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RESUMEN

La radiación ultravioleta (RUV) desempeña un papel clave en la fotoquímica de la atmósfera a través de 
procesos de absorción o dispersión por sus componentes (ozono, nubosidad, aerosoles y contaminantes en 
la troposfera). Cuantificar la RUV de forma espacial y temporal y conocer su relación con las variables mo-
duladoras es importante para el estado de Rio Grande do Sul, una región con una de las tasas de neoplasias 
cutáneas más altas de Brasil. En este estudio se utilizaron los datos de radiación ultravioleta para la región, 
adquiridos por el Instrumento de Monitoreo de Ozono (OMI, por su sigla en inglés) para el periodo 2006-
2020, expresados en términos de dosis diaria eritematosa (DDE), con el objetivo de cuantificar la incidencia 
de la RUV, su estabilidad en el tiempo y distribución espacial. Nuestros resultados muestran que para esta 
área de estudio la radiación varía de 3300 a 3700 J m–2, con un gradiente latitudinal de 66.7 J m–2 por grado, 
con máximos registrados en diciembre (6028 J m–2, verano) y mínimos en junio (1123 J m–2, invierno). El 
29.76% del área tuvo una tendencia decreciente a largo plazo (valor z = –2), mientras que el 6.19% del área 
tuvo una tendencia creciente (valor z = 5). Durante el periodo estudiado de 15 años, las ocurrencias de valo-
res altos de DDE se correlacionaron negativamente con el O3 total como relación dominante, registrándose 
también correlaciones positivas o negativas con el NO2 total supeditadas a la época o región investigadas.

ABSTRACT

Ultraviolet radiation (UVR) plays a key role in the photochemistry of the atmosphere, through absorption 
or dispersion processes by its constituents (ozone, cloudiness, aerosols, and pollutants in the troposphere). 
Quantifying UVR in a spatial-temporal way and knowing its relationships with modulating variables is im-
portant for Rio Grande do Sul State, a region with one of Brazil’s highest skin neoplasms rates. Ultraviolet 
radiation data for the region, acquired by the Ozone Monitoring Instrument (OMI) for the period 2006 to 
2020, and expressed in terms of erythemal daily dose (EDD), was used in this study, with the objective of 
quantifying UVR incidence and its stability in time and spatial distribution. Our results show that for this 
study area the radiation varies from 3300 to 3700 J m–2, with a latitudinal gradient of 66.7 J m–2 per degree, 
with maxima recorded in December (6028 J m–2, summer) and minima in June (1123 J m–2, winter). A long-
term decreasing trend of 29.76% (z value = –2) was observed in the area, while 6.19% of the area had an 
increasing trend (z value = 5). During the studied period of 15 years, occurrences of high values of EDD 
were negatively correlated with total O3 as the dominant relationship. Positive or negative correlations with 
total NO2 were also recorded, depending on the investigated season or region.
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1. Introduction
From the total energy emitted by the Sun, only 8% 
of what arrives at the top of Earth’s atmosphere is 
ultraviolet radiation, being still reduced to 4% upon 
arriving at the Earth’s surface due to physical process-
es in the atmosphere and to additional―geographical, 
temporal, astronomical, and others―factors (Iqbal, 
1983; Huffman, 1992; Guarnieri et al., 2004; Silva 
et al., 2008; Fountoulakis et al., 2020). This radia-
tion falls mainly into the UV-A range (315-400 nm), 
which has low atmospheric absorption, and in the 
UV-B range (280-315 nm) which, even if less intense, 
is important to several photochemical and biological 
processes. A third component, UV-C (200-280 nm) 
is absorbed into the stratosphere during the process 
of ozone layer formation (Koller, 1965; Robinson, 
1966; Guarnieri et al., 2004; Sliney, 2007; Bilbao 
et al., 2011; Andrade and Tiba, 2016). Monitoring 
of UV intensity and its fluctuation is important for 
biological and human health issues, and one of the 
most used quantifying parameters is the erythemal 
daily dose (EDD) expressed in J m–2 and defined as 
the integration over the day of the incoming ultravi-
olet irradiance on a horizontal surface weighted with 
the erythema action spectrum (McKinlay and Diffey, 
1987; WMO, 2007).

