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Abstract: In the Cerrado-Amazonian ecotone in the State of Mato Grosso, intensely altered by
anthropic action, the knowledge and processes of energy conversion and energy balance are still
incipient, making the monitoring and modeling of diffuse radiation essential for several applications.
The objective of this study was to evaluate the seasonality of the diurnal evolution and estimate the
hourly diffuse radiation ( H’ S’) and incident radiation in the horizontal plane between June 2011 and
October 2016. The instantaneous measurements (5 min) of diffuse radiation underwent geometric,
astronomical, and anisotropic corrections, with subsequent hourly integrations. The seasonality of
diffuse radiation and its radiometric fractions was evaluated. The estimates were made considering
total and seasonal data groupings (water stations in the region) and in different cloudiness classes
(atmospheric transmissivity index—KPTl). The diurnal behavior of diffuse radiation (Hg) was similar
to that of global radiation and at the top of the atmosphere, with maximum values at solar noon. The
correlations between KZ and K’% showed third-order polynomial behavior, with maximum observed
values of K"; ranging from 0.8 to 0.9, for K less than 0.2. Estimation equations based on radiometric
fractions underestimated the values of diffuse radiation, with a better performance presented by
models adjusted in annual data groupings. Among the parameterized models for estimating diffuse
radiation obtained in the literature, those calibrated regionally in this study, together with those
developed for tropical regions, presented better statistical performances.

Keywords: clearness index; atmospheric transmission; radiometric fractions; estimation models;
sky cover

1. Introduction

Brazil is in full technological development in the areas of renewable energy (pho-
tothermal and photovoltaic conversion, biomass and biodiesel), agriculture (increased
efficiency based on the physical and physiological properties of crops and animals), and
civil construction (construction materials, micrometeorological aspects), among others.
This Brazilian scenario reflects what happens worldwide, with continuous increases in
energy supply and demand, especially from renewable sources, due to limited fossil fuel
resources and the problems associated with greenhouse gases [1]. In this context, solar
energy plays an important role in the global and national sustainable infrastructure [2],
being considered a clean energy source that does not use fuels with fossil origins [3].

The need to supply energy on an ever-increasing scale, and at the same time eco-
nomically and sustainably, together with the profile of the high national agrosilvopastoral
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potential, make up a growing demand for the knowledge of seasonal variations in solar
radiation levels, considering the spectral and atmospheric attenuation components in the
Brazilian territory. The temporal variation of the amount of solar radiation incident at any
location on the Earth’s surface depends on astronomical, geographic, and atmospheric
factors. The main variations in the seasonal levels of each component of solar radiation
originate from the interaction with the atmosphere since some atmospheric constituents
are relatively constant in concentration (permanent gases), and others are highly variable
in time and space (such as CO,, methane, aerosols, and water vapor). This variability
allows the current composition and concentration of gases in the atmosphere to depend
on the geographic position, altitude, and time of year, influencing solar radiation’s absorp-
tion, reflection, and transmission. In turn, among the local characteristics, variations in
altitude, inclination (declivity), orientation (azimuth), and shading can affect the energy
levels available on the surface, mainly with changes in the geometry of incidence of direct
solar fluxes [4,5].

The solar radiation that reaches the earth’s surface, called global radiation, can be
divided into two components, direct and diffuse, which are transmitted directly through
the atmosphere (without attenuation) and result from the scattering action in the atmo-
sphere, respectively [6,7]. Measurements of global radiation fluxes are normally obtained
in the horizontal plane and are available in instantaneous, hourly, daily, monthly, and
annual partitions.

Diffusion is a fundamental physics process associated with electromagnetic waves
and their interaction with matter, in which particles in the path of an electromagnetic wave
radiate their energy in all directions, occurring for all wavelengths within the electromag-
netic spectrum. The size of the particles interferes directly in the dispersion process, given
by the proportion between the circumference of the particle and the incident wavelength
(A), that is, x = 2ma/A (where ‘a’ is the radius of the particle); in this case, if x <1 (When the
particle diameter is less than 10% of the size of the incident wavelength), the dispersion is
called selective or isotropic (Rayleigh scattering). For particles whose sizes are similar to or
larger than the wavelength, i.e., x > 1, the diffusion is known as non-selective or anisotropic
(Mie scattering) [4,5].

In Brazil, the knowledge of diffuse radiation levels is restricted to locations close
to research institutions and universities since the country does not have a solarimetric
monitoring network. Recently, the main Brazilian studies focused specifically on the
characterization and estimation of diffuse radiation were developed in the Southeast
regions [8-15], Northeast [16-18], and South [19-21]. Through a partnership between the
Federal University of Mato Grosso and the Laboratory of Solar Radiometry of the Faculty
of Agricultural Sciences of UNESP, between 2011 and 2016, global and diffuse radiation
monitoring was carried out at the Federal University of Mato Grosso, University Campus of
Sinop, standing out as the only site with these observations in the northern region of Mato
Grosso [22,23]. This article presents the quantification of energy levels of diffuse radiation
in this locality, in hourly temporal partitions, and in different seasonal periods, in addition
to contributing to the understanding of the behavior of local atmospheric phenomena,
serves as an environmental indicator since it reflects the air load of aerosols in suspension
because of anthropic activities such as forest fires.

In several parts of the world, as well as in Brazil, the global radiation is measured in
horizontal planes in many locations, however, the beam and diffuse radiation data can
be obtained in restricted periods and are very scarce. The diffuse solar radiation levels
generally follow the seasonal radiation behavior at the top of the atmosphere and vary
throughout the year according to local atmospheric conditions (precipitation, cloudiness,
aerosols, among other factors) [24]. The greatest difficulties in obtaining diffuse radiation
are linked to the variation in cloudiness, for conditions ranging from clear to cloudy skies;
under clear sky conditions they can be calculated theoretically using various climatic and
geographic (local) parameters. However, there is not good method for computing the
diffuse radiation under a cloudy sky. Regarding this topic, many researchers have recently
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carried out several studies with empirical formulas based on different parameters for
different regions of the world [3,25-27], new estimation methodologies such as machine
learning models and hybrids models [28-32], and remote sensing applications [33,34].
This work aimed to analyze the seasonality and propose statistical models for esti-
mating the hourly diffuse radiation incident on the horizontal in the Cerrado-Amazon
transition, Mato Grosso state, Brazil. For this purpose, the annual and seasonal diurnal
evolution of global and diffuse radiation and their radiometric fractions were character-
ized; in addition, statistical models for estimating hourly diffuse radiation were calibrated
based on the atmospheric transmissivity coefficient, and comparisons were made with
parameterized models that allow the estimation of hourly diffuse radiation.

