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RESUMEN

La pandemia de COVID-19 redujo notablemente las actividades industriales y otras intervenciones antrópicas 
sobre el ambiente, lo cual disminuyó la emisión de gases contaminantes y aerosoles. El monitoreo de la calidad 
del aire comúnmente es desempeñado por estaciones automatizadas, las cuales proporcionan información 
precisa casi en tiempo real; no obstante, están sujetas a problemas de mantenimiento y no permiten alcanzar 
una cobertura total de grandes áreas geográficas. Alternativamente, los sensores orbitales proporcionan in-
formación detallada de grandes áreas a bajo costo. En consecuencia, este estudio tuvo por objeto analizar el 
efecto del cese parcial de actividades por la COVID-19 sobre los contaminantes atmosféricos y su impacto 
indirecto sobre la radiación UV en Rio Grande do Sul, Brasil. Analizamos la concentración de dióxido de 
nitrógeno (NO2), ozono total (O3) e índice ultravioleta (UVI) adquiridos por el sensor OMI (a bordo del 
satélite Aura), durante mayo, para los periodos de 2010 a 2018, 2019 y 2020. Calculamos las diferencias 
durante estas tres series temporales. Los resultados mostraron reducciones de hasta 33.9% del NO2 en la 
mayor parte del área de estudio, acompañadas de incrementos de hasta 3.5% en el ozono total y hasta 4.8% 
en el UVI. Aunque el NO2 desempeña un papel fundamental en la química estratosférica, nuestros resultados 
sugieren que su disminución en 2020 no tuvo incidencia directa en el incremento de O3; sin embargo, el NO2 
fue en parte responsable del incremento en el UVI, que a su vez provocó calentamiento en la estratosfera y 
aumento del O3.

ABSTRACT

The COVID-19 pandemic introduced a significant decrease in industrial activities and other anthropogenic 
interventions on the environment, followed by a reduction of the emission of pollutant gases and aerosols. 
Monitoring of air quality is commonly performed through automatic stations, which can provide nearly re-
al-time, accurate information. However, stations located in urban areas are subject to maintenance problems 
and extensive coverage for large areas is not feasible. As an alternative approach, data from orbital sensors 
can provide useful information for large areas at a low cost. Consequently, this study aimed to analyze the 
partial COVID-19 lockdown effect in atmospheric pollutants and its indirect impact in UV radiation in Rio 
Grande do Sul, Brazil. Data on concentrations of nitrogen dioxide (NO2), total ozone (O3), and ultraviolet 
index (UVI) acquired by the OMI sensor aboard the Aura satellite were accessed for May, for the entire pe-
riod 2010 to 2018, 2019, and 2020. Differences between these time series were calculated. Results showed 
significant reductions in NO2 in most of the study area by as much as 33.9%, followed by increases in total 
ozone of up to 3.5% and the UVI by up to 4.8%. Although NO2 plays a fundamental role in stratospheric 
chemistry, our results suggest that its decrease in 2020 was not directly responsible for the increase in total 
O3; however, NO2 was partially the cause for the increase in UVI, which in turn led to the heating of the 
stratosphere, generating an increase in O3.
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1. Introduction
Ultraviolet (UV) radiation from 100 to 400 nm con-
stitutes about 8% of the electromagnetic radiation 
emitted by the Sun (Robinson, 1966; de Andrade and 
Tiba, 2016), whereas the proportion which reaches 
the ground at Earth is reduced to 4% due to physical 
processes in the atmosphere and to additional―geo-
graphical, temporal, astronomical and others―factors 
(Iqbal, 1983; Huffman, 1992; Guarnieri et al., 2004; 
Silva et al., 2008; Fountoulakis et al., 2020). Its intensi-
ty is frequently expressed on a time basis by the Ultra-
violet Index (UVI) through a dimensionless numerical 
scale (WHO, 2002; WMO, 2011). Despite this sharp 
reduction, the UV radiation reaching the ground still 
has the potential to induce significant damages to the 
primary productivity and aquatic organisms (Cardoso, 
2011), in the yield of forest and crops (Caldwell et al., 
2003), on the survival of amphibians as environmental 
indicators (Tiegte et al., 2001), while increasing the 
degradation of some materials and inducing alterations 
in photochemical reactions linked to tropospheric ur-
ban pollution (Davis and Sims, 1983). UV radiation is 
also known to have negative impacts on human skin, 
eyes, and immune system (Coariti, 2017). Therefore, 
the knowledge of UV spatio-temporal variability has 
received considerable attention from research projects 
(Bais et al., 2007; 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 pro-
cesses of formation, transport, and destruction, thus 
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). 

Changes in natural processes and phenomena, 
amplified or caused by human actions, can generate 
potential hazards both to human communities and 
to the environment (Cheval et al., 2020). A notable 
change started in the end of 2019 with the unexpected 

outbreak of coronavirus disease (COVID-19), later 
declared a “global pandemic” by the World Health 
Organization (WHO) in the first semester of 2020. 
This disease has been reported in almost all geographic 
areas and climatic conditions, with a great impact on 
both economies and environments. Zambrano-Mon-
serrate et al. (2020) mention that the indirect impact 
of the pandemic on the environment has been little 
analyzed, and estimate that negative indirect effects 
would be greater than positive. Thus, studies that 
evaluate these impacts and how they are linked to 
infection and death rates are increasingly urgent and 
necessary to inform decision-makers at all levels (Liu 
et al., 2021; Paital and Agrawal, 2021; Travaglio et al., 
2021; Vásquez-Apestegui et al., 2021). 