Since the ozone depletion detection (Farman et 
al., 1985), efforts have been made to quantify EDD 
magnitude and to estimate long-term variation trends 
towards higher values in ultraviolet radiance, being 
this variation continuously estimated from satellite 
measurements, with a large spatial cover and with 
data records sufficient to produce trend estimates (Ia-
longo et al., 2008; Herman, 2010), mostly focused on 
specific regions. The factors affecting ultraviolet ra-
diation are generally well known, and the importance 
of each factor varies with latitude, climate, and the 
amount of atmospheric pollution at each site, giving 
origin to non-linear interactions involving complex 
absorption and scattering processes (Koronakis et al., 
2002; Kerr and Fioletov, 2008). 

The main parameter modulating ultraviolet ab-
sorption is stratospheric ozone (90% of total O3), 
which presents a seasonal pattern due to natural 
processes of formation, transport, and destruction. 
Ozone concentrations are at their lowest levels in fall 
and highest in spring (Wakamatsu et al., 1989; André 
et al., 2003). However, this variability is influenced 

by natural phenomena and anthropogenic activities 
(Fahey and Hegglin, 2011; Bais et al., 2015), the latter 
being linked to the industrial production of nitrogen 
dioxide (NO2) formed from the oxidation of nitrous 
oxide (N2O) coming from the troposphere. NO2 can 
attain high concentrations in the stratosphere (90% 
of all NO2), where it destroys O3 through catalytic 
processes by sequestering active radicals (Seinfeld 
and Pandis, 1998). 

The impact of ultraviolet solar radiation on en-
vironmental and human health is well known by 
the scientific community (Davis and Sims, 1983; 
Caldwell et al., 2003; Tiegte et al., 2007; Cardoso, 
2011; Rodríguez, 2017). However, the knowledge 
of variability and quantity of spatiotemporal ultra-
violet radiation and its relationship to processes in 
the atmosphere (ozone formation, ozone hole, etc.) 
has received considerable attention from research 
projects (Grant and Heisler, 2000; Alados-Arbole-
das et al., 2003; Efstathiou et al., 2005; Bais et al., 
2007; Kerr and Fioletov, 2008; Meleti et al., 2009; 
Barnard and Wenny 2010; Elsner et al., 2010; Rie-
der et al., 2010; Antón et al., 2012; Bernhard et al., 
2013; Wolfram et al., 2013; Lopo et al., 2014; Liu 
et al., 2017; Čížková et al., 2018; Jebar et al., 2019; 
Becerra-Rondón et al., 2021; Gholamnia et al., 2021; 
Raptis et al., 2021). In this context, the southern part 
of South America, being closer to the Antarctic ozone 
hole, is an area exposed to high levels of ultraviolet 
radiation throughout the year (Corrêa and Pires 2013; 
Zaratti et al., 2014), making this region important 
(Díaz, 2006) at a global scale for UV studies. 

While stratospheric ozone is the major atmospher-
ic absorber of ultraviolet radiation, local changes 
in air pollutants may mask an ultraviolet radiation 
increase associated with low total ozone episodes, 
especially in the presence of aerosols (Meleti et al., 
2009). This confusing factor may be considered by 
analyzing the ozone time series, helping to understand 
UV relationships with pollutants. Besides, consider-
ing that for southern Brazil ultraviolet fluxes show 
significant variability between seasons (Kirchhoff et 
al., 2000; Guarnieri et al., 2004; Kerr and Fioletov, 
2008), quantifying UV variability becomes important 
on decision-making processes aiming to mitigate ef-
fects from exposition to ultraviolet radiation. Based 
on these perceptions, the objective of this research 
was: (a) to perform an evaluation, at pixel scale, of 
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the long-term UV variability in Rio Grande do Sul 
State; (b) to estimate time trends in this variability, 
and (c) to investigate possible relationships between 
UV higher values with total O3 and total NO2. To 
this end, satellite data was our primary source of 
information. Our research will be presented in the 
following sections.

