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ABSTRACT

This study aimed to analyze the seasonal variations in atmospheric transmissivity and solar radiation
(global and diffuse) on the horizontal surface in Sinop, Mato Grosso (MT) (11.865°S, 55.485°W, and
altitude of 371 m) from 06/02/2011 to 12/31/2014. The values of diffuse radiation were measured using
the Melo-Escobedo-Oliveira (MEO) shadow ring, with application of astronomical, geometric, and
anisotropic correction factors. The analysis of atmospheric transmissivity was based on the classification
of sky cover as cloudy, partly cloudy, partially clear, or clear. The diffuse radiation showed similar
behavior to the radiation at the top of the atmosphere, reaching a maximum between October and April
(rainy season), while the global radiation displayed higher levels during the dry season (May to
September). The average daily global radiation ranged from 22.75+0.61 M) m™2 d™' in August to
16.44+1.45 M m~2d~" in January. In Sinop, cloudy and partly cloudy skies occurred on 45.6% of days and
atmospheric transmissivity of global radiation was greater than 55% on 54.6% of days. The variations in
diffuse radiation in the region were influenced by cloudiness and the concentration of biomass burning
aerosol particles. The diffuse radiation can represent 8.02%-99.12% of the global radiation and 5.33%-
29.01% of solar energy incident at the top of the atmosphere.

Keywords: Solar radiation; Clearness index; Shadow ring; Atmospheric attenuation

RESUMO

Este estudo objetivou analisar a variacdo sazonal da transmissividade atmosférica e radia¢do solar
(global e difusa) incidente na superficie horizontal no municipio de Sinop, Mato Grosso (MT), (11,865°S;
55,485°W, e altitude de 371 m) de 02/06/2011 a 31/12/2014. Os valores de radiacdo difusa foram obtidos
na utilizacdo do anel de sombreamento Melo-Escobedo-Oliveira (MEO), com aplicagdo de fatores de
correcdo astrondmicos, geométricos e anisotropicos. Para analise da variacdo da transmissividade
atmosférica ao longo do ano estabeleceu-se a classificacdo da cobertura de céu como nublado,
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parcialmente nublado, parcialmente aberto e aberto. A radiacdo difusa apresentou comportamento
semelhante ao verificado no topo da atmosfera, com valores maximos durante o periodo de outubro a
abril (estacdo chuvosa), ja a radiacdo global apresentou maiores valores durante o periodo seco (Maio a
Setembro). A média didria da radiacdo global atingiu valores de 22,75+0,61 M) m™2 d™' em Agosto a
16,44+1,45 M) m=2 d™' em Janeiro. Em Sinop, as coberturas de céu nublado e parcialmente nublado
ocorreram em 45,6% dos dias e a transmissividade atmosférica da radiacao global foi maior que 55% em
54,6% dos dias. As varia¢des na radiacdao difusa na regido foram influenciadas pela nebulosidade e
concentracdo de aerossois provenientes de queima de biomassa. A radiacdo difusa pode representar de
8,02%-99,12% da radiacdo global, e 5,33%-29,01% da radiac¢ao solar incidente no topo da atmosfera.

Palavras-chave: Radiac3o solar; indice de claridade; Anel de sombreamento; Atenuacdo atmosférica

1 INTRODUCTION

Knowledge of solar radiation levels at the terrestrial surface is essential for energy
use projects and research in a wide variety of fields, including agriculture (e.g., water use
by plants and models of development or crop production); various aspects of atmospheric
chemistry (e.g., the ozone layer and air quality), meteorology and climatology (e.g., hydric
and energetic balance and climate-ocean interactions); energy efficiency and thermal
comfort practices in architecture and construction (e.g., use of solar thermal energy as a
potential alternative for water heating); and even solutions for water desalination (PEREIRA
et al., 2006; SOUZA et al., 2012; CRUZ et al., 2020; SILVA; SHARQAWY, 2020).

The solar radiation that reaches the Earth's surface on the horizontal plane is called
global radiation and can be divided into direct and diffuse components. Solar radiation is
subject to atmospheric attenuation by reflection, absorption, and diffusion due to the
interaction of electromagnetic waves with the constituent gases of the atmosphere, clouds
and aerosols, which makes it difficult to predict (SOUZA; ESCOBEDO, 2013; RELVA et al.,
2019).