Against the COVID-19 crisis, global drastic ac-
tions were taken by the majority of nations aiming 
to slow disease propagation. These actions had as 
collateral effects a significant global reduction of 
consumption of fossil fuels and decrease of levels 
of NO2 and other atmospheric pollutants by 20 
to 50%, facts that improved air quality (Tobias et 
al., 2020; Sharma et al., 2020; Zheng et al., 2020). 
South America is one of the regions most affected 
by COVID-19 (Zhu et al., 2020), and restrictions on 
most activities in Brazil started in March; as a result, 
drastic reductions in NO (up to 77.3%), NO2 (up to 
54.3%) and CO (up to 64.8%) were reported in São 
Paulo State, for the five-year monthly mean and the 
four-week period prior to the restrictions. On the 
other hand, ozone concentrations increased by 30%, 
possibly related to the decrease in nitrogen monoxide 
(Nakada and Urban, 2020; Siciliano et al., 2020).

In the state of Rio Grande do Sul a partial lock-
down was declared starting on March 16 and ex-
tending for several months, with public and private 
recreational areas and educational centers, besides 
commerce in general (except food and medicine) 
being closed. Land transport had a 40% reduction, 
air transport 90%, and use of private vehicles was 
significantly reduced; however, industrial activi-
ties, health, and basic services were not suspended 
(Ubiratan, 2020; Google, 2021). This scenario offers 
an opportunity to evaluate variations and trends of 
atmospheric physical processes over an area exposed 
to high levels of UV radiation for being close to the 
Antarctic ozone hole (Kirchhoff et al., 2000; Guar-
nieri et al., 2004).
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Remote sensing provides a cost-effective method 
to estimate many variables from regional to global 
scales. A large set of data on the atmosphere is con-
tinuously acquired and generated by a combination of 
satellite radiance measurements and radiative transfer 
models, providing spatial and temporal information 
under widely different atmospheric conditions. 
The accuracy of the models is limited mostly by 
uncertainties in input parameters representing the 
atmosphere and the Earth’s surface, a limitation that 
is mitigated by the combined use of ground-based 
monitoring and information of satellite sensors. With 
the increasing use of satellite images, improvements 
in algorithms have been implemented to offer ex-
peditious, accurate information over changes in air 
quality and their human impacts (Bais et al., 2007; 
Liu et al., 2016; Mostafa et al., 2021).

Catalytic agents like NO2 have an important 
role in atmospheric chemistry related to ozone for-
mation and destruction, O3 being the main vector 
to absorption of UV reaching the planet’s surface. 
In the recent context of reduction of activities due 
to the pandemics, emissions of greenhouse gases 
had fallen to levels not reported since World War II 
(Global Carbon Project, 2020). Monitoring these 
changes by conventional ground-level stations pro-
vide near-surface information, which however has 
spatial resolution limited by the surface density of 
station. This limitation presently can be mitigated by 
data acquired form satellite remote sensing, which 
provides data with large spatial cover and capability 
to detect spatio-temporal changes of several atmo-
spheric pollutants and UV processes (Liu et al., 
2016). Given that, presently, a series of sensors in 
orbit around the Earth display capabilities to detect 
several atmospheric pollutants and UV processes, 
the objective of this paper was to analyze the partial 
COVID-19 lockdown effect on atmospheric pollut-
ants and its indirect impact on UV radiation in Rio 
Grande do Sul. To this end, our analysis will be based 
on widely available data on the atmosphere, acquired 
from orbital sensors. 

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 with Uruguay to the south. Its area is 281 707 km², 
and with more than 11 million inhabitants it is the 
fifth most populated state in the country. The capital 
is Porto Alegre, whose metropolitan area concentrates 
an important fraction of the state’s population and eco-
nomic activities. Regarding the consumption of fossil 
fuels, the state has about 7.1 million vehicles (IBGE, 
2019). 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 of as much as –10 ºC (June 
and July) and highs going up to 40 ºC (December to 
March) (Livi, 2002). 

2.2. Satellite observations
This research was performed from data acquired by 
the Ozone Monitoring Instrument (OMI) sensor on-
board satellite Aura. This instrument is equipped with 
a spectrometer pointed to the nadir which measures 
the ultraviolet light (264-504 nm) coming from the 
Sun and back scattered by the atmosphere. The algo-
rithms Differential Optical Absorption Spectroscopy 
(DOAS) and Total Ozone Mapping Spectrometer 
(TOMS) were developed to derive several products 
(Levelt et al., 2006), of which we used NO2 (OM-
NO2d), total O3 (OMTO3d), and UVI (OMUVBd) 
(Krotkov et al., 2006; Tanskanen et al., 2006). 