2. Material and methods
2.1 Study area
Rio Grande do Sul is the Brazilian southernmost 
state, having international borders with Argentina 
to the west and Uruguay to the south (Fig. 1). Its 
area is 281 707 km², and with more than 11.5 million 
inhabitants it is the fifth most populated state in the 
country. The region has a humid subtropical climate 
with a large seasonal variation with hot summers and 
well-defined cold winters. Mean temperatures vary 
from 15 to 18 ºC, with lows as much as –10 ºC (June 
and July) and highs going up to 40 ºC (December to 
March) (Livi, 2002). The surface elevation ranges 
from sea level up to 1200 m with the highest points 
northeast of the state (Fig. 1).

2.2 Data source 
This research was performed from data acquired by 
the Ozone Monitoring Instrument (OMI) onboard 
satellite Aura. This sensor is equipped with a spec-
trometer pointed to the nadir which measures the 
ultraviolet light (264-504 nm) coming from the Sun 
and back-scattered by the atmosphere. The differen-
tial optical absorption spectroscopy (DOAS) and total 
ozone mapping spectrometer (TOMS) algorithms 
were developed to derive several products (Levelt et 
al., 2006), of which we used nitrogen dioxide (OM-
NO2d) derived from DOAS and, from TOMS, total 
ozone (OMTO3d), and EDD (OMUVBd) (Krotkov 
et al., 2006; Tanskanen et al., 2006). For the product 
OMNO2d (total column density) data is provided 
in molecules cm–2, at a spatial resolution of 0.25º × 
0.25º (lat/lon), and with a daily frequency. Product 
OMTO3d (total column density) is also daily but 
with 1.0º × 1.0º (lat/lon) spatial resolution and in 
Dobson units (where 1 DU = 2.7 × 1018 molecules 
O3 cm–2). Product OMUVBd (cumulative daily dose) 
is in J m–2.

In this study, information of 15 years (2006-2020) 
including 5452 images with daily measurements 
(99% of the series) were used to assess and analyze 
EDD distributions above the study area. This data was 
acquired from the data provider GES-DISC (NASA, 
2021) and processed using free software RStudio. 
The spatial resolution of products OMUVBd and 
OMTO3d was resampled from 1.0º × 1.0º to 0.25º 
using a RStudio functionality to have uniformity with 
product OMNO2d. For this 0.25º resolution, the study 
area is covered by 420 cells.

2.3 Analysis
The spatiotemporal analysis of the long-term (2006-
2020) EDD consisted of two parts: (1) variation and 
trend, and (2) relationships of total O3 and total NO2 
with higher values of EDD. All the analyses and maps 
have been processed using statistical functionalities of 
the software R, version 4.0.5 (R Core Team, 2021). The 
spatiotemporal variations and the corresponding trends 
were obtained through the following calculations:

The mean per cell for all 420 cells of the study 
area for three periods (yearly, monthly and seasonal), 
using their daily values, was calculated as follows:

Vari=
∑t

startdate
enddate

Vari,t
n

 (1)
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Fig. 1. Location (red contour) and topographic representa-
tion (right) of the Rio Grande do Sul State, Brazil. 
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where Vari is the mean of the variable in each cell 
for the respective period; the start and end dates 
correspond to the first and last date of each period; 
n is the number of days in the period.