Brazil has recently expanded its network of automatic weather stations, leading to
a significant expansion in the number of routine measurements of solar radiation fluxes,
because of financial conditions, a monitoring weather station typically measures global
(with a pyranometer) mainly made in the horizontal plane, at several different time
intervals (e.g., continuously, hourly, daily, monthly, or annually). Routine monitoring of the
atmospheric attenuation components of solar radiation is conducted by universities and

research institutes due to the costs involved in the acquisition and maintenance of the
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instruments required (CODATO et al., 2008; MARTINS et al., 2008; ESCOBEDO et al., 2009;
BORGES et al., 2010; PIACENTINI et al., 2011; VIANA et al., 2011; FURLAN et al.,, 2012;
SALAZAR et al., 2020).

For diffuse measurements, the shadow ring method is the most used due to low
costs, easy maintenance and optimal operation. The Melo-Escobedo-Oliveira (MEO)
shadow ring method is low-cost and easy to operate and maintain (MELO, 1994). In the
horizontal-plane measurements, the ring is held fixed and inclined on an angle equal to
the site latitude. To compensate for the variation in solar declination and remain below the
shadow produced by the ring, the pyranometer moves parallel to the plane of the local
horizon on a movable base (OLIVEIRA et al.,, 2002; DAL PAI et al., 2016). However, its
accuracy is affected by the portion of the sky blocked by the shadow ring, requiring
geometric and atmospheric corrections (DAL PAI et al., 2014). This case, geometric
correction is based on latitude, solar declination, ring's length and ring's width and doesn't
take into account the circumsolar radiation.

According Dal Pai et al. (2016) this radiation is due to the scattering of direct
radiation through small angles by the atmospheric particles (aerosols, water vapor, sky
coverage) and is a result of the anisotropy of the radiation. These additional corrections
may present temporal and spatial dependence due to the different sizes and
concentrations of particulate matter in the atmosphere. The best representative
parameter of anisotropic sky conditions is the atmospheric transmissivity (clearness index)
“K7” (ratio of global to extraterrestrial radiation).

A region in the northern part of Mato Grosso State presents an important type of
vegetation cover: the transition forest between the Cerrado and the Amazon. Its climate is
characterized by a well-defined seasonality with two seasons (a wet season and a dry
season), which influence the levels of solar radiation at the surface. The sky cover is
dependent on changes in atmospheric composition, which in turn depends on rainfall
characteristics and the influence of biomass burning aerosols (ANDRADE et al., 2009;

SOUZA et al., 2016; ROSSI; SANTOS, 2020).
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Given the importance of understanding solar radiation and the lack of information
on solar radiation in the Brazilian Midwest, this study aimed to evaluate the seasonality of
monthly averages of global and diffuse radiation together with the global and diffuse
atmospheric transmissivity coefficients in the municipality of Sinop, Mato Grosso (MT), in

the Cerrado-Amazon transition region.

2 MATERIAL AND METHODS

2.1 Location and climate

The values of global and diffuse radiation on the horizontal surface were obtained
from the Automatic Weather Station database of the Federal University of Mato Grosso,
Campus of Sinop, located at 11.865°S, 55.485°W, and 371 m of altitude, from 06/02/2011
to 12/31/2014.

The municipality of Sinop, MT has a territorial extension of 3,942 km? and
approximately 135,000 inhabitants. Its population grew by 20% in the last 7 years
following the establishment of a large number of industries in the region (IBGE, 2017),
leading to a considerable increase in the demand for energy and/or energy
transformation processes. The municipality is located in an area of agricultural expansion
and, as an important area of agribusiness in the State, it contributes significantly to the
high regional and national rates of deforestation and burns (MOURA; ROMANCINI, 2013).