2. Materials and Methods
2.1. Characterization of the Study Region

Global and diffuse radiation data, as well as other meteorological variables used in
this study, were obtained from an Automatic Meteorological Station (AMS) in Sinop, Mato
Grosso, located at latitude 11.864° S and longitude 55.485° W (altitude 371 m) (Figure 1).
The evaluated database provides measures between June 2011 and October 2016, which,
despite being short and not updated, is representative of the atmospheric behavior of the
region, as it is a 5-year time series.
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Figure 1. Location of the UFMT Automatic Meteorological Station, Sinop, MT.

The municipality of Sinop is located in the Mid-North Region of the State of Mato
Grosso, spanning 3942.23 km? with approximately 130,000 inhabitants. With large popula-
tion growth in the last seven years (around 20%), the use and occupation of the soil has
been intensely altered, with the conversion of vegetated areas into urban and agricultural
areas and an increase in the demand for energy and other natural resources [35].

According to the Koppen climate classification, the climate of the region is hot and
humid Aw tropical, characterized by the presence of two well-defined seasons: rainy
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(October to April) and dry (May to September) [36]. Average monthly temperatures range
between 22.9 and 25.8 °C, with an annual average of 24.7 °C, and annual precipitation totals
are around 2000 mm. There is a high similarity between the average monthly seasonality of
meteorological variables recorded during the study period (06/2011 to 10/2016) by AMS
UEMT Sinop and the climatological norm of the region (Figure 2). For the representation of
the norms, a historical series of the Gleba Celeste station was used, which, despite being
located in a neighboring municipality (Vera-MT), distant around 80 km, presents the oldest
data set in the region (1972 to 2010).
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Figure 2. Monthly averages of precipitation (A), air temperature and air relative humidity (B),
insolation (C), and hot spots (D) collected in the Sinop, MT region. Data source: AMS UFMT Sinop
(2011-2016) and EMC Gleba Celeste (1972-2010).

For the observational characterization of the seasonality of global and diffuse radiation,
it was decided to group the months according to the rainfall regime of the region, avoiding
the seasonal evaluation by the seasons. This type of seasonal analysis is favorable in regions
with frequent atmospheric changes resulting from rainfall patterns, as recommended by [37]
for the analysis of solar radiation estimates in the Amazon. Souza et al. [36] emphasized that
the State of Mato Grosso is representative of great environmental complexity, conditioned,
among other factors, to water availability. By observing the behavior of rainfall (Figure 2),
the following groupings were adopted: (i): rainy season (December to February); (ii) dry
season (June to August); (iii) rainy/dry transition (March to May); (iv) dry/rainy transition
(September to October).

2.2. Instrumentation and Data Analysis

Instantaneous global and diffuse radiation data (5-min values) were monitored by
Kipp and Zonen CM3 pyranometers positioned at a height of 1.0 m on a metallic platform
(Figure 3). The sensors had a response sensitivity of £10-35 uV/Wm?, a response time
of 18 s, a temperature response of £1.0% for the range from —40 to 80 °C, and deviations
for the cosine effect of £2% (0 < z < 80°). Data were recorded by a CR1000 datalogger
(Campbell Scientific, Logan, UT, USA), operating at 1 Hz of frequency. For the measurement
of diffuse radiation, the pyranometer was positioned under the MEO shading ring [38],
constantly remaining below the shadow projected by the ring. In contrast, for global
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radiation the measurement, the sensor remained in full sun. The shading ring used was
0.1 m wide and 0.4 m in radius.
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Figure 3. Metallic platform (A) and positioning scheme (B) of the Melo-Escobedo “MEO” shading
ring installed in the Automatic Meteorological Station of UFMT, University Campus of Sinop.

In addition to the pyranometers and MEO shading ring, the following sensors
were used: psychrometer with thermometric shelter Vaisala CS 215 installed at 2 m
height, Vaisala TE 525 rain gauge at 1.5 m height, heliograph at 1.5 m height, for the
monitoring meteorological elements of air temperature and air relative humidity, rainfall,
and insolation, respectively.

The solar radiation data were submitted for analysis to observe inconsistencies gen-
erated by the collection and storage system. By integrating instantaneous partitions,
global (Hg) and diffuse (Hfi’) hourly irradiation were obtained. The hourly extraterres-
trial radiation (Hg) was obtained according to Igbal [4]. After the hourly integrations,
the Hfi‘ data were submitted to geometric and astronomical corrections proposed by Dal
Pai [39] and Oliveira et al. [40] by applying the isotropic/geometric correction factor—FC
(Equations (1) and (2)). For the location, FC ranges from 0.99 to 1.00. Anisotropic correction
factors proposed by Dal Pai et al. [12,41] are dependent on atmospheric transmissivity (H%),
following the sky cover classification described by Escobedo et al. [42] (Table 1).

1
(2 cos(p+06)1> [vs
FP = (ﬁ) .COS((S). l:T(q))] /() COS(GZ)d(U (2)

where: Fp represents the portion of diffuse radiation intercepted by the shading ring; b—ring
width (0.1 m); R—ring radius (0.4 m); —solar declination; w—hour angle; 6—zenith angle.

Table 1. Anisotropic correction factors for diffuse radiation by the MEO shading ring method.

K% Range Sky Cover Correction Factor
0<Kh<035 Cloudy 0.975
0.35 < K < 0.55 Partially cloudy 1.034
0.55 < K < 0.65 Partially clear 1.083
KP% > 0.65 Clear 1.108

Source: Dal Pai et al. [12].
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Next, the hourly database was filtered, considering the criteria described by Escobedo et al. [42],
where: (i) Hé/ Hg < 0.82 and (ii) Hfi’/ Hé < 1.0. After processing the data (n = 23,704 h of
observation of solar radiation), a sample “n” of 22,506 h was obtained, that is, there was a
loss of approximately 5% of the data.