The coefficient of variation (CV), which is a sta-
tistical measure of the dispersion of data points in a 
data series around the mean, is expressed as:

C V =
σ
μ

*100 (2)

where σ is the standard deviation and μ is the mean.
From annual means of EDD, the spatiotemporal 

trend was determined using the Mann-Kendall trend 
test and Theil-Sen’s slope estimator (Mann, 1945; 
Kendall, 1975), both of them being nonparametric 
tests. The Mann-Kendall test indicates trend and 
Theil-Sen’s slope estimator indicates the slope of 
this trend, as follows:

Q =
EDDi − EDDj

Ti − Tj
 (3)

where EDDi and EDDj indicate the sequential data 
values of the time series in the years Ti and Tj, respec-
tively, with j > i. The calculated Q is the estimated 
magnitude of the trend slope in the time series of the 
data, where negative values indicate a downward 
trend and positive values indicate an upward trend. 

To evaluate the relationships between higher 
values of EDDs with the variables total O3 and 
total NO2, we compiled the spatial and temporal 
distribution of EDDs at each month for the period 
2006-2020 (Fig. 2a). We were then able to establish 
the 90th percentile (EDD90+) by pixel in each month 
(Fig. 2b). Once the EDD90+ days were identified and 
the values of total O3 and total NO2 were selected, 

corresponding to these higher UV values for the 
concerned pixels, we performed a partial correlation 
(rpartial) and we valued only those results with a 
level of statistical significance α ≤ 0.05. This method 
allowed us to evaluate the correlation between two 
variables considering the effect (variance) of a third 
one (Fig. 2c), and is typically applied when there 
is reasonable evidence of correlations between the 
considered variables, which is the case involving 
UV, NO2, and O3. Therefore, we applied this method 
successively for total O3 and total NO2, obtaining the 
respective correlations with EDD90+, while the other 
variable remained constant. To better understand and 
describe the results, classification criteria according 
to the type of correlation and the respective level of 
significance were established.

Additionally, having generated monthly EDD90+ 
thresholds, these results were grouped by year to 
estimate (a) the number of times (frequency) that a 
pixel is repeated under this condition each year, and 
(b) the number of days per year that registered this 
condition.

3. Results 
3.1 Spatial and temporal distribution over Rio 
Grande do Sul State
The average daily ultraviolet erythemal irradiance for 
Rio Grande do Sul State, derived from OMI obser-
vations for the 15-year studied period, is presented 
in Figure 3a. Values vary from 3300 to 3700 J m–2, 
with a steady irradiance gradient in latitude of about 
66.7 J m–2 degree–1, decreasing southwards. The 
long-term spatiotemporal variations are presented in 
Figure 3b, with values from 1.8 to 3.6%, a fluctuation 
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that approximately follows the gradient shown in 
Figure 3a. Figure 3c shows that 29.76% of the area 
had a long-term decreasing trend, while 6.19% had 
a long-term increasing trend; the remaining state’s 
area didn’t record significant (α>0.05) trends. The 
largest increasing trends coincide with north-east 
areas, which have the highest elevations.

Monthly averages had values as high as 6028 J m–2 
in December and as low as 1123 J m–2 in June (Fig. 4 
and Table I). Besides, it was observed that April and 
August were the months with the largest changes 
in ultraviolet erythemal irradiance, dropping from 
2811 J m–2 in April to 1633 J m–2 in May and the 
inverse between August (1746 J m–2) to September 

(2666 J m–2) (Fig. 4, Table I). Regarding seasonal varia-
tions, these are more intense in the spring-summer period 
(4007 J m–2 to 5411 J m–2) rather than in the au-
tumn-winter period (1378 J m–2 to 2899 J m–2) 
(Table I).

Considering that the ultraviolet erythemal irradi-
ance in Rio Grande do Sul has a defined spatial and 
temporal pattern (Figs. 3, 4), and based on the 90th 
percentile for each pixel in each month (see Table 
SI in the supplementary material), we derived that 
the highest incidence of high values of ultraviolet 
erythemal irradiance took place in 2006 (a maxi-
mum of 67 occurrences per pixel and a total of 157 
days), and the lowest incidence was recorded in 2011 
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(a maximum of 20 occurrences per pixel and a total 
of 49 days) (Fig. 5).