For OMNO2d (total column density) data is pro-
vided in molecules cm–2, a spatial resolution of 0.25º 
× 0.25º (Lat/Lon), and daily frequency; also daily, 
but with 1.0º × 1.0º (Lat/Lon) spatial resolution and 
Dobson units (where 1 DU = 2.7 × 1018 molecules 
O3 cm–3) for product OMTO3d (total column den-
sity), and in a non-dimensional scale for product 
OMUVBd (intensity at local solar noon).

Since restrictions to social mobility started in 
March and considering that after two months en-
vironmental changes would be well established, 
we selected May as our period of assessment. A 
time series of 11 years (2010-2020) with 1003 im-
ages with daily measurements (97% of the series) 
was acquired from the data provider GES-DISC 
(NASA, 2020). Processing was performed using 
free software RStudio, and the spatial resolution of 
products OMUVBd and OMTO3d was resampled 
to 0.25º to have uniformity with product OMNO2d. 
For this 0.25º resolution, the study area is covered 
by 420 cells.
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2.3. Data analysis
To evaluate the behavior of these variables in this 
unique scenario, we selected three different periods: 
2010 to 2018 (long-term trend), 2019 (period prior 
to the partial lockdown scenario), and 2020 (partial 
lockdown scenario). For each product, we calculated 
the average per cell for all 420 cells of the study area, 
for May, in these three periods. The averages were 
calculated using the daily values for each of these 
periods, as follows:

Vari =
t

start date

end date
 Vari,t

n  (1)

where Var𝑖 is the average of the variable in each cell 
for the respective period; start date and end date 
correspond to the first and last date of each period, 
and n is the number of days in the period.

To assess spatio-temporal percentage changes of 
variables in May 2020 in relation to previous periods, 
we calculated differences between their means. From 
these differences, we calculated the percentages of 
variation by dividing them by the mean of each period 
prior to the pandemics:

P =
C2 C 1( )
C1

× 100% (2)

where P is percentage change between different pe-
riods, C1 is the mean concentration of the previous 
period, and C2 is the average of the latter period.

Finally, Pearson correlation coefficients were 
derived to estimate the relation of NO2 with total 
O3 and UVI, taking as values to be compared the 
measured concentrations or index in the 420 cells 
covering the state.

3. Results
Table I presents the averages for May in the years 
2010 to 2018, 2019, and 2020. Taking 2020 as ref-
erence, and for NO2, a drop of 1.30% was observed 
with respect to the historical mean derived for the 
2010 to 2018 period; compared with 2019, 2020 
displays a decrease of 5.03% in NO2. Considering 
total O3, in 2020 a drop of 1.12% was observed with 
respect to the historical mean for 2010 to 2018, but 
if compared only with 2019, 2020 shows an increase 
of 2.32% in total O3. For the ultraviolet index (UVI), 
an increase of 10.43% was observed in 2020 com-
pared to the 2010-2018 time series, and of 15.18% 
compared with 2019.

Figure 1a shows the spatio-temporal distribution 
of NO2. For 2010-2018 the largest NO2 concen-
trations were found in the metropolitan area of 
the capital, Porto Alegre (3.92E + 15 molecules 
cm–2), and the lowest at the hinterland (2.67E + 
15 molecules cm–2); these values are of 4.12E + 
15 and 2.44E + 15 molecules cm–2 for 2019, and 
of 4.17E + 15 and 2.25E + 15 molecules cm–2 for 
2020, respectively. Figure 1b presents results for 
total O3, where it is possible to observe a gradient 
in latitude, with this variable decreasing southward. 
Maximum and minimum averages were 271 and 
263 DU for 2010-2018; 262 and 255 for 2019, and 
269 and 262 for 2020, respectively. In Figure 1c we 
present results for the ultraviolet index; again, there 
is a gradient in latitude, but inversely if compared 
with O3, since now UVI decreases northwards. 
Values for UVI are 4.25 and 3.06 (2010-2018); 
3.69 and 3.15 (2019); and 4.64 and 3.55 (2020), 
respectively.

Table I. May results for the UVI, NO2 and total O3 for Rio Grande do Sul State, 
Brazil, with respect to the historical mean for 2010 to 2018, mean for 2019, and 
mean for 2020.

UVI NO2 (1015 molec./cm2) Total O3 (DU)

Mean 2010 to 2018 3.64 3.06 267
Mean 2019 3.49 3.18 258
Mean 2020 4.02 3.02 264

UVI: Ultraviolet Index.
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Figure 2 presents the variation of the studied vari-
ables, taking 2020 as reference. In Figure 2a we can 
see that, compared with the time series 2010-2018, 
NO2 values dropped in 55.5% of the studied area, 
being lower in amounts up to 28.7%. In the remaining 
area, the increase of NO2 was up to 30.9%. However, 
compared with 2019, 2020 showed decreasing NO2 

in 66.4% of the state area by amounts up to 33.9%, 
while in the remaining area increases up to 45.4% in 
NO2 were observed.

Figure 2b presents results for total O3. Compared 
with the time series 2010-2018, in 2020 total O3 
dropped as much as 0.5% in 89.6% of the studied 
area; in the remaining 10.4% of the state, total O3 
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Fig. 1. Spatio-temporal variability of the studied variables for Rio Grande do Sul State, 
Brazil. (a) NO2, (b) total O3, (c) Ultraviolet Index. The metropolitan area of the state 
capital is highlighted.
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increased as much as 2.5%. However, when com-
pared with 2019, it was observed that in 2020 total 
O3 increased in all studied cells by values up to 3.5%.