2.3. Radiometric Fractions of Diffuse Radiation

The hourly atmospheric transmissivity coefficients (K”.) and the radiometric fractions
KZ and KZ’ were obtained (Equations (3), (4), and (5), respectively).

Hh
Kt = ©
h
HO
Hh
h d
Hh
h d
K = Hi ()

Subsequently, statistical equations were generated for the correlations between the
hourly global radiation diffuse fraction (H’é) and the atmospheric transmissivity coefficient
(K%) for the annual and seasonal data groupings (four hydrological seasons). In this case,
the data series was divided into two parts (in a 2:1 ratio) for calibration/generation and sta-
tistical performance analysis of the estimates (validation). In this case, an organization was
adopted so that the months were contemplated proportionally in the two databases, result-
ing in 42 and 23 months for generation and validation, respectively, uniformly distributed
over the years.

The correlations between K/ and K% allowed adjustments of third-order polynomials,
as recommended by Abreu et al. [43]. Polynomial regression equations were also generated
for the K}% intervals 0 < K}% < 0.55 (which includes cloudy and partially cloudy sky coverage)
and K% > 0.55 (partly open and open sky) to improve the performance of the estimates.
The K";{ x K% correlations were generated in total (annual) and seasonal grouping of data.

2.4. Estimates of Diffuse Radiation by Parameterized Models

The correlations proposed in this study were compared with 17 parameterized models
for estimating hourly diffuse radiation based on the K x K% correlation available in the
literature for the most different regions of the globe (Table 2). Some of the models are
partitioned, with estimation equations for different K% intervals, totaling 42 equations. The
table presents the location for which the equations were developed, and the corresponding
K% intervals. Spencer’s [44] equations were adjusted for local latitude.
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Table 2. Description of hourly diffuse radiation estimation models used in this study.

Equation Authors " .
Number (Reference) Local K7 Range Equations/Values
1 Boland et al. [45 Geelong, Australia h h h
oland et al. [45] (—38.09°; 144.34°) 0<K:<1 K =1/ [1+4exp(7.997 (K% —0.586)]
”””” Boland:  Adelaide (-3492°13859%)and
2 o Geelong (—38.09°%; 0<KL<1 Kl =1/[1+ exp (-5 + 8.60K!
Ridley [46] 144.34° )g—(Australia - ‘ [ . ( TH
******* Boland;Ridley ~ RiodeJaneiro, Brazil  __ ., _ .
3 [46] adjusted (~22.86% —43.23°) 0sKr=1 Kq =1/[1+exp(~490 +8.78Kz)]
4 K <022 K =1—0.09K%
EUA (31.08° to 42.42°; i K" = 0.9511 — 0.1604K". + 4.388K%
5 Erbs et al. [47] ~7148° to —121.70°) 022 <K} <0.8 - 16.6381(}%3 N 12.3361(}%4
6 KL>08 K =0.165
7 Sao Paulo, Brazil Ki <0228 KZ = 0.961
ffffff Furlan et al. [8] 03560 4673 ettty T
8 (=23.56°; —46.73°) Ki > 0228 Kh =1.337 — 1.65K"
9 KL <01 K =0.987
777777 . Athalassa, Cyprus 777777]77777777777777777777727777777
10 :-YP 0.1<KL <08 . 937K — 5.01K!* + 3.32K43
Rt Jacovidesetal. [48] 3 (104035610, 320 to 34.5°) . _ _ r=e 4 Ka = 0.94+0937K; = 501Ky +3.32K¢"
11 KL>08 K =0.165
12 Kk <0.15 Kh = 0977
1B i Hong Kong, China ©os<Ki<or Kh=1237 —1361KL
,,,,,, Lam; Li [49] (22.3°; 114.3°) el e i o SN
14 K:>07 Kl =0273
15 0<K:<03 K =1.021 — 0.151K%
777777 Maduekwe; . . 777777}7777777777777}177777777]17777777
16 G 46°; 3.40° 03 <Kk <038 K! =1.385 — 1.396K
777777 Chendo [50] Lagos, Nigeria (6.46°;3.40°) ~  03<Ky<08 K3 =1385-139%K;
17 KL >08 K =0.295
B Kp=owss _________ Kiz 1009 —0273Ky
19 Zaria, Nigeria (11.10°; 7.68°) 0.18 <K% < 0.68 K =1.077 — 1.136K%
20 Maduekwe; KL >0.68 Kh = 0292
21 Garba [51] KA <0.20 K" =1.002 — 0.028K"
o2 Lagos, Nigeria (6.587,3.33°) ~  020<Kp<078 Kj=133%6-1309K}
23 K >078 K =0314
”””” Marques ~ RiodeJaneiro,Brazil ~ _ ., _. gh_013+08 1
24 Filho et al. [13] (—22.86°; —43.23°) O0<Kkr=1 d Terp(—629+1226K%)
25 KL <017 Kh =
****** . Sao Paulo, Brazil B Ay S S S
__ 3 Olvemetal (2] Cosser; aory  DITSKESOTS kG- 097 108G 3KE 3G 152G
27 KL >0.75 Ki =017
28 KL <035 K =1—0.249K%
29 Orgill; Toronto, Canada 0.35 < KL <075 K" = 1577 — 1.84K"
777777 Hollands [53] (43.65°; —79.38°) e . T L Y _____.
30 KL >075 Kh =0.177
7777777777777777777777777777777777777 h.0a T xh_100 _0oacrh
o2t EUA (427°; —738 and 284>, . _ _ _ <0<903 Ki=102-0248K;
32 Reindl et al. [54] —80.6°) Europa (51.9° to 59.5°; 03 <K: <078 K =1.45— 1.67K"
33 107 t0 12.6%) Kh'>0.78 K =0.147
34 KL <017 Kh =
****** ao Paulo, Brazil S e b SIS S S
3B Seamssetal [5] Covseescbrsy  O7<KES075  Kj=09+11KF—a5KE 001KE 1314k
36 KL >0.75 Kt =017
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Table 2. Cont.