The temporal relationships of total O3 and total 
NO2 with the higher values of ultraviolet erythemal 
irradiance are presented in Figure 6. It is observed 
that ultraviolet erythemal irradiance and total NO2 
present a similar pattern throughout the year with 
a minimum between the months that correspond 
to winter and maximum between the months that 
correspond to summer (Fig. 6a, c). Meanwhile, total 
O3 exhibits minimum in summer and maximum in 
spring (Fig. 6b).

The partial (rpartial) pixel-to-pixel relationships 
between EDD90+ and total O3 and total NO2 vary by 
month (see Tables SII-SXIII in the supplementary 
material). In particular, we observed that occurrences 
of EDD90+ can be grouped in five situations (Table II), 
as follows: (a) pixels where there is a dominant 
negative correlation of EDD90+, both with total O3 
and total NO2; (b) pixels where there is a negative 
correlation with total O3 and a positive one with total 
NO2; (c) negative correlation predominates with total 

NO2; (d) negative correlation predominates with 
total O3, and (e) cases where EDD90+ occurrence is 
not explained by its correlation neither with total O3 
nor total NO2. 

The spatiotemporal distribution of these five 
situations is shown in Figure 7a, b, in terms of the 
percentages which explain the EDD90+ observations. 
From the analysis of results presented in Figure 7, it 
is suggested that total O3 is the main factor explaining 
EDD90+ observations in all months, having a weight 
ranging from 25% (April) to 93% (November), with 
the notable exception of May, where its contribution 
(and of all other considered factors) is not significant. 
Synergies, either positive or negative, of total O3 and 
NO2 did not seem to play significant roles in EDD90+ 
observations, while total NO2 explains EDD90+ ob-
servations at most for 4% of all pixels. On the other 
hand, between 5 to 96% of pixels with EDD90+ seem 
not to be linked neither to O3 nor to NO2, with higher 
frequencies in January (40% of the area) and May 
(96% of the area). EDD90+ data for these months 
remains mostly unexplained by our approach.
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Fig. 5. Occurrence of spatiotemporal distribution of high erythemal daily dose values above the 90th percentile (EDD90+).
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4. Discussion
4.1 Spatial and temporal distribution over the Rio 
Grande do Sul State
The latitude dependence of ultraviolet erythemal irra-
diance within Rio Grande do Sul shown in Figure 3a 
is part of an ampler dependence already reported 
(Corrêa, 2015). Even if the overall ultraviolet irradi-
ance in southern Brazil, and especially in Rio Grande 
do Sul, presents lower values if compared with north-
ern regions, detailed knowledge of its magnitude and 
distribution is of interest by demographical reasons: 
the state presents the country’s highest rates of mel-
anoma cancer, a fact that is attributed to a higher 
percentage of people of Caucasian or European origin 
that present a greater predisposition to develop this 
pathology when exposed to UV radiation (Lee-Tay-
lor et al., 2010; Corrêa, 2015; Imanichi et al., 2017; 
INCA, 2020). From Figure 3a it can be seen that UV 
erythemal irradiance varies significantly across the 
state, a perception that is reinforced by the results 
presented in Figure 3b and especially in Figure 3c, 
which suggest that irradiance had a positive time 
variation in a non-negligible fraction of the state’s 
area during the studied period. Presently, informa-
tion on skin cancer incidence in different regions 
of the state is still lacking, and this study provides 
useful information for the understanding of data that 
eventually will be available and the corresponding 
management. It is also important to note that the 
erythemal ultraviolet irradiance received in the fall 
of 2020 (with 3161 J m–2) was higher than in the 
previous 14 autumns, in agreement with what was 
reported by Becerra-Rondón et al. (2021) on increas-
es in the ultraviolet radiation index for that season 
in previous years. Additionally, we also note that the 
highest EDD values, which have been measured in 
2006, coincide with a year of very low solar activity, 

as measured by the number of solar spots, while the 
lowest EDDs have been measured in 2011, that is, 
about a half solar cycle after 2006 (Rampelotto et al., 
2009; Valachovic and Zurbenko, 2014; BOM, 2021).