Figure 2c presents results for the UVI. Compared 
with the time series 2010-2018, in 2020 UVI in-
creased in 60.5% of the area, by values up to 3.3%, 

while in the remaining cells UVI was up to 1.7% 
smaller. Compared with 2019, in 2020 100% of the 
cells had increased UVI in values up to 4.8%.

Figure 3 presents correlations of NO2 with the 
UVI and total O3 for the studied periods taking the 
whole set of 420 cells covering the state.
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Fig. 2. Spatio-temporal variability of the studied variables for Rio 
Grande do Sul State, Brazil (2020 minus the indicated period). 
(a) NO2, (b) total O3, (c) Ultraviolet Index.
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4. Discussion
Air pollution represents a significant risk both to 
health and the environment, with NO2 being one of 
the key pollutants, reacting with other chemicals to 
generate acid rain, which is harmful to the ecosystem. 
Its concentration level is influenced by complex vari-
ables such as wind, temperature, burning material, 
besides policies and other anthropogenic factors of 
each city (Wang and Su, 2020; Liu et al., 2021). Ac-
cording to WHO, current levels of NO2 should be 40 
μg m–3 for the annual mean and 200 μg m–3 for the 
1-h mean (WHO, 2006). In Brazil, regulated levels 
are higher, with 60 μg m–3 for the annual average and 
260 μg m–3 for the 1-h average (CONAMA, 2018). 
However, for the state of Rio Grande do Sul, the 
recommended levels are equal to those stipulated by 
WHO (FEPAM, 2019).

During the pandemic, this pollutant received wide 
attention from the international community, since 

partial lockdown measures promoted the decrease 
of the main sources of NO2. According to the State 
Environmental Protection Foundation of Rio Grande 
do Sul, the concentration of NO2 in the surface during 
the first months (January to May) of this extreme 
event was within the recommended limits and did 
not show a significant reduction or alteration of the 
levels concerning the previous years; this was due to 
the location of the stations (in just five cities) outside 
urban centers and the possible influence of emissions 
of industrial facilities that could have remained in 
operation in the places where the monitoring was 
being carried out (FEPAM, 2020).

Our results from satellite data suggest significant 
changes in NO2 emissions by May 2020, which were 
reduced in more than half of the state area by 28.7 to 
33.9%, depending on the considered period, which 
points to a temporary improvement of air quality. 
Such decreases in NO2 emissions are in agreement 
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Fig. 3. Correlations of averages of NO2 to: (a) Ultraviolet Index, (b) total O3, for Rio Grande do Sul State, Brazil. In 
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with recent reports of variations from 20 to 54.3% in 
several countries (Muhammad et al., 2020; Nakada 
and Urban, 2020; Sharma et al., 2020; Siciliano et 
al., 2020; Tobias et al., 2020; Wang and Su, 2020; 
Zheng et al., 2020). This temporary reduction of NO2 
emissions in a short period is important even when 
the largest emitter of pollution (diesel transport) has 
continued to contribute on a smaller scale. However, 
Wang and Su (2020) mention that in the long run, a 
rebound in air pollutants is inevitable.

Discrepancies between ground measurements 
and satellite data do exist, mainly because ground 
stations, which are few and not evenly distributed, 
monitor the daily maximum concentrations from 1-h 
averages near the surface, while satellite data recover 
the daily density of the NO2 column measured for the 
whole area. Therefore, units from these two sources 
are different and orbital data is not comparable with 
the recommended national and international levels 
(Liu et al., 2021. In this context, our work (being 
carried out from satellite data) only allows to detect 
changes over time, and to understand the impact of 
the partial lockdown on air pollution and various 
related factors in areas that have not yet been quan-
titatively considered.

Regarding total O3, which increased from 2.5 to 
3.5%, and UVI, which increased from 3.3 to 4.8%, 
it is to be noted that these increases in May 2020 are 
in contrast with expected drops in total O3 in periods 
corresponding to May due to secondary effects in the 
Antarctic ozone hole, and a similar decrease in UVI 
due to a lower zenith solar angle, larger cloudiness 
and temperature drops between April and August in 
South America (Kirchhoff et al., 1996; Guarnieri et al., 
2004; Kerr and Fioletov, 2008; Salgado et al., 2010; 
Schmalfuss et al., 2014; Nunes, 2017). These two 
variables used to have a well-defined pattern in May, 
but in May 2020, compared to May 2019, increases 
were observed in 100% of the state area. We note that, 
although both NO2 and total O3 changed in 2020, these 
alterations were not spatially correlated: as it can be 
seen in Figure 3b for the year 2020, from a cell-to-cell 
basis there is no significant correlation between these 
two variables. Only for a longer time series (2010 to 
2018), some significant correlation is suggested.

In contrast with the weak or non-existent cor-
relation between NO2 and total O3, Figure 3a shows 
significant inverse correlations between NO2 and 

the UVI, especially for the 2010 to 2018 time series 
and for 2020.