Authors

Equation " .
Number (Reference) Local K7 Range Equations/Values
37 Kh<0.35 Kl =085
3 spencerlad] Melbourne, Australia " o35 < <oz K-1m-tesks
,,,,,, (—37.82°;144.97°) e
39 KL >0.75 Kl =0.10
40 KL <035 K =0.68
Com el Sinop Braail (1867 sy 035<Kp<07s  Kj=1eso1akp
42 KL >0.75 K = 0.07

2.5. Statistical Performance Evaluations of Estimation Models

In evaluating the performance of the estimation equations and models, the statistical
indicators MBE (Mean Bias Error), RMSE (Root Mean Square Error), and Willmott’s “d”
and the coefficient of determination (R?) (Equations (6)—(9), respectively), were indicated
by Abreu et al. [43] as the most used.

" Pi—Oi

_ i=1
MBE = ==——— (6)
2705
n
n 2
(P - O))
d=1- =T B ®)
i_1(|P1i = O] +]0r; - O)
R? = SQ& )
SQroTar

where: Pi—estimated values; Oi—measured values; N—number of observations; | P'i|—
absolute value of the difference Pi—O; | O'i | —absolute value of the difference Oi—0O; SQ—
sum of squares (obtained from simple linear regression ANOVA).

In evaluating the performance of the estimation equations and models, the statistical
indicators MBE (Mean Bias Error), RMSE (Root Mean Square Error), and Willmott’s “d” and
the coefficient of determination (R?) (Equations (6) to (9)) were indicated by Abreu et al. [43]
as the most used.

The MBE and RMSE values represent, respectively, the mean deviation and the actual
value of the error produced by the model. Negative MBE values indicate underestimations
of the tested model, and vice versa. The smaller the absolute value of MBE, the better the
performance of the tested model. The same applies to the RMSE. The concordance index “d”
reflects the precision of the estimated values of the observed ones. It takes values between
0 to 1, and the closer to 1, the more perfect the agreement. The determination coefficient
measures how well the model describes the observed data—the higher the value, the more
adequate the proposed model is [56-58].

3. Results
3.1. Radiations and Fractions Radiometrics

Figure 4 presents the annual diurnal evolution of H, h Hé, and HS’ and their respective
standard deviations. It is observed that the behavior of global and diffuse radiation is the
same as that of incident radiation at the top of the atmosphere, with maximum values
at solar noon and minimum values at sunrise and sunset. Mean Hg, HZ, and Hg’ values
at 12 h are 4.57 4+ 0.03, 2.25 4+ 0.12, and 0.53 + 0.21 M] m~2 h™1, respectively. In the
hours of rising and setting sun, the average values observed for H! are 0.35 & 0.07 and
0.41 £ 0.06 M] m~2h~!, and for H. they are 0.04 & 0.03 and 0.08 £ 0.02 MJ m~2h~!; being
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the global radiation incident at these times practically composed only by the diffuse portion
(H" = 0.03 4+ 0.04 and 0.06 + 0.00 at 6 a.m. and 6 p.m., respectively).

—wy' [ n! En)

6.0 6 6
] h h Rainy Rainy/Dry season
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Figure 4. Annual and seasonal diurnal evolution (water stations in the region) of radiation at the top
of the atmosphere (Hh) global (H ), and diffuse (Hh) and respective standard deviations, between
2011-2016, in the region from Sinop, MT.

The photoperiod during the dry and wet/dry transition seasons is shorter due to
zenith variations. The seasonal average values of H’é and H g follow the same behavior as
Hg, with maximums for radiation at the top of the atmosphere during the rainy season
(December/January/February) and minimums in the dry season (June/July/August), both
at 12 h (means of H': 4.98 = 0.01 and 4.07 & 0.00 MJ m~2 h™~!, respectively).

For global radiation, the maximum mean values were observed at solar noon in the
dry season 2.47 £ 0.13 MJ m~2 h~!. A similar behavior is observed by Marques Filho
et al. [13] in a study conducted in the city of Rio de Janeiro-R] (—22.86°; —43.23°), justified
by the fact that the reduction in precipitation in the dry period is related to the decrease in
cloud cover, which raises the levels of H’é

Due to the high cloudiness during the rainy season, the lowest averages of H, g and the
highest averages of H g (at solar noon) were also observed in this period, 2.02 = 0.15 and
0.66 = 0.17 M] m~2 h~!, respectively. The minimum averages of H 2’ at solar noon occur in
the dry period 0.35 4- 0.04 MJ m~2 h~!. The lowest standard deviation values for global
and diffuse radiation are observed during the dry season due to the greater stability of
atmospheric conditions (Table 3).

Figure 5 shows the annual diurnal evolution of the radiometric fractions K’%, KZ, and
K’;/ during the four hydrological seasons. The maximum value of atmospheric transmissiv-
ity of global radiation occurs at solar noon, with incident radiation levels on the Earth’s
surface corresponding to approximately 50% of H{!. The minima were observed at sunrise
for a better analysis of atmospheric transmissivity throughout the year.

KZ has the opposite behavior to K, with higher values at the beginning and end of
the day. At these times, global radiation is predominantly composed of diffuse radiation,
corresponding to about 70% of energy levels (67.66% and 75.22%, respectively). The hourly
average values of KZ range from 0.15 to 0.78, with a higher hourly average in the rainy
season (0.53 &= 0.13) due to the higher concentration of water vapor in the atmosphere. The
lower values of standard deviations for Kg‘ in the dry season are justified by the greater
stability in atmospheric conditions.
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Table 3. Diurnal evolution of diffuse radiation (H g) in different seasonal periods, in the region of
Sinop, MT, between 2011-2016.