Presently, we observe that the northeast part of the 
study area has the lowest latitudes and the highest alti-
tudes, associated with the highest radiation values and 
with changes in intensity according to the period (for 
the monthly and seasonal case) (Fig. 4). This behavior 
is due, at least in part, to the fact that at higher sites the 
path through the atmosphere is shorter and scattering 
processes (Rayleigh and Mie) are not as important 
compared to lower sites, where radiation is reduced 
by increasing density and atmospheric components, 
which promotes greater attenuation (Ziemke et al., 
2000). This effect is intensified when combined with 
the variation of the solar zenith angles (geographical 
and astronomical effects) (Schmucki and Philipona, 
2002). Although these two effects establish a spatial 
and temporal distribution pattern in our study area, 
changes in cloud cover, temperature, secondary ef-
fects of the Antarctic ozone hole, and other variables 
(e.g., ozone, aerosols, and air pollutants) also greatly 
influence short- and long-term variations (Kirchhoff 
et al., 1996; Koronakis et al., 2002; Schmucki and 
Philipona, 2002; Guarnieri et al., 2004; Kerr and 
Fioletov, 2008; Salgado et al., 2010; Schmalfuss et 
al., 2014; Nunes et al., 2020).

4.2. Relationships of total O3 and total NO2 with 
high values of erythemal daily dose
Even if the temporal behavior of total O3 and total 
NO2 (which affect ultraviolet radiation [Fig. 6b, c]) 
is well defined, the simultaneous presence of more 
than one of them can lead to non-linear interactions 
involving complex absorption and scattering pro-
cesses (Kirchhoff et al., 2000; Krotkov et al., 2001; 

Table II. Classes according to partial correlation coefficients (rpart). 

Clasification criteria Class

rpartiala ≤ 0 & rpartialb ≤ 0; pvaluea ≤ 0.05 & pvalueb ≤ 0.05 TO3–TNO2
rpartiala ≥ 0 & rpartialb ≤ 0; pvaluea ≤ 0.05 & pvalueb ≤ 0.05 TO3–TNO2

rpartialb ≤ 0; pvaluea ≥ 0.05 & pvalueb ≤ 0.05 TO3
rpartiala ≤ 0; pvaluea ≤ 0.05 & pvalueb ≥ 0.05 TNO2

pvaluea ≥ 0.05 & pvalueb ≥ 0.05 Unexplained

aTotal NO2 (TNO2); btotal O3 (TO3). 
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Fig. 7. Factors affecting the spatiotemporal variability of EDD90+ in Rio Grande 
do Sul: (a) monthly percentage of area explained by total O3 or total NO2, and 
their combinations; (b) its spatial location.
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Koronakis et al., 2002). Moreover, the magnitude 
of the ultraviolet intensity varies in function of the 
chosen period (daily, monthly, and annual mean), 
and from geographical characteristics (Kerr, 2005; 
Ialongo et al. 2011; Čížková et al., 2018). From 
these perceptions and considering the atmospheric 
processes and associated health hazards character-
istic of our study area, we highlighted where higher 
values of ultraviolet radiation occurred, spatially and 
temporally (EDD90+) (Fig. 5). From these results, 
the relationships of the two modulating factors (to-
tal O3 and total NO2) with respect to EDD90+ were 
investigated.