Atmospheric processes involving ultraviolet radi-
ation act in a complex form. In the stratosphere, UV 
radiation participates in the Chapman Cycle, being 
significantly absorbed at 310 nm and with decreasing 
intensity up to 345 nm (Kirchhoff et al., 2000; Koro-
nakis et al., 2002). Simultaneously, NO2, generated 
by oxidation of nitrous oxide (N2O) transported from 
the troposphere, acts in a catalytic form destroying 
O3 and suppressing its loss through other catalytic 
mechanisms sequestering free radicals (Seinfeld and 
Pandis, 1998). However, in the troposphere, UV radi-
ation acts in photochemical reactions of several pol-
lutants, the rates of these reactions being dependent 
on the concentrations of stratospheric ozone, natural 
and anthropogenic aerosol particles, and cloudiness 
(Chubarova, 2006). Even at low concentrations, tro-
pospheric gases and particles have an effect on UV 
similar to their stratospheric counterparts, which is 
due to higher absorption in the UV interval at lower 
altitudes (Chubarova, 2006; Barnard and Wenny, 
2010). Particulate material like black carbon is gen-
erated in most combustion processes, and its action in 
light extinction leads to a decrease in transmission of 
UV radiation (Barnard and Wenny, 2010). Therefore, 
in polluted-atmosphere conditions, the UV intensity 
can decrease by up to 15% in areas of anthropogenic 
activity (Koronakis et al., 2002; Chubarova, 2004; 
Barnard and Wenny, 2010); low pollutant concen-
trations lead to higher UVI, which in turn leads to 
stratospheric warming and an influx from the lower 
atmosphere of O3-enriched air (WMO, 2020).

Even though NO2 has a crucial role in atmospher-
ic chemistry, its decrease in 2020 was not correlat-
ed with the total O3 increase (r = –0.04, Fig. 3b). 
However, NO2 correlated negatively with UVI (r = 
–0.53, Fig. 3a). This suggests that, in opposition to 
the well-known adverse effects of atmospheric pol-
lutants, in certain aspects, they have an apparently 
beneficial effect in reducing the ultraviolet flux on 
the surface. 

5. Conclusions
Air pollutant concentrations are influenced by vari-
ables as wind, temperature, burning materials, and 
other anthropogenic factors. In this paper, we looked 
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for the effects of the slowing of human activities (e.g., 
vehicular traffic, industrial complex, and mining ac-
tivities) on atmospheric parameters. This was done 
by the sole use of remote sensing data, a resource 
that is widely available and covers large areas. It 
was shown that the slowing of activities in 2020 
lead to a reduction in NO2 emissions (up to 33.9 %), 
and increased levels of total O3 (up to 3.5 %), and 
the UVI (up to 4.8 %). This simultaneous increase 
in total O3 and UVI suggests that O3 is not the only 
factor influencing UV radiation at the surface, and 
future monitoring actions may have to look for other 
factors. We would cite these findings, which add to 
the mounting evidence linking NO2 to total O3 and 
UVI, as the main contribution of this research.

This work generated some insights: firstly, about 
the magnitude of the impact of human activity on the 
environment, where this impact is extended well be-
yond urban areas. This impact is not sustainable, but 
a discussion on its nature (be it positive or negative), 
was not part of the aims of this work. Secondly, ini-
tiatives taken by the authorities, eventually supported 
by the population, can be effective to change the 
environmental profile in large areas, being therefore 
potentially and equally effective in the effort against 
the disease spread. Finally, we hope that in the me-
dium/long term this assessment can be helpful to 
decision-makers, in their actions to improve policies 
that promote a balance between economic growth, 
air pollution, and health.

Acknowledgments 
ABR acknowledges the Brazilian agency Coor-
denação de Aperfeiçoamento de Pessoal de Nível 
Superior (CAPES) for the doctoral fellowship. 

References
André IRN, Ferreira NJ, Conforte JC. 2003. Análise do 

comportamento do ozônio estratosférico na América 
do Sul e vizinhanças utilizando-se imagens do satélite 
NIMBUS7/TOMS. In: Anais do XI Simpósio Bra-
sileiro de Sensoriamento Remoto. Belo Horizonte, 
1117-1124.

Bais AF, Lubin D, Arola A, Bernhard G, Blumthaler M, 
Chubarova N, Erlick C, Gies HP, Krotkov NA, Lantz 
K, Mayer B, Mckenzie RL, Piacentini RD, Seckmeyer 

G, Slusser JR, Zerefos CS. 2007. Surface ultraviolet 
radiation: Past, present, and future. In: Scientific 
assessment of ozone depletion: 2006 (Ennis, CA), 
Ed.). Global Ozone Research and Monitoring Project, 
Report No. 50. World Meteorological Organization, 
Geneva.