Because aerosols can be transported over long distances, depending on the
regional circulation and the amount and intensity of fires (which are most prevalent
during the dry season), aerosols originating in the Amazon region can cause changes at
a local scale and in areas that are thousands of kilometers away from the emission
regions (PRINS et al., 1998; ARTAXO et al., 2006; OLIVEIRA; MARIANO, 2014). In view of
these effects, an area of influence with a radius of 250 km was drawn around the study
point (Figure 1). This area, which encompasses 41 cities and has fairly consistent
phytophysiognomy and relief, was chosen to represent the Cerrado-Amazon transition

region.
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Figure 1 - Area of influence established for Sinop, MT, Brazil
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The region’s climate, according to the Képpen climate classification, is tropical hot
and humid, Aw, characterized by the presence of two well defined seasons: rainy (October
to April) and dry (May to September). Average monthly temperatures range between
23.0°C and 25.8°C, with an annual average of 24.7°C. The region experiences 1900 mm yr
' of precipitation annually, with 70% of total rainfall occurring between November and

March (summer) particularly in January, February, and March (SOUZA et al., 2013).

2.2 Instrumentation and measurements

Global and diffuse radiation were monitored by CM3 pyranometers (Kipp & Zonen)
placed at a height of 1 m. The pyranometers have a sensitivity response of + 10-35
UV/Wm™, aresponse time of 18 s, a temperature response of + 1.0% for the range of =40 °C
to 80 °C, and detours to the cosine effect of + 2% (0 < z < 80). The station is also equipped
with following sensors: a Licor at 2 m height for measuring photosynthetically active
radiation (PAR), an anemometer at 10 m height for measuring wind speed and direction
(03002-L RM YOUNG), a psychrometer at 2 m height with a thermometer shelter (Vaisala,

CS 215), a rain gauge (Vaisala, TE 525) at 1.5 m height, and a heliograph at 1.5 m height.
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Data acquisition was carried out by a CR1000 datalogger (Campbell Scientific) with an
operating frequency of 1 Hz and a sampling rate of 300 readings (5 min).

The diffuse radiation was measured by the MEO shadow ring. The sensor-ring
distance and the width of the shadow ring projected onto the equipment were determined

from Oliveira et al. (2002) as follows:

R lcos(fp) cos(8) (1)
r =
cos(8)| cos(p +6)
. b cos(6) (2)
cos(p + 6)

Where: r is the sensor-ring distance (m), R is the shadow ring radius (m), é is the solar
declination, ¢ is the local latitude, w is the width of the shadow (m), and b is the ring width (m).

The solar radiation data were analyzed to investigate the inconsistencies generated by
the data collection and storage system. Daily irradiation measurements were obtained by
integration of instantaneous partition (IQBAL, 1983). The data were processed to obtain the
moments of sunrise and sunset, solar declination, irradiation at the top of the atmosphere,
cosine of the zenith angle (cos Z), and hour angle to the horizontal surface. The diffuse
radiance data measured by the MEO shadow ring were corrected using the following

geometrical and astronomical correction factors proposed by Oliveira et al. (2002):

Fc = (3)

_(2b cos(¢p + 6) 2" 4
Fp = (ﬁ) cos(6) [T@l Oj cos(6z)dw (4)

Where: b is the ring width (0.1 m), R is the ring radius (0.4 m), w is the hour angle, and
6z is the zenith angle.

The correction factors discussed thus far do not address the atmospheric effects
(turbidity, cloudiness, water vapor, and pollution) that are primarily responsible for the

anisotropy of the diffuse radiation (IQBAL, 1983; LEBARON et al., 1990; DAL PAl et al., 2016).
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The atmospheric transmissivity coefficient of global radiation (Kr) or clearness index was
obtained by the ratio of the global radiation (Hg) and radiation at the top of the atmosphere
(Ho). Therefore, anisotropic corrections were applied using Ky, taking into account the
anisotropic behavior of the dispersion caused by the interaction of solar radiation with the
atmosphere. These corrections were proposed by Dal Pai et al. (2016) and depend on
atmospheric transmissivity in accordance with the classification of sky coverage described

by Escobedo et al. (2009) (Table 1).

Table 1 - Anisotropy correction factors of the diffuse radiation measured by the MEO

shadow ring method (Source: Escobedo et al., 2009).

Krinterval Sky coverage Correction factor
0<Kr<0.35 Cloudy 0.975
0.35<Kr<0.55 Partially diffuse 1.034
0.55 < Ky <0.65 Partially clear 1.083
Kr>0.65 Clear 1.108

Next, the classification of sky coverage condition as a function of Kr was established
as proposed by Escobedo et al. (2009). This classification uses the sky conditions shown in
Table 1 but does not use direct and/or diffuse radiation data. Finally, the frequency
distribution of sky coverage conditions was determined.

