
better the performance of the statistical model (Jacovides 
and Kontoyiannis 1995; Tanaka et al. 2016).

For the analysis of the best model, the position values (Vp) 
of the statistical indicatives were used to classify and deter-
mine the best method for estimating the global radiation. To 
obtain the Vp value, scores from 1 to “n” were assigned to 
each statistical indicator, with “n” being the number of mod-
els tested, that is, n = 15, in which case, the score of 1 was 
assigned to best model and the score of “n”, to the worst. 
Then, to find the best model, the score is summed up and 
the best will be the one with the lowest sum of the assigned 
scores, that is, the lowest accumulated Vp value.

To verify the accuracy of the models studied, the coef-
ficient of determination of linear regression (R2) was 
observed, since it is one of the first indicators of the good 
performance of the model (Yorukoglu and Celik 2006). 
However, in addition to the R2, it was necessary to analyze 
other evaluation parameters, such as the analysis of the 
degree of dispersion between the estimated values, overes-
timation and underestimation of the model and its degree of 
precision (Jacovides and Kontoyiannis 1995).

Results and discussion

Tables 3, 4 and 5 present the parameters of the equations for 
the global solar radiation estimation calibrated for all the cit-
ies studied. With that data, it is possible to observe a great 
variation between the values of the same model between the 
cities. The values for Linear Regression (R2), also varied 
between cities, revealing that a model is great for certain 
cities, but for others it is not recommended.

Analyzing the data collected, it can be seen that the R2 
values ranged from 6.04 to 59.58%. The city with the lowest 
R2 value was Passa Quatro (6.04%), and the highest value 
(59.58) was for Capelinha. The average of the R2 values was 
36.97%, values slightly below those found by Tanaka et al. 
(2016) for cities in the state of Mato Grosso, in which they 
ranged from 40 to 70%, and Borges (2010) for the city of 
Cruz das Almas in the state of Bahia, in which they ranged 
from 68 to 72%. This variation is expected, due to the cli-
matic characteristics of each region, but also because of the 

large amount of data (51 cities were studied) analyzed in this 
work when compared to other similar works.

In Fig. 2, it is possible to analyze the variation of the val-
ues for the MRE models. It is observed that there was a ten-
dency of overestimation for most of the models used in this 
study. Tanaka et al. (2016) also found a tendency towards 
overestimation for the state of Mato Grosso. However, 
Almorox et al. (2011) found a tendency towards underesti-
mation, in the case of Spain. There is a major disadvantage 
in analyzing the MRE in isolation, where the underestima-
tion of an isolated observation can cancel out the overesti-
mation of another (STONE 1993).

Figure 3 shows the values for the RMSE of the coef-
ficients calibrated for cities in the state of Minas Gerais. 
The dispersion between the measured values and the esti-
mated values is, on average, 2.80 MJ m−2 day−1 for all mod-
els studied. They corroborate the work of Almorox et al. 
(2011), in Spain. Values lower than those found by Goodin 
et al. (1999), in which the RMSE was between 3.62 and 
5.81 MJ m−2 day−1 in the United States, and by Tanaka et al. 
(2016), in the state of Mato Grosso.

The Willmott d index et  al. (1985) demonstrates the 
degree of accuracy between the measured and estimated 
values and is represented in Fig. 4. It is observed that all 
models obtained results with almost perfect precision, with 
index values between 0.92 and 1.0, values above those found 
by Tanaka et al. (2016) and Silva et al. (2012).

Figure 5 represents the correlation between the observed 
solar radiation values and those estimated for the city of 
Varginha-MG. The models that showed the best performance 
for Varginha were Bristow and Campbell, Hunt 1 and Dona-
telli and Campbell. It is observed that most models showed 
a tendency towards overestimation. Silva et al. (2012) and 
Tanaka et al. (2016) also observed overestimations of the 
studied models, for the northwest region of Minas Gerais 
and for the state of Mato Grosso, respectively.

There is a greater dispersion of data from the estimates 
made by ABS and ASW, which means that the estimated 
values were not very accurate.

To obtain the best model for each city, an ordering was 
carried out according to the statistical indexes evaluated in 
this study. Table 6 is the result of the sum of the ordering of 
these indexes by city and for the state. Thus, by analyzing 
the line, one can understand that the lowest value indicates 
the best model and the highest value indicates the worst 
model for the city in question.

Based on a statistical analysis, it can be seen that the 
DOC model performed better in 33% of the cities studied 
in the state of Minas Gerais, followed by BRC (23%) and 
HU1 (18%).
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In Table 6, in addition to the best model for each city 
under study, the best model is also observed according to 
each hydrographic region of Minas Gerais. As it can be seen, 
the following models have the best performance for each 

hydrographic region: the DOC is best suited for the the Rio 
Doce basin; the BRC, for the Rio Grande; the DOC and HU1 
for the Jequitinhonha River basin; the DOC for the Paranaíba 
river, and the DOC and HU1 for the São Francisco river. 

Fig. 2  Mean Relative Error (MRE) of the global radiation estimates for models with calibrated coefficients for different weather stations in the 
state of Minas Gerais
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Therefore, in the same way as in most cities, the model that 
had the best performance in most of the state’s hydrographic 
basins was the DOC.

Due to the lack of automatic meteorological stations 
installed in the regions of Rio Mucuri, Rio Paraíba do Sul 
and Rio Pardo, only two cities were studied and, for the 
São Mateus river basin, only one city was studied.

Fig. 3  Root-Mean-Square Error (RMSE) of the estimates of global radiation for models with calibrated coefficients for different weather stations 
in the state of Minas Gerais
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Fig. 4  Willmott agreement index (d) for global radiation estimation models calibrated for different meteorological stations in the State of Minas 
Gerais
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Fig. 5  Correlations between the measured global solar radiation and the global radiation estimated by different models calibrated by the Var-
ginha meteorological station
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Conclusion

In view of the studies and calculations performed, the 
results made it possible to conclude that the performance 
of the methods of estimating global solar radiation differed 
between the cities analyzed.

Based on the statistical analysis and the ordering of the 
indexes, that is, the use of the position values (Vp) of the 
statistical indicators to classify and define the best method 
for the estimation of the global radiation, it can be observed 
that the DOC model obtained better performance in 33% 
of the cities studied in the state of Minas Gerais, Brazil, 
followed by the BRC and HU1 models. These three best 
models add up to 74% of the studied cities. The DOC model 
also achieved the best performance for most of the state’s 
river basins.
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