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ABSTRACT 

 
With the unexpected arrival of the COVID-19 pandemic, countries worldwide were forced to 

take measures to curb its transmission. Mobility restrictions policies were the primary preventive 
measures applied around the globe. In addition to reducing the disease spread, they resulted in 
air quality changes in urbanized areas. In this sense, this study aimed to investigate how the 
mobility restrictions imposed by public policies impacted the air quality in Brazil during the 
COVID-19 2020 outbreak. Therefore, air quality (CO, NO2, PM10, PM2.5, and O3) and urban mobility 
datasets available in five populous Brazilian states (São Paulo, Rio de Janeiro, Espírito Santo, 
Paraná, and Rio Grande do Sul) were analyzed. Variations in air pollutant concentrations were 
verified by comparing the period during mobility restrictions (2020) and the average 
concentrations found before the restrictions (2015–2019). In addition, spatial assessment of 
changes was evaluated using tropospheric NO2 column densities from the TROPOMI. Although 
there was no national regulation regarding mobility restrictions, the results show that the reduction 
in urban mobility was similar for all the analyzed states. Following the mobility behavior, reducing 
air pollutant concentrations were significant for the first 30 days of restrictions. During this 
period, the most substantial reductions were observed for CO in the State of Rio Grande do Sul 
(–53%), NO2 in Rio de Janeiro (–34%), and PM10 in Espírito Santo (–23%). The exception was 
observed for O3, which followed the world trend of increasing concentrations (e.g., 40% increase 
in Paraná). Spatially, it was possible to evidence that large urban centers (with a large vehicle 
fleet) were the ones that showed the most significant reduction in NO2. However, when analyzing 
longer periods (over 90 days), there is a trend towards an increase in the concentrations of primary 
pollutants and a consequent reduction in O3, reflecting the significant increase in mobility rates. 
 
Keywords: Air pollution, Lockdown, Coronavirus, Brazilian policies 
 

1 INTRODUCTION 
 

Currently, global society faces the most significant health and humanitarian crisis in its recent 
history: The COVID-19 pandemic, caused by the SARS-CoV-2 virus (Pak et al., 2020; The Lancet, 2020). 
The high transmission potential of this virus through the air and via personal contact soon demanded 
a global alert, mainly to prevent the spread of the virus (Fan et al., 2020), since the advance of the 
disease was accompanied by a concomitant crisis in the health systems (Blumenthal et al., 2020; 

https://doi.org/10.4209/aaqr.210351
https://aaqr.org/
https://aaqr.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://aaqr.org/


Special Issue on Air Quality in a Changed World: Regional, Ambient, and ORIGINAL RESEARCH 
Indoor Air Concentrations from the COVID to Post-COVID Era (IV) https://doi.org/10.4209/aaqr.210351 

Aerosol and Air Quality Research | https://aaqr.org 2 of 16 Volume 22 | Issue 4 | 210351 

de Oliveira Andrade, 2020). Thus, most governments worldwide adopted policies such as keeping 
a safe distance, wearing masks, using alcohol-based products to disinfect hands, staying home, 
and banning social and public events. In this context of preventive measures, mobility restrictions 
proved to be very effective in containing the transmission of the virus (Martins et al., 2020; Wang 
et al., 2020). In addition, they resulted in a reduction in air pollution in several regions (Bauwens 
et al., 2020; Chossière et al., 2021; He et al., 2021; Morales-Solís et al., 2021; Rana et al., 2021; 
Zambrano-Monserrate et al., 2020). 

The reduction of air pollution levels, due to a decrease in mobility, has proven to be an “open-
air laboratory” and, as a consequence, has been experimentally investigated by several academic 
studies (e.g., Bao and Zhang, 2020; Bauwens et al., 2020; Collivignarelli et al., 2020; Dutheil et al., 
2020; Liu et al., 2021; Lokhandwala and Gautam, 2020; Sharma et al., 2020; Xu et al., 2020). These 
studies have shown that the levels of urban pollution reduction are essentially related to local 
economic vocation and the degree of restrictions imposed on social distancing (Chossière et al., 
2021). Thus, while several locations showed significant improvements in air quality during the 
pandemic (Bao and Zhang, 2020; Dutheil et al., 2020; Lokhandwala and Gautam, 2020; Mishra and 
Kulshrestha, 2021), others presented a positive correlation between the increase in the number 
of cases of COVID-19 and the high levels of pollution (Conticini et al., 2020; Travaglio et al., 2021).  