The geographic and astronomical effects on the evaluation of solar radiation behavior
can be minimized by using fractions or radiometric indices. This technique requires that the
components of the radiation are obtained in the same place and at same time interval. The
radiometric fractions Kd and Kd' are given by the ratio of the diffuse and global radiation and

the ratio of diffuse radiation and at the top of the atmosphere, respectively.

3 RESULTS AND DISCUSSION

3.1 Meteorological variables

Figure 2 shows monthly mean values for air temperature, relative humidity,

insolation, and precipitation for Sinop, MT from 06/02/2011 to 12/31/2014.
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Figure 2 - Monthly averages of (A) air temperature, (B) relative humidity, (C)
accumulated rainfall, and (D) sunshine hours for Sinop, MT from 06/02/2011 to
12/31/2014
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During the study period, the month of February was the wettest on
average, with an average rainfall of 375.25 mm, and as expected, the dry season
from May to September was characterized by very low rainfall in comparison.
The greater variability in precipitation (Figure 1C) in the months of March and
December are due to anomalously high monthly totals in 2014 and 2013,
respectively. Annual total precipitation in 2012, 2013, and 2014 was 1616.26,
2455.40, and 1776.20 mm, respectively. Sunshine hours were highest in August
(307.21 hours) and lowest in January (108.10 hours) (Figure 1D).

The lowest daily temperatures occur during the rainy season (the summer)
due to the high concentrations of water vapor in the atmosphere, because water
vapor strongly attenuates solar radiation. Correspondingly, the monthly

averages of both temperature and sunshine hours are higher in the dry season,

Ci. e Nat., Santa Maria, v.43, e37, 2021



ZAMADEI, T.; SOUZA, A. P.; ALMEIDA, F. T.; ESCOBEDO, J.F. | 9

when the weather conditions allow the most sunlight through to the Earth's
surface.

Figure 3 shows the monthly total fire spots recorded for Sinop, MT and its
area of influence from June 2011 to December 2014. The fire spot data were
obtained from the Fire Monitoring database (ProCerrado Program) of the
Brazilian Institute of Space Research (INPE/MCTI/MMA). Fire spots were most

numerous in September, both in the municipality and in its area of influence.

Figure 3 - Monthly total fire spots in Sinop, MT (B) and its area of influence (A), from
June 2011 to December 2014 (Source: INPE, 2018)
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3.2 Seasonality of global and diffuse radiation

Figure 4 shows the geometric relationship that exists between the shadow ring
and the projected shadow, as well as monthly averages of the correction factor (Fc)
for the latitude of Sinop, MT. The maximum Fc value of 1.198 occurs on 02/21 and
10/17 (solar culmination), while the minimum Fc value of 1.086 occurs on 06/20

(winter solstice). A study conducted by Oliveira et al. (2002a) with three types of
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correction factors using the same MEO shadow ring method, in Botucatu, Sao Paulo
State, Brazil (22.90°S and 48.45°W) found that the Fc ranges from a maximum of 1.24
in the summer (01/19 and 11/14) to a minimum of 1.05 at the winter solstice and
concluded that this behavior is related to the annual cycle in the sensor-ring distance.
In the studies conducted in Botucatu, the ratio of sensor-ring distance and radius
ranges from 0.92 in summer to 1.33 in winter. In the Sinop, MT region it was found to
range between 0.98 in the summer and 1.20 in winter (Figure 3A), indicating that these
differences may arise from differences in the radius and width of the rings of the
different models. Overall, this comparison shows that this shadow ring model displays
similar performance for routine measurements in other climatic regions, allowing for
the dependence of the measures of diffuse radiation on the specific geometry factors
of measurement equipment as well as astronomical, geographical, and atmospheric

factors.

Figure 4 - Relationship between sensor-ring distance and shadow ring radius (r/R) (A)
and relationship between shadow and ring width (w/b) and (B) monthly averages of

correction factor (Fc) for Sinop, MT, from 06/02/2011 to 12/31/2014
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The daily variations in global and diffuse radiation reaching the horizontal
surface can be seen in Figure 5. In contrast to global radiation, diffuse radiation has

higher values during the rainy season. The daily values of diffuse radiation ranged
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from 1.74 M) m=2 d™' (Kr = 0.77, on 06/25/2014) to 11.25 M m™2 d™' (Kr = 0.54, on
02/29/2012).

The average daily value of global radiation observed during the study period
was 19.26 M m~2 d™", with oscillations between 2.15 M) m=2d™" (Kr = 0.05, 12/23/2013)
and 29.83 M) m2 d™" (Kr= 0.75 on 12/18/2012). In December (rainy season), most
days were characterized by high cloudiness. Local rainfall is usually due to convective
formation processes, which predominate in the afternoon and evening and are
characterized by large spatial variability and high intensity. During the summer
(rainy season), clear skies tend to be associated with high atmospheric transmissivity
of solar radiation due to the low atmospheric concentrations of water vapor and
suspended particulate matter (QUERINO et al., 2011). The daily average values of
global radiation in spring, summer, autumn, and winter were 18.68, 18.45, 18.70,

and 21.24 M) m~2, respectively.

Figure 5 - Daily levels of global and diffuse radiation (M) m-2 d-1) in Sinop, MT from
06/02/2011 to 12/31/2014
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3.3 Radiometric fractions

Figures 6 and 7 shows the monthly averages of global radiation (Hg), diffuse
radiation (Hp), and atmospheric transmissivity coefficient (Kr). Overall, Hc has higher
values during the dry period and lower values during the rainy period, with averages
of 22.75 +0.61 M) m2d™" in August and 16.44 + 1.45 M) m™2 d~" in January. However,
the decline from August to October is not symmetrical, as the average value in
September (20.03 M) m~2 d™") is not higher than in October (20.11 MJ m=2 d™"). This
behavior is a result of the increased concentration of biomass burning aerosols in the
atmosphere in September due to the high number of fire spots in the region at this
time of year (Figure 3). In addition to the high fire activity in the State, there is also
long-distance transport of aerosols from northern Brazil (PALACIOS et al., 2018). The
biomass burning aerosols modify the radiative balance at the surface by absorbing
and scattering the solar radiation. The increase in biomass burning aerosols thus
leads to a relative increase in diffuse radiation, which in turn can affect many
biological processes such as plant productivity (PAULIQUEVIS et al., 2007, MERCADO
et al., 2009).

Figure 6 - Monthly averages of global radiation (Hg) (A) and of diffuse radiation (Hp) (B)
in the region of Sinop, MT, between 06/02/2011 and 12/31/2014
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Figure 7 - Monthly averages of the atmospheric transmissivity coefficient (K1) in the

Sinop, MT region, between 06/02/2011 and 12/31/2014
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The seasonality of the diffuse component is similar to that of the radiation at the
top of the atmosphere, but the diffuse component is strongly affected by the geometric
correction, which in turn is dependent on the zenithal angle. However, the annual cycle
of diffuse radiation is also dependent on weather conditions (specifically, cloudiness and
precipitation), as evidenced by the increase in standard deviations for the rainy months
and the great variability in observed sky cover classes.

The diffuse radiation has isotropic and anisotropic characteristics that result from
atmospheric scattering. In general, when concentrations of water vapor are high (i.e., in
summer), the solar radiation is attenuated by reflection and anisotropic diffusion.
However, since the radiation is transmitted, there is an inversion process of the diffuse
radiation between the cloud and the surface, wherein scattering with isotropic
characteristics is generated. In turn, in the dry season isotropic and anisotropic scattering
occur together (CHWIEDUK, 2009; POSADILLO; LUQUE, 2009; SOUZA et al., 2012; SOUZA;
ESCOBEDO, 2013; DAL PAI et al., 2016).

The highest daily average values of diffuse radiation occurred between October
(7.10 + 0.83 M) m™2 d™") and April (6.30 + 0.68 M) m=2 d™"), with a maximum in February
(7.17 M) m=2 d™', equivalent to 39.69% Hg). The lowest average values were observed in
July (3.75 M) m=2d™" or 17.79% Hg). The standard deviations on the monthly averages of
diffuse radiation vary from 0.15 in August to 0.95 M) m=2 d™' in March. The highest

standard deviations occur in spring and fall, the transitional seasons. This behavior
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matches the results of studies conducted in other regions of Brazil such as Cascavel
(DRECHMER; RICIERI, 2006), and indicates that in general, in the North of Mato Grosso
(the Cerrado-Amazon transition region), the winter is characterized by clear sky days and
the summer by cloudy sky days, in keeping with the hydrological conditions in the region.