We found that for nine months of an average 
year (from June to February) between 53 to 93% 
of the study area have EDD90+ primarily associated 
with total O3 in the form of a negative correlation 
(Fig. 7a, b). This behavior has also been reported in 
other works under all weather conditions (Kerr and 
McElroy, 1993; Fioletov et al., 1997; Guarnieri et 
al. 2004; Rieder et al., 2010; Bernhard et a., 2013; 
Lopo et al., 2014; Čížková et al., 2018; Raptis et al., 
2021). In the remaining months (March to May) from 
70 to 96% of the area have EDD90+ unexplained by 
total O3 and/or total NO2, being therefore attributed 
to variables not considered in this study. A large 
inversion of the total O3 weight between May and 
June was observed. While it is true that total O3 is 
the main driver of long-term variations in ultravi-
olet radiation intensities, it can also be argued that 
the solar zenith angle (SZA) and cloud cover are 
non-negligible factors in the short term, gaining more 
importance during autumn and summer, respectively 
(Lopo et al., 2014; de Bock et al., 2014; Čížková 
et al., 2018). In this context and considering the 
complexity of interactions with ultraviolet radiation, 
during autumn and winter Rio Grande do Sul State 
is also under the effect of atmospheric circulation 
patterns (equatorial Atlantic mass, tropical Atlantic, 
continental tropical, and polar) that promote the 
transport of flows of ozone-poor air from the tropics 
towards high latitudes, accompanied by higher air 
pressures that lead to clear or partially cloudy skies, 
leading to the incidences of EDD90+ (Stick et al., 
2006; Rossato, 2011). 

Meanwhile, although in a smaller proportion 
of the studied area (between 0.2-6.4%) throughout 
the year, the relationship of total NO2 with EDD90+ 

values exists in three situations (Table II), depending 
of the pixels (regions) considered, which shows how 
the complexity of the interaction of more than one 
variable in time and space generates the same effect.

Associating our results and their derived percep-
tions to what has been reported elsewhere (Rieder et 
al., 2010; Cížková et al., 2018), high values of ultra-
violet radiation tend to be associated to low total O3 
levels and with the absence of clouds or with partly 
cloudy skies. Furthermore, the influence of air pollut-
ants (e.g., NO2) over ultraviolet radiation is significant, 
acting in complex ways, even on cloudy days when 
the prevailing effect of clouds was expected. It was 
reported that two of these outcomes are that both high 
and low concentrations of NO2 lead to higher ultra-
violet radiation (Dickerson et al., 1997; WMO, 2020; 
Musiolková et al., 2021), which strongly suggests that 
although there are specific patterns for each variable 
depending on the season and cloud cover, the latter is 
possibly the most important, since it plays a crucial 
role in the influence of incident solar radiation during 
the day (Krotkov et al., 2001; Alados-Arboledas et al., 
2003; Musiolková et al., 2021)

5. Conclusions
Human exposure to solar ultraviolet radiation has im-
portant public health implications, and evidences of 
hazards associated with UV overexposure have been 
reported in many investigations. Starting from these 
perceptions and taking them as motivation, this study 
used remote sensing data to analyze the spatiotempo-
ral characteristics of EDDs in Rio Grande do Sul, a 
region where this important information is still lack-
ing. Our results showed that (1) the annual average 
of the daily accumulated EDDs was 3523.18 J m–2, 
with a long-term decreasing trend in 29.76% of the 
state’s area; (2) places located in lower latitudes and 
higher altitudes had higher incidences of EDD; (3) 
there is a well-defined temporal pattern, with a higher 
average value in summer (5806.98 J m–2) and a lower 
average value in winter (1378.71 J m–2); (4) during 
the 15 years of the study (2006-2020), the highest 
number of days with high EDD was in 2006, a year of 
lower solar activity, and (5) the incidence of EDD90+ 
(the more intense radiation for the whole studied pe-
riod) showed a negative correlation with total O3, and 
in a few cases either positive or negative correlations 
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with total NO2, however, the lack of correlations of 
EDD90+ with both total O3 and total NO2 in many 
instances (places and dates) is an indication that there 
are variables not considered in this study. Even if part 
of our generated EDD90+ data remains unexplained, 
our results on the spatiotemporal distribution of the 
highest incidence of this radiation can be relevant for 
official policies concerning the regional prevention 
of skin neoplasms, which are already among the 
highest in Brazil. 
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