In Brazil, several studies have been carried out to understand the effects of the pandemic on 
air quality (Bainy et al., 2021; Dantas et al., 2020; Mantovani et al., 2021; Rocha et al., 2021; Silva 
Júnior et al., 2020). These surveys are mainly concentrated in the Southeast region of Brazil, 
especially in the metropolitan areas of São Paulo and Rio de Janeiro (Debone et al., 2020; Krecl 
et al., 2020; Nakada and Urban, 2020). Some of these studies found that, in general, there was 
an increase in concentrations of pollutants in more industrialized regions. In contrast, there was 
a reduction in air pollutants in areas with a large fleet of vehicles (Nakada and Urban, 2020; Rudke 
et al., 2021).  

At the moment of writing this text, Brazil is the second country most affected by the pandemic, 
counting about 25 million cases and more than 625 thousand deaths (MS, 2022). There was no 
clear position in favor of lockdown or mobility restrictions at the federal level, even with the 
worsening of the health crisis and the high number of contamination and deaths. The governors 
of each State were left to arbitrate on local control policies (Barberia e Gómez, 2020; Boschiero 
et al., 2021; Russo Rafael et al., 2020; Touchton et al., 2021), revealing different scenarios of 
mobility restrictions. Overall, the adoption of tighter restrictions positively impacted the health 
system (Alfano and Ercolano, 2020; Lau et al., 2021; Meo et al., 2020; Wilder-Smith et al., 2021). 
With a very variable range of restrictive measures, quite different from other countries, this 
scenario offers a unique opportunity to understand the impact of such measures on air pollution. 
In this sense, this study aimed to evaluate the impact of the mobility restrictions implemented 
during the 2020 COVID-19 outbreak on the regional air quality of five Brazilian States (São Paulo, 
Rio de Janeiro, Espírito Santo, Paraná, and Rio Grande do Sul; distributed in the most densely 
populated regions of the country - Southeast and South). In more specific terms, this study sought 
to assess how mobility restrictions affected the concentrations of air pollutants at different time 
intervals and how these changes are spatially distributed. 

 

2 METHODS 
 

2.1 Study Area 
Brazil is the country with the largest territory in South America, with an area of about 

8.5 million km2 (IBGE, 2020). The country borders to the west with most countries of the continent 
and, to the east, with the Atlantic Ocean (Fig. 1). The country is geographically divided into 
27 federative units (twenty-six States and the Federal District) and has an estimated population 
of more than 210 million inhabitants (IBGE, 2021), with a population density of 22.43 inhabitants 
per km2. The Southeast and South Regions are the most densely populated, followed by the 
Northeast, Central-west, and North (IBGE, 2020). The South, Southeast, and Central-west Regions 
have the most extensive agricultural and livestock activities areas. The largest area of forests 
remnants is concentrated in the northern part of the country, mainly due to the Amazon rainforest. 
Besides, the Southeast Region is the most industrialized area in the country, with São Paulo being  
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Fig. 1. Study area and distribution of the air quality monitoring stations by state. SP: São Paulo, PR: Paraná; RS: Rio Gramde do 
Sul; ES: Espírito Santo; RJ: Rio de Janeiro. The red dashed ellipse highlights the South and Southeast Regions of Brazil. 

 

the State with the most prominent industrial production (Nakazato et al., 2015; Vieira-Filho et 
al., 2015). 

Stationary sources play a fundamental role in the air pollutants levels in Brazil (Kawashima et 
al., 2020); however, mobile sources are the primary sources of air pollution in large urban centers 
(Almeida et al., 2018; Andrade et al., 2012, 2017; Moreira et al., 2018; Rudke et al., 2021). The 
country has a fleet of more than 106 million vehicles - considering light and heavy-duty vehicles 
(DENATRAN, 2020). There are a few air pollution inventories in the country, mostly restricted to 
vehicular emissions and some urban areas (Andrade et al., 2017; Carvalho et al., 2015; Rafee et 
al., 2017; Réquia et al., 2015; Souza et al., 2013; Tsao et al., 2012). In Brazil, most vehicles are 
powered by diesel, gasoline (gasoline + ethanol), and ethanol. The first use of ethanol as fuel was 
in the 1920–1930s (adding ethanol to gasoline). In Brazil, it has been used since the 1970s (blended 
and pure), and later also the use of ethanol in the flex-fuel vehicles resulted in the reduction of 
some atmospheric pollutants (Brito et al., 2018; Salvo et al., 2017). However, biofuels can have 
more significant impacts on regional climate forcings and human health than previously thought 
(Tsao et al., 2012).  