This evaluation of the frequency of occurrence of the daily values of Kr throughout
the year (Table 2) highlights the effect of atmospheric composition (clouds, water vapor,
and aerosols) on the transmission of global radiation and the behavior of diffuse
radiation. During the dry season clear (62.07%) and partially clear (23.45%) sky days occur
more frequently, while in the rainy season partially diffuse sky conditions prevail (51.47%).
In January, the rainy season, cloudy (36.56%), and partially diffuse (50.54%) days occur
more frequently, whereas in August 97.58% of the days are characterized by atmospheric
transmissivity higher than 55%. This behavior is similar to that seen by Teramoto;

Escobedo (2012) in Botucatu, SP.

Table 2 - Frequency of sky conditions in Sinop, MT during the period 06/02/2011-
12/31/2014) according to the classification proposed by Escobedo et al. (2009)

" 0
Month Sky coverage conditions (%)

I (cloudy) Il (partially diffuse) Il (partially clear) IV (clear)
January 36.56 50.54 12.90 0.00
February 22.41 50.49 21.22 5.87
March 11.83 52.69 27.96 7.53
April 10.00 44.44 31.11 14.44
May 1.08 13.98 29.03 55.91
June 5.03 5.00 12.56 77.41
July 2.42 1.61 8.87 87.10
August 0.00 2.42 20.97 76.61
September 3.33 2417 36.67 35.83
October 6.45 45.97 41.13 6.45
November 25.00 58.33 15.00 1.67
December 15.48 57.80 19.44 7.28

Sky coverage |l (partially diffuse) conditions were observed more frequently
during the rainy months, as were sky coverage | conditions. The frequency of sky
coverage lll conditions values ranged from 41.13% in October to 8.87% in July. Overall,

during the period studied, sky coverage classes of | to IV prevailed in the Sinop, MT
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region 11.63%, 33.95%, 23.07%, and 31.31% of the time, respectively. These values
correspond to a high percentage of days (54.41%) with Kt greater than 0.55.

The daily mean values of the radiometric fractions of diffuse radiation Kd and Kd'
varied throughout the year (Figure 8) according to astronomical variations and the
atmospheric composition. In general, the highest values occur in the rainy or transition
seasons. During these periods, the diffuse radiation can be equivalent to 54%
(January/13) and 32% (March/12) of global radiation (Kd), and, 18% (November/13) to
12% (January/12) of radiation at the top of the atmosphere (Kd'). The lowest values of
these two radiometric fractions occur between May and August and decrease over that
time period, with Kd decreasing from 0.31 in May to 0.16 in July and Kd' decreasing from
0.15in May to 0.10 in July.

Figure 8 - Daily values of radiometric fractions Kd and Kd' in Sinop, MT, between

06/02/2011 and 12/31/2014
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On average, 35.06% of days in the region of Sinop, MT are characterized by
partially diffuse sky conditions. The diffuse radiation can represent 8.02%-99.12% of
the global radiation and 5.33%-29.01% of the solar energy incident at the top of the

atmosphere.
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4 CONCLUSIONS

In the Cerrado-Amazon transition region of Mato Grosso state, global radiation
shows higher values during the dry season (May to September), while the diffuse
radiation presents the opposite behavior, with the highest values occurring during the
rainy season (October to April).

The results allow to indicate that the global and diffuse radiation present similar
seasonality, depending on the atmospheric conditions. Cloudiness and biomass
burning aerosol concentrations influence the transmissivity of global and diffuse
radiation, particularly during the transition months between the rainy and dry seasons.

The solar radiation data were also used to compute various climatic parameters
including KT and Kd. The results are in good agreement with our previous findings. The
study can help to establish a comprehensive solar radiation database for subsequent
building engineering and environment evaluations. The direct radiation can be
obtained by the difference between global and diffuse for applications in this region.
Other studies must be carried out to calibrate the anisotropic coefficients in the region
and the development of simplified models of diffuse radiation estimation based on

other meteorological variables.
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