Bais AF, Mckenzie RL, Bernhard G, Aucamp PJ, Ilyas M, 
Madronich S, Tourpali K. 2015. Ozone depletion and 
climate change: impacts on UV radiation. Photochem-
ical & Photobiological Sciences 14: 19-52. https://doi.
org/10.1039/C4PP90032D

Barnard WF, Wenny BN. 2010. Ultraviolet radiation and 
its interaction with air pollution. In: UV radiation in 
global climate change (Gao W, Slusser JR, Schmoldt 
DL, Eds.). Springer, Berlin, 291-330. https://doi.
org/10.1007/978-3-642-03313-1_11

Caldwell MM, Ballaré CL, Bornman JF, Flint SD, Björn 
LO, Teramura AH, Kulandaivelu G, Tevini M. 2003. 
Terrestrial ecosystems, increased solar ultraviolet 
radiation and interactions with other climatic change 
factors. Photochemical & Photobiological Sciences 2: 
29-38. https://doi.org/10.1039/B211159B

Cardoso VM. 2011. Efeitos da radiação ultravioleta-A e 
ultravioleta-B sobre os embriões do camarão de água-
doce Macrobrachium olfersii (Crustacea, Decapoda) e 
o papel da radiação ultravioleta-A na fotorreativação. 
M.Sc. thesis. Federal University of Santa Catarina.

Cheval S, Mihai-Adamescu C, Georgiadis T, Herrneg-
ger M, Piticar A, Legates DR. 2020. Observed and 
potential impacts of the COVID-19 pandemic on the 
environment. International Journal of Environmental 
Research and Public Health 17: 4140. https://doi.
org/10.3390/ijerph17114140

Chubarova NE. 2004. Influence of aerosol and atmospheric 
gases on ultraviolet radiation in different optical con-
ditions including smoky mist of 2002. Doklady Earth 
Sciences 394: 62-67.

Chubarova NE. 2006. Role of tropospheric gases in 
the absorption of UV radiation. Doklady Earth 
Sciences 407: 294-297. https://doi.org/10.1134/
S1028334X06020322

Coariti JR. 2017. Características da Radiação Ultravioleta 
Solar e seus efeitos na saúde humana nas cidades de 
La Paz, Bolívia e Natal, Brasil. Ph.D. thesis. Federal 
University of Rio Grande do Norte.

CONAMA. 2018. Padrões de Qualidade do Ar (Resolução 
nº 491/2018). Conselho Nacional do Meio Ambiente. 
Diário Oficial da União 223: 155-156.



152 A. Becerra-Rondón et al.

Davis A, Sims D. 1983. Weathering of polymers. Applied 
Science Publishers, London.

De Andrade RC, Tiba C. 2016. Extreme global solar 
irradiance due to cloud enhancement in northeastern 
Brazil. Renewable Energy 86: 1433-1441. https://doi.
org/10.1016/j.renene.2015.09.012

Fahey DW, Hegglin MI. 2011. Twenty questions and an-
swers about the ozone layer: 2010 update. In: Scientific 
assessment of ozone depletion, 2010. Global Ozone 
Research and Monitoring Project, Report No. 52. 
World Meteorological Organization, Geneva.

FEPAM. 2019. Rede estadual de monitoramento automáti-
co da qualidade do ar. Fundação Estadual de Proteção 
Ambiental Henrique Luis Roessler. Available at: 
http://www.fepam.rs.gov.br/qualidade/relatorios.asp 
(accessed on March 19, 2021).

FEPAM. 2020. Efeito do isolamento Covid−19 na quali-
dade do ar. Fundação Estadual de Proteção Ambiental 
Henrique Luis Roessler. Available at: http://www.
fepam.rs.gov.br/qualidade/relatorios.asp (accessed on 
March 19, 2021).

Fountoulakis I, Diémoz H, Siani A-M, Laschewski G, 
Filippa G, Arola A, Bais AF, De Backer H, Lakkala 
K, Webb AR, De Bock V, Karppinen T, Garane K, 
Kapsomenakis J, Koukouli M-E, Zerefos CS. 2020. 
Solar UV Irradiance in a changing climate: Trends 
in Europe and the significance of spectral monitoring 
in Italy. Environments 7, 1. https://doi.org/10.3390/
environments7010001

Global Carbon Project. 2020. Carbon budget 2021. 
Available at: https://www.globalcarbonproject.org/
carbonbudget/index.htm (accessed on April 4, 2020).

Google. 2020. COVID-19 community mobility report. 
Available at: https://www.google.com/covid19/mobil-
ity?hl=en (accessed on March 21, 2021).

Guarnieri RA, Guarnieri FL, Contreira DB, Padilha LF, 
Echer E, Pinheiro DK, Schuch AMP, Makita K, Schuch 
NJ. 2004. Ozone and UV-B radiation anticorrelations at 
fixed solar zenith angles in southern Brazil. Geofísica 
Internacional 43: 17-22. https://doi.org/10.22201/
igeof.00167169p.2004.43.1.209

Huffman RE. 1992. Atmospheric ultraviolet remote sens-
ing. Academic Press, California.

IBGE. 2019. Cidades. Rio Grande do Sul. Instituto Brasile-
iro de Geografia e Estatística. Available at: http://www.
cidades.ibge.gov.br (accessed on August 10, 2020).

Iqbal M. 1983. An introduction to solar radiation. Aca-
demic Press, Toronto, New York, London.

Kerr JB, Fioletov VE. 2008. Surface ultraviolet radia-
tion. Atmosphere-Ocean 46: 159-184. https://doi.
org/10.3137/ao.460108

Kirchhoff VWJH, Schuch NJ, Pinheiro DK, Harris JM. 
1996. Evidence for an ozone hole perturbation at 30º 
South. Atmospheric Environment 30: 1481-1488. 
https://doi.org/10.1016/1352-2310(95)00362-2

Kirchhoff VWJH, Echer E, Leme NP, Silva AA. 
2000. A variação sazonal da radiação ultravioleta 
solar biologicamente ativa. Revista Brasileira de 
Geofísica 18: 63-74. https://doi.org/10.1590/S0102-
261X2000000100006

Koronakis PS, Sfantos GK, Paliatsos AG, Kaldellis JK, 
Garofalakis JE, Koronaki IP. 2002. Interrelations of 
UV-global/global/diffuse solar irradiance components 
and UV-global attenuation on air pollution episode days 
in Athens, Greece. Atmospheric Environment 36: 3173-
3181. https://doi.org/10.1016/S1352-2310(02)00233-9

Krotkov NA, Carn SA, Krueger AJ, Bhartia PK, Yang K. 
2006. Band residual difference algorithm for retrieval 
of SO2 from the Aura Ozone Monitoring Instrument 
(OMI). IEEE Transactions on Geoscience and Re-
mote Sensing 44: 1259-1266. https://doi.org/10.1109/
TGRS.2005.861932

Levelt PF, van den Oord GHJ, Dobber MR, Mälkki A, 
Visser H, de Vries J, Stammes P, Lundell JOV, Saari H. 
2006. The Ozone Monitoring Instrument. IEEE Trans-
actions on Geoscience and Remote Sensing 44: 1093-
1101. https://doi.org/10.1109/TGRS.2006.872333

Liu F, Zhang Q, van der A RJ, Zheng B, Tong D, Yan L, 
Zheng Y, He K. 2016. Recent reduction in NOx emis-
sions over China: Synthesis of satellite observations 
and emission inventories. Environmental Research 
Letters 11: 114002. https://doi.org/10.1088/1748-
9326/11/11/114002

Liu Q, Harris JT, Chiu LS, Sun D, Houser PR, Yu M, 
Duffy DQ, Little MM, Yang C. 2021. Spatiotemporal 
impacts of COVID-19 on air pollution in California, 
USA. Science of the Total Environment 750: 141592. 
https://doi.org/10.1016/j.scitotenv.2020.141592

Livi FP. 2002. O clima em Porto Alegre no século XX: 
uma análise de séries temporais. M.Sc. thesis. Federal 
University of Rio Grande do Sul.

Mostafa MK, Gamal G, Wafiq A. 2021. The impact of 
COVID 19 on air pollution levels and other environ-
mental indicators. A case study of Egypt. Journal of 
Environmental Management 277: 111496. https://doi.
org/10.1016/j.jenvman.2020.111496



153Partial COVID-19 lockdown effect in atmospheric pollutants and UV radiation

Muhammad S, Lon, X, Salman M. 2020. COVID-19 pan-
demic and environmental pollution: A blessing in dis-
guise? Science of the Total Environment 728: 138820. 
https://doi.org/10.1016/j.scitotenv.2020.138820

Nakada LYK, Urban RC. 2020. COVID-19 pandemic: 
Impacts on the air quality during the partial lock-
down in São Paulo state, Brazil. Science of the Total 
Environment 730: 139087. https://doi.org/10.1016/j.
scitotenv.2020.139087

NASA. 2020. Earth Observatory. National Aeronautics 
and Space Administration. Available at: https://urs.
earthdata.nasa.gov (accessed on August 10, 2020).

Nunes M. 2017. Influência da coluna total de ozônio na 
variabilidade da radiação ultravioleta sobre o sul da 
América do Sul. M.Sc. thesis. Federal University of 
Pelotas.

Paital, B, Agrawal PK. 2021. Air pollution by NO2 and 
PM2.5 explains COVID-19 infection severity by over-
expression of angiotensin-converting enzyme 2 in 
respiratory cells: A review. Environmental Chemistry 
Letters 19: 25-42. https://doi.org/10.1007/s10311-
020-01091-w

Robinson N. 1966. Solar Radiation. Elsevier, New York. 
Salgado CAC, Paes Leme NM, Zamorano F, Quel EJ, 

Viana R. 2010. Influence of the ozone hole on the 
American South cone 1992-2009. In: Proceedings of 
the 2010 Meeting of the Americas. Foz do Iguaçu.

Schmalfuss LSM, Mariano GL, Pinheiro DK, Peres LV. 
2014. Análise dos dois principais fatores de decaimen-
to da coluna total de Ozônio sobre o sul da América 
do Sul. Ciência e Natura 36: 415-422. https://doi.
org/10.5902/2179460X12812

Seinfeld JH, Pandis SN. 1998. Atmospheric chemistry and 
physics: From air pollution to climate change. Wiley 
Interscience, New York.

Sharma S, Zhang M, Anshika, Gao J, Zhang H, Kota SH. 
2020. Effect of restricted emissions during COVID-19 
on air quality in India. Science of the Total Environ-
ment 728: 138878. https://doi.org/10.1016/j.scito-
tenv.2020.138878

Siciliano B, Dantas G, da Silva CM, Arbilla G. 2020. In-
creased ozone levels during the COVID-19 lockdown: 
Analysis for the city of Rio de Janeiro, Brazil. Science 
of the Total Environment 737: 139765. https://doi.
org/10.1016/j.scitotenv.2020.139765

Silva F, Oliveira HSM, Marinho GS. 2008. Variação do 
índice de radiação solar ultravioleta em Natal-RN entre 
2001 e 2007. In: II Congresso Brasileiro de Energia 

Solar e III Conferência Regional Latino-Americana da 
ISES, Florianópolis.

Tanskanen A, Krotkov NA, Herman JR, Arola A. 
2006. Surface ultraviolet irradiance from OMI. 
IEEE Transactions on Geoscience and Remote 
Sensing 44: 1267-1271. https://doi.org/10.1109/
TGRS.2005.862203

Tiegte JE, Diamond SA, Ankley GT, DeFoe DL, Hol-
combe GW, Jensen KM, Degitz SJ, Elonen GE, 
Hammer E. 2001. Ambient solar UV radiation causes 
mortality in larvae of three species of Rana under 
controlled exposure conditions. Photochemistry 
and Photobiology 74: 261-268. https://doi.
org/10.1562/0031-8655(2001)0740261ASURCM2.0.
CO2

Tobias A, Carnerero C, Reche C, Massagué J, Via M, Min-
guillón MC, Alastuey A, Querol X. 2020. Changes in 
air quality during the lockdown in Barcelona (Spain) 
one month into the SARS-CoV-2 epidemic. Science 
of the Total Environment 726: 138540. https://doi.
org/10.1016/j.scitotenv.2020.138540

Travaglio M, Yu Y, Popovic R, Selley L, Santos-Leal N, 
Martins LM. 2021. Links between air pollution and 
COVID-19 in England. Environmental Pollution 268: 
115859. https://doi.org/10.1016/j.envpol.2020.115859

Ubiratan E. 2020. No limite a aviação brasileira registra 
queda de 90%. Aero Magazine. Available at: https://
aeromagazine.uol.com.br/artigo/no-limite-avia-
cao-brasileira-registra-queda-de-90_5420.html (ac-
cessed on March 21, 2021).

Vásquez-Apestegui V, Parras-Garrido E, Tapia V, 
Paz-Aparicio VM, Rojas JP, Sánchez-Ccoyllo OR, 
Gonzales GF. 2020. Association between air pollution 
in Lima and the high incidence of COVID-19: Findings 
from a post hoc analysis. Research Square (preprint). 
https://doi.org/10.21203/rs.3.rs-39404/v1

Wakamatsu S, Uno I, Ueda H, Uehara K, Tateishi H. 1989. 
Observational study of stratospheric ozone intrusions 
into the lower troposphere. Atmospheric Environ-
ment 23: 1815-1826. https://doi.org/10.1016/0004-
6981(89)90065-6

Wang Q, Su M. 2020. A preliminary assessment of the 
impact of COVID-19 on environment. A case study of 
China. Science of the Total Environment 728: 138915. 
https://doi.org/10.1016/j.scitotenv.2020.138915

WHO. 2002. Global solar UV index: a practical guide. 
World Health Organization, World Meteorological Or-
ganization, United Nations Environment Programme, 



154 A. Becerra-Rondón et al.

International Commission on Non-Ionizing Radiation 
Protection. Available at: https://apps.who.int/iris/han-
dle/10665/42459

WHO. 2006. Air quality guidelines.  Global update 2005. 
Particulate matter, ozone, nitrogen dioxide and sulfur 
dioxide. World Health Organization, Geneva.

WMO. 2011. Scientific assessment of ozone depletion. 
Global Ozone Research and Monitoring Project, Report 
No. 52. World Meteorological Organization, Geneva. 

WMO. 2020. Arctic ozone depletion reached record 
level. World Meteorological Organization, Geneva. 
Available at: https://public.wmo.int/en/media/news/
arctic-ozone-depletion-reached-record-level (accessed 
on August 10, 2020).

Zambrano-Monserrate MA, Ruano MA, Sánchez-Alcalde 
L. 2020. Indirect effects of COVID-19 on the environ-
ment. Science of the Total Environment 728: 138813. 
https://doi.org/10.1016/j.scitotenv.2020.138813

Zheng B, Geng G, Ciais P, Davis SJ, Martin RV, Meng 
J, Wu N, Chevallier F, Broquet G, Boersma F, van 
der AR, Lin J, Guan D, Lei Y, He K, Zhang Q. 2020. 
Satellite-based estimates of decline and rebound in 
China’s CO2 emissions during COVID-19 pandemic. 
Science Advances 6: 1-10. https://doi.org/10.1126/
sciadv.abd4998

Zhu L, Liu X, Huang H, Avellán-Llaguno RD, Llaguno 
Lazo MM, Gaggero A, Soto-Rifo R, Patiño L, Va-
lencia-Avellan M, Diringer B, Huang Q, Zhu Y-G. 
2020. Meteorological impact on the COVID-19 
pandemic: A study across eight severely affected 
regions in South America. Science of the Total En-
vironment 744: 140881. https://doi.org/10.1016/j.
scitotenv.2020.140881