This study focuses on the South and Southeast Regions of Brazil, more specifically the examined 
data correspond to São Paulo (SP), Paraná (PR), Espírito Santo (ES), Rio de Janeiro (RJ), and Rio 
Grande do Sul (RS) States (Fig. 1). Together, these five States account for approximately 42.8% of 
the Brazilian population (IBGE, 2021) and encompass the largest metropolises in the country, 
such as São Paulo and Rio de Janeiro, which gather the most significant vehicle fleets (DENATRAN, 
2020). With the increase in vehicular emissions and few works aimed at reducing air pollution for 
Brazil, the analysis of the air pollutants levels is a significant contribution to the country. 
 

2.2 Datasets 
2.2.1 Ground-based data 

The air quality data used in this study was obtained through the Institute of Energy and 
Environment (in Portuguese Instituto de Energia e Meio Ambiente – IEMA; http://energiaeambiente.
org.br/qualidadedoar). The IEMA is a Brazilian Non-profit Organization that integrates, organizes, 
analyses, and makes available air quality monitoring data carried out in Brazil. The IEMA air 
quality platform currently provides monitoring data from 2000 onwards for ten States and the 
Federal District.  

Given the need for data available for 2020, only monitoring stations that had measurements 
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carried out for this year were considered. Another criterion used to select stations was the need 
for at least 50% of the data available between 2015 and 2019. Based on these criteria, 97 automatic 
air quality stations, available in the same five Brazilian States, were selected for the evaluations 
carried out in this research (Fig. 1). The IEMA data for these monitoring stations were obtained 
from the State Environmental Institute of Espírito Santo (IEMA-ES), Water and Land Institute (IAT) 
of the State of Paraná, State Environmental Institute (INEA) of Rio de Janeiro, Environmental 
Protection Foundation (FEPAM) of Rio Grande do Sul State and, Environmental Company of the 
State of São Paulo (CETESB). The selected stations are capable of monitoring ground-based 
concentrations of carbon monoxide (CO – 41 stations), ozone (O3 – 75 stations), particulate matter 
(PM10 – 73 stations; PM2.5 – 17 stations), and nitrogen dioxide (NO2 – 53 stations). More information 
about the stations used is available in Table S1 (Supplementary Material). 

 

2.2.2 Satellite data 
As air pollutant ground-level concentrations are only available for sites with monitoring stations, 

Tropospheric NO2 column densities measured by the TROPOspheric Monitoring Instrument 
(TROPOMI) were used to verify the spatial trend variations in air quality. The TROPOMI sensor is 
coupled to the Sentinel-5 Precursor (S-5P) satellite. The Tropospheric NO2 column density dataset 
has about 2600 km of swath width, resulting in almost daily global coverage (equator crossing 
time at 13:30 LT) (Veefkind et al., 2012). The Tropospheric NO2 column densities data from 
TROPOMI showed promising results compared to measurements carried out on the ground 
(Verhoelst et al., 2021). Furthermore, the data has demonstrated excellent correlations with 
ground-based NO2 concentrations acquired from air quality monitoring stations (e.g., Bassani et 
al., 2021; Cersosimo et al., 2020; Kim et al., 2021; Virta et al., 2021).  

As Tropospheric NO2 column densities are not available for the entire study period (data available 
since the end of April 2018), only data from 2019 and 2020 were used in the analyses. The Level 
2 OFFL version product was adopted in this study, with a spatial resolution of 5.5 × 3.5 km2 at the 
nadir. These data were statistically processed and downloaded from the Google Earth Engine 
platform. During the analysis, only NO2 information with a quality assurance value (greater than 
0.75) was used, following the guidelines recommended by the producers (Eskes et al., 2019). 

 

2.2.3 COVID-19 cases and mobility data 
Data from the Google Community Mobility Reports were analyzed to assess the mobility 

restrictions policies adopted by the Brazilian States during the COVID-19 pandemic. The data is 
freely available (https://www.google.com/covid19/mobility/) and contains anonymous information 
on movement trends obtained from smartphone users during their travels. The platform provides 
movement trend information for the categories “Grocery & pharmacy”, “Parks”, “Transit stations”, 
“Retail & recreation”, “Residential” and, “Workplaces”. To demonstrate variations during the 
analyzed period, we adopted the “Transit stations” class that presents the mobility trends for public 
transport hubs (e.g., subway, bus, and train stations), as this would be the class most impacted 
by public policies aimed at social distancing. According to the producers, the daily percentage 
changes are calculated based on the reference day, which is the median value of the five weeks 
between 3rd January and 6th February 2020. 

Daily data on new confirmed cases of COVID-19 were obtained through the dissemination 
platform of the Brazilian Ministry of