Solar Time Rainy Rainy/Dry Dry Dry/Rainy
(Hour) Average SD Average SD Average SD Average SD
5 _ _ _ - _ _ _ -
6 0.0208 0.00 - - - - 0.0353 0.01
7 0.1705 0.04 0.1152 0.02 0.0919 0.02 0.1973 0.04
8 0.3910 0.09 0.3490 0.05 0.2334 0.13 0.3847 0.06
9 0.5209 0.11 0.4680 0.16 0.2706 0.08 0.4762 0.09
10 0.5993 0.16 0.5370 0.22 0.2706 0.03 0.5210 0.11
11 0.6377 0.19 0.6022 0.23 0.3199 0.04 0.5520 0.14
12 0.6634 0.17 0.6262 0.20 0.3527 0.04 0.5661 0.15
13 0.6351 0.13 0.6207 0.19 0.3860 0.05 0.5614 0.16
14 0.5733 0.06 0.5573 0.14 0.3665 0.04 0.5333 0.12
15 0.5243 0.07 0.4929 0.14 0.3140 0.02 0.4956 0.10
16 0.4406 0.06 0.3925 0.12 0.2486 0.02 0.3937 0.06
17 0.2846 0.05 0.2430 0.09 0.2017 0.06 0.2352 0.04
18 0.1067 0.02 - - - - 0.0516 0.02
19 - - - - - - - -
Abbreviation: SD = standard deviation.
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Figure 5. Annual and seasonal diurnal evolution of K%, K’;, and KZ/ for the Sinop, MT, Brazil, between
2011 and 2016.

The atmospheric transmissivity coefficient K’% ranges from 0.07 to 0.64, with a higher
average value in the dry season (0.53 + 0.14) due to low cloud cover, which allows for
greater passage of direct radiation. The lowest mean value, consequently, is observed in
the rainy season, 0.33 £ 0.11, while in the transition seasons K}T’ ranges from 0.36 to 0.42.

Through the analysis of the average values of K/, and according to the sky cover
classification established by Escobedo et al. [42], it can be stated that the behavior of the sky
in Sinop, in the dry season, varies from cloudy to partially cloudy at the beginning of the
day, and during the hours it is partially open. In the rainy season, the sky remains cloudy
or partially cloudy throughout the day.

In all hydrological stations, the sky is cloudy in the early morning, with a reduction in
the atmospheric transmissivity coefficient at the end of the day, except in the dry season,
when K values remain high. Marques Filho et al. [13] stated that the high values of K’ at
the end of the day are due to surface reflections due to the low values of the solar elevation



Atmosphere 2023, 14, 1289

11 of 20

angle at this time of year. Table 4 describes the hourly average values of the components
and fractions of solar radiation at 12 noon in the different hydrological stations.

Table 4. Hourly mean values of radiation (M] m~2 h~!) and radiometric fractions (dimensionless) at
solar noon and at different hydrological stations, in Sinop, MT, Brazil, between 2011 and 2016.

Radiation Rainy Rany/Dry Dry Dry/Rainy
Hg 498 +0.01 4.48 £+ 0.01 4.07 £ 0.00 4.86 £ 0.02
H% 2.02 £0.15 2.10 + 0.08 247 £0.13 229 £0.13
Hj 0.66 £ 0.17 0.63 £0.20 0.35 £ 0.04 0.57 £ 0.15
Radiometric . .
Fraction Rainy Rany/Dry Dry Dry/Rainy
K}% 0.41 £0.03 0.47 £ 0.02 0.61 £ 0.03 0.47 £0.03
K}g 0.39 £ 0.09 0.34 + 0.12 0.16 + 0.02 0.28 £ 0.08
K 0.13 £+ 0.03 0.14 £+ 0.04 0.09 £ 0.01 0.12 +0.03

Zamadei et al. [59] observed the diurnal evolution of K in the municipality of Juina-MT,
360 km from Sinop, MT, between 10/2007 and 01 /2013, and found that the highest values of
K% occurred when the Sun had an angle of elevation greater than 45° in relation to the surface,
being higher in winter (dry period). As observed in this study, the greatest deviations occurred
in the afternoon, indicating an increase in the water vapor content in the atmosphere due to
the evapotranspiration process that occurred in the region throughout the day. According
to these authors, the highest frequencies of clear skies occurred in the months of May, June,
and July (dry period), while in the period from November to March there was a cloudy sky
condition (rainy period), behavior similar to that observed for Sinop, MT.

In Table 5 it is possible to observe the behavior of the sky throughout the year through
the frequency of K% within each hydrological station. In the dry season, the condition of
partially open sky prevails (31.22%), while in the rest of the year, there is a greater frequency
of times with cloudy sky conditions (above 42%).

Table 5. Frequencies of sky conditions (hourly basis) according to the classification by Escobedo et al. [42]
in Sinop, MT, Brazil, between 2011 and 2016.

Hydrological I 1I I v

Period
(Partially .
(Cloudy) Cloudy) (Partially Clear) (Clear)

Rainy 54.90 31.21 9.54 4.35

Rainy/Dry 42.56 31.60 19.63 6.21

Dry 22.53 22.97 31.22 23.28

Dry/Rainy 42.45 39.47 14.92 3.16

3.2. Estimates Based on the Atmospheric Transmissivity Coefficient

The KZ x K% correlations are displayed in Figure 6. As observed and described in the
literature, with the increase in the clarity index (K’%), the diffuse fraction tends to decrease,
since there is a decrease in the isotropic effects [60]. Figure 6 shows the behavior of the
correlation in the different hydro stations. It is observed that in the dry season the point
cloud is more concentrated for K’% values greater than 0.4; in this season, sky conditions
II, I, and IV predominate (Table 6). In the rainy season and rainy/dry transition there is
greater data dispersion, indicating that for the same value of K/ there is great variability in
the values of the diffuse fraction. Borges et al. [37] observed a similar behavior in a study
carried out in the State of Rondo6nia (—10.75°; —62.35°), attributing this fact to the greater
atmospheric variations (cloudiness) that occur during the seasons.
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Figure 6. Correlations to estimates KZ based on K%, in Sinop, Mato Grosso, Brazil, between 2011
and 2016.

Table 6. Third-degree polynomial regression coefficients and coefficients of determination (R?), in
different data groups, for estimates of KZ based on K}%.

K’f Interval Period Equation R?
Annual K" = 0.84197 +0.1208 Kl — 4.9681 K/ 4 4.84107 K13 0.8001
, Dry Kh = 0.8401 — 0.5850 K — 3.0117 Kh* + 3.4476 K}3 0.7927
0<Kr <082 Dry/Rainy K = 0.8434 + 0.0107 K} — 4.7464 Kh? 4 4.8705 K3 0.7790
Rainy K" = 0.8567 + 0.4388 K. — 6.2389 K/t” + 6.1148 K13 0.7926
Rainy/Dry Kh = 0.8209 4 0.4635 K. — 57058 Kh? + 5.3027 K3 0.7737
Annual K" = 0.8249 + 0.5270 K& — 6.8417 K/t* +7.0930 K13 0.7191
, Dry Kh = 0.8332 — 0.3581 K/t — 42099 KA + 5.0256 K).3 0.7097
0=K7<055 Dry/Rainy K" = 0.8325 + 0.2254 KI — 5.6085 KIt” + 5.7841 K/t 0.7338
Rainy K" = 0.8333 4 0.9628 K/t — 8.6778 Ki” +9.1119 K}3 0.7436
Rainy/Dry K = 0.8041 + 0.8778 K — 7.5616 KA” + 7.4359 K}3 0.6989
Annual Ki = 1.7946 — 49779 Kl + 4.0593 Kl — 0.4304 K3 0.4536
. Dry K" = 1.0306 — 1.3726 K — 1.9669 K/t* +3.0059 K/t 0.4302
Kz 2055 Dry/Rainy Kh = 8.8134 — 39.8605 Kl + 61.3930 K} — 31.453 Ki3 0.2495
Rainy K = 3.1103 — 13.0974 Kl 4 19.7241 Kt* — 9.9342 K13 0.0817
Rainy/Dry Kit = 2.4911 — 9.7927 Kl 4 142012 Ki* — 7.0667 KIi3 0.3154

The lowest values of the diffuse fraction when K% tends to 0 can be attributed to the
lower horizontal brightness in this region when compared to places at high altitudes and
with rugged relief. According to Perez and Seals [61], the horizon zone is infinitesimally
thin at 0° elevation.

The equations generated for the entire K/ interval (0 to 0.82) performed better than
the sectioned ones, with R? above 0.77. In this same interval, the dry and rainy seasons
presented better adjustments, which indicates that the atmospheric conditions in the
transition periods are more unstable, making estimates difficult. This instability can be
explained by the high load of aerosols from biomass burning, an anthropic activity with
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greater incidence in the months of April and September, corresponding to the periods
in question.

The values of the statistical indicators MBE, RMSE and Willmott’s d for the estimation
equations generated can be observed in Table 7. The seasonal equations, in the intervals
of 0.0 < K}% < 0.82and 0.0 < K’% < 0.55, tended to underestimate the diffuse radiation
values during the year. A similar behavior was observed by Borges et al. [37] and Oliveira
et al. [52] in the correlations established in their studies. In the range of K}% > 0.55, there
was an inversion of this behavior, with a tendency to overestimate.

Table 7. Statistical performance indicators of the hourly diffuse solar radiation estimation equations,
generated through the Kg x K% correlation in different data groups in Sinop, MT, Brazil.

Seasonal Annual
K}f Interval Period MBE RMSE d MBE RMSE d
kJm—2h-1) (kfm2h-1) kfm—2h-1) (kIm2h1
Dry —1.3193 128.8759 0.8146 34.8982 135.2091 0.8262
Dry/Rainy —8.4224 155.0778 0.8813 —20.0378 158.9490 0.8727
0<Kr<0.82 Rainy 43.3050 190.1991 0.8441 9.0484 183.1416 0.8418
Rainy/Dry —12.2662 179.9711 0.8700 —38.2923 184.0373 0.8566
Annual —2.7689 164.4550 0.8620
Dry —9.5501 112.7701 0.8995 21.3870 113.5406 0.9116
Dry/Rainy —7.7196 152.1405 0.8965 —6.0579 152.7036 0.8959
0<Kr<0.55 Rainy 53.6976 189.7712 0.8534 30.0348 179.8730 0.8592
Rainy/Dry —19.0742 173.9316 0.8957 —38.8433 178.2260 0.8850
Annual 0.0482 160.7589 0.8918
Dry 5.7624 141.0145 0.5982 50.6720 152.9184 0.6318
Dry/Rainy 1.7279 165.3808 0.5798 —71.2616 177.6153 0.5382
Ky > 0.55 Rainy —34.0317 155.1230 0.7406 —112.2100 186.3051 0.6665
Rainy/Dry 14.6280 206.3153 0.5297 —35.6082 203.5052 0.5082
Annual —8.0671 171.5742 0.6583

Abbreviations: MBE = mean bias error; RMSE = root mean square error; d = Willmott index of agreement.

Regarding the annual equations, when applied to water stations, there was also a
tendency to underestimate the values of H”, especially for K > 0.55. The RMSE values
ranged from 112.8 to 206.3 k] m~2 h~!, with higher scattering rates observed in the rainy
season due to the high variation in atmospheric conditions.

The seasonal equations showed better statistical performances when compared to the
annual ones in the same periods, except for the rainy season in the intervals 0.0 < K’% <0.82
and 0.0 < K < 0.55, in which the annual equation developed for each partition showed
better statistical indicators than the equation for each specific period.

Regarding the annual equations applied to the entire data set, there is a tendency for
underestimations in the intervals 0.0 < KPT’ <0.82and K}% > 0.55, and overestimations of
the values when 0.0 < K’;- < 0.55. Scattering over all K’% intervals is about 160 kf m 2 h 1,
and the fit index values are best for intervals 0.0 < K}Tl <0.82and 0.0 < Kéﬂ < 0.55.

3.3. Estimates by Parameterized Models

Table 8 presents the statistical performance indicators of the 42 evaluated equations
(17 models) and the three equations generated in this study (annual grouping in Table 7).
In order to assess the performance of the tested estimation models, the method of position
values (Pv) of the statistical indicators was used, in which weights from 1 to “n” are
assigned to each statistical indicator in each model, with “n” corresponding to the number
of evaluated equations. In the end, the best model (equation) is the one considered with
the lowest accumulated Pv value, obtained by summing the Pv of each equation in each

indicative statistic [62]. The models (equations) were classified by the accumulated value
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of accumulated Pv considering five groups: (1) Pvl—models with total data grouping
(KL < 0.82); (2) Pv2—all 42 equations; (3) Pv3—models developed for cloudy sky conditions
(Kg < 0.35); (4) Pv4—intermediate sky conditions (0.35 < K’% < 0.65); (5) Pvb—clear sky
conditions (K% > 0.65).

Table 8. Statistical performance indicators of parameterized and calibrated equations in estimating
hourly diffuse radiation, in Sinop, MT, Brazil, between 2011 and 2016.

?&:\t}i’:} Authors (Reference) R? aJ rﬁ/I—Bth—l) J fnj\:lzs ﬁ—l) d Pvl Pv2 Pv3 Pv4 Pv5
1 Boland et al. [45] 0.66 411.04 542.52 0.5761 40
" 2 Boland;Ridley [46] 065 40576 . 53779 05804 4 ¢ s
3 fgjlj;‘t‘;mdley (401 0.67 355.46 479.92 0.6195 3 34
Ty 013 4966 9255 09524 B 3
5 Erbsetal [47] ©052 50264 59913 04815 4 a s
e - 25 7453 0931 6 1
I - T wso 0246 09545 n
"7 g7 7 7 Furlanetal [8] T 055 32365 41450 0599 31 3
9 - 1 1937 09874 T
" 10 Jacovides etal. [48] T o068 37130 47010 05814 ¢ s A
T - 25 7453 0931 7 1
T 0 3822 09813 2 T
© 13 Lam;Li[49] T 066 38816 - 47845 0571 39 6
V. - 23505 30058 06069 28 0
A T T 027 10756 19301 08892 2 2 5
"~ 16 Maduekwe; Chendo [50] 043 67386 75201 03855 4 5 0
Cowo - 1669 5378 o735 10 3
T R 008 3053 5573 ( 09735 3 1
19 T 062 33418 . 42601 05814 33 4
220 T - 29655 35716 08663 26 8
T Ty T 7 MaduekweGarba[SI] - - gt g T T T 7822 09592 s 2
2 060 55221 64474 04500 4 3 9
% T - 14853 20172 09432 20 7 6
"7 24 MarquesFilhoetal. [13] 066 32339 . 44428 06473 2 30 7~
T - 3063 5432 09724 «
" 26 Oliveiraetal. [52] " o063 37878 46583 05704 ¢ 7 5
22 - 2574 11094 09012 1 s 5
BT 037 14132 25874 08397  : x5 6 2
© 29 OrgilHollands[53) 037 60234 67565 04151 4 44 0
oo - 1490 10915 09075 o
S 027 9999 18192 08980 2 21 4 T
" 32 Reindletal. [54] C 044 52515 60222 04572 4 2 9
< T - —7305 118859 0925 18 4
I YO - 3063 54323 09724 s
"~ 35 Soaresetal. [55] T U063 32915 - 41625 06053 32 2
3% - 2574 11094 09012 1 6 4




Atmosphere 2023, 14, 1289

15 of 20

Table 8. Cont.

lf\?:;:‘;‘r‘ Authors (Reference) R? 0 I]I‘gEhfl) a ﬁ‘ffﬁfl) d Pvi Pv2  Pv3  Pvd  Pv5
37 - 103.37 218.12 0.8707 23
© 38 Spencer [44] © 038 3784 44105 0547 3% 7
o9 - ~13408 18507 06875 24 7
o0 - 2964 14353 09255 1 /2
"~ 41 Spencer[44]adjusted 038 18171 28548 0669 27 3
B . - 18052 23166 0584 29 9
" 43 Generatedmodel1* 079 ¢ 632 15793 o877 1 14
" 44 Generatedmodel2* 070 ¢ 652 151.16 09040 2 T
"~ 45  Generatedmodel3* 005 751 17160 06351 1 9 5

Abbreviations: R? = correlation coefficient; MBE = mean bias error; RMSE = root mean square error; d = Willmott
index of agreement; Pv = position values; * indicate models calibrated for the location.

The coefficients of determination (R?) obtained between values measured and es-
timated by the parameterized equations showed maximum values around 0.70 (some
equations did not show significant correlations). Furthermore, these equations generated
MBE values ranging from —180.52 to 673.86 k] m~2 h~! and scattering (RMSE) rang-
ing from 19.37 to 752.01 k] m 2 h~!, respectively. The three locally calibrated equations
(equations 43 to 45) showed the lowest overestimates of hourly diffuse radiation, regardless
of atmospheric transmissivity.

For the analysis of models that present sectioned regression equations for different
intervals of the atmospheric transmissivity coefficient, those that determine fixed values
for KZ were disregarded. Subsequently, the statistical performance was analyzed regarding
the estimate of diffuse radiation (H Z).

For cloudy sky conditions, six equations were analyzed (4, 15, 18, 21, 28, and 31),
and the two models generated by Maduekwe and Garba [51] showed the best statistical
performances (Table 8—Pv3 group). These equations, despite having low determination
coefficients (0.08 and 0.10), were significant at 5% probability, and when compared with
measured values they showed good results for the agreement index “d” (0.9735 and 0.9592)
and low scattering indexes (55.73 and 78.22 k] m2h7l, respectively). Oliveira et al. [63]
stated that the coefficient of determination should not be used individually in the analysis
of statistical performance, but can help in decision making when comparing different
regression models.

For intermediate sky cover conditions (partly cloudy and partly open) fourteen equa-
tions were evaluated, and the best estimates were obtained with the equations generated
in this study (Table 8—group Pv4). The models by Furlan et al. [8], Spencer [44] and
Soares et al. [55], when adjusted, overestimated the diffuse radiation and presented greater
scattering when compared with the results generated by equation 44. As for the open sky
conditions (Table—Pv5 group), thirteen models of prediction of diffuse radiation determine
fixed values for KZ, with the exception of the one generated in this study. Most of these
equations tend to underestimate the diffuse fraction, except for equations 14, 20, 23, and
45. For this K% range (above 0.7), the models developed by Erbs et al. [47] and Jacovides
et al. [48] presented better performances when compared to the others (Pv.5).

Of the ten models that showed the best performance for estimating the diffuse fraction
in the different K ranges, eight were developed or adjusted for tropical regions (latitudes
between 6.58° and —23.56°). Of these, there were five for Brazil, which confirms the
influence of this climatic factor on the diffuse radiation incident on the Earth’s surface.

4. Discussion

When comparing the annual averages of H in the morning and afternoon periods, a
higher value was observed during the afternoon (0.27 4 0.21 and 0.33 + 0.21 M] m~2 h~})
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for the morning and afternoon periods, respectively. Soil heating, and consequently evap-
otranspiration, are highest in the afternoon, which causes greater attenuation of solar
radiation due to the high concentration of water vapor present in the atmosphere.

Diffuse radiation behaves similarly to global radiation in hydrological stations, with
the exception of the dry season, in which case there is no symmetry between the morning
and afternoon periods (Table 3). This behavior may be due to multireflection processes
associated with the elevation of the zenith angle, especially in the first hours of sun exposure,
with a reduction in the dispersion of suspended particles in the atmosphere.

The increase in the variability of the diffuse fraction of global radiation can also be
attributed to a phenomenon called “cloud gap effect” [64-66]. According to the authors,
at a given solar elevation angle, a decrease in the atmospheric transmissivity coefficient
generally indicates an increase in cloud thickness. However, there is an exception when
clouds are not continuously distributed across the sky. Ground surfaces illuminated by
the Sun, located at the end of paths of solar beams passing through gaps formed between
clouds, may receive greater irradiance than under a clear sky, due to the scattering and
reflection of the radiation beam from the side of adjacent clouds. This effect can increase the
irradiation incident on the ground by up to 20%. In short, you can increase the K without
indicating that the sky is open.

If we compare the amplitude of the KZ x K% curve generated in this study (Figure 6)
with that of other regions available in the literature, it is possible to notice that the highest
number of points for K}% < 0.20 is concentrated between 0.80-0.90 KZ, while in other works
this value is usually above 0.90. Some authors generate sectioned regression equations,
partitioning this K}% interval with fixed values for K’; [48,49], including in Brazil [8,52,55].

It should be noted that smaller time slices respond more sensitively and quickly to
atmospheric changes, generating greater variability and detailing of the punctual distribu-
tion of solar radiation, which makes estimation difficult. These effects are minimized when
values are integrated into daily and monthly partitions [39,60].

Among the five models (equations 1, 2, 3, 24, and 43) that consider the entire K}T’ inter-
val, the best estimates were obtained by the locally calibrated equation (generated in this
study). In this case, the equation proposed by Marques Filho et al. [13] presented the second
best accumulated Pv, however, this model was calibrated for the city of Rio de Janeiro (R],
Brazil), which has atmospheric characteristics distinct from the Cerrado-Amazon transi-
tion region, and, therefore, presented overestimates of radiation time difference of up to
323.39 k] m 2 h™ L. It is interesting to mention that these same authors also evaluated some
models evaluated in the present study [40,46—48] to estimate the local diffuse radiation.
However, better statistical performances were observed when using the locally developed
correlation model.

Singh [67] compared the efficiency of diffuse radiation estimation models considering
the entire range of the atmospheric transmissivity coefficient and intervals of cloudiness
classes, and concluded that, in general, the models present similar statistical performances
for regions with well-defined water seasonality (rainy and dry seasons). These observations
by Sing [67] corroborate those found in the present study, through the analysis of the statis-
tical performance of the 45 equations (group Pv2), since the five aforementioned (which
consider the entire K’% value) were classified as 14th, 30th, 34th, 38th, and 40th, respectively.
In this case, the equations that estimate K" in intermediate sky cover performed better than
the others of the same model.

The diffuse radiation database obtained in the region of Sinop, MT (Brazil), can
be considered short (5 years), however, it allows applications directed mainly towards
the calibration of models of estimates of diffuse radiation. The studies focused on the
analysis of seasonality and estimates on daily integration have already been presented by
Zamadei et al. [22,23]. The network of stations of the National Institute of Meteorology
(INMET) routinely monitors hourly global horizontal radiation, and, with good estimates
of diffuse radiation, it is possible, by difference, to obtain information on direct radiation in
horizontal planes.
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The modeling of estimation equations with the insertion of a larger number of meteo-
rological variables is recommended for future works to verify the performance in relation
to the models generated in this study, and to verify the evaluation of those existing in the
literature. The correlation between the diffuse fraction and the insolation ratio can also be
worked on in order to propose models with an easily obtainable variable.

The models proposed in this study can contribute to the development of solar energy
utilization in places where diffuse radiation measurements are not available. Thus, in
today’s conditions where global warming is a threat and greenhouse gas emissions are
causing warming, the use of clean energy sources such as solar energy can reduce numerous
environmental, social, and economic impacts. This study can contribute to providing
necessary data on cleaner and more ecologically correct production technologies. More
studies can be performed on models based on satellite data for the estimation of diffuse
radiation in different climatic regions where the diffuse solar component does not exist.

It should also be noted that there is an urgent need to implement a network of
solarimetric stations in the Cerrado and Amazon regions, considered important Brazilian
biomes. There are no scientific reports of any radiometry monitoring in the aforementioned
regions. This type of monitoring is essential to guide environmental and engineering studies
in the most varied areas of knowledge. These stations must, above all, routinely monitor at
intervals of 5 or 10 min, in horizontal planes, the spectral components of solar radiation
(ultraviolet, visible, and infrared) and diffuse, direct radiation, and reflected radiation.

5. Conclusions

The hourly diffuse radiation in the region of Sinop, MT, presents similar behavior to
the incident radiation at the top of the atmosphere and globally, with maximum values at
the lowest zenith angles. Seasonality indicates higher hourly diffuse radiation levels KZ in
the rainy season in the region.

The radiometric fractions also show characteristic behavior during the different water
seasons. The highest values of the atmospheric transmissivity coefficient K were observed
in the dry season due to low cloud cover.

The KZ x K. correlation established showed a peculiar behavior, with the amplitude
of the curve characteristic of regions located at low latitudes (closer to the Equator). As
in other studies, when K}f tends to 0.0, KZ tends to 1.0; however, for K? values lower than
0.20, the maximum observed KZ values ranged from 0.80 to 0.90.

Polynomial equations were generated to estimate the diffuse radiation considering
three intervals of K%, and these equations presented better statistical performances when
compared with parameterized equations from the literature.

Among the 17 models (42 equations) for estimating the parameterized diffuse radia-
tion evaluated, it is recommended to use the polynomials developed in this study or the
one elaborated by Marques Filho et al. [13] for estimates of the KZ fraction, in the range of
0.0 < K;% < 1.0, for regions climatically similar to the Cerrado-Amazon transition of
Mato Grosso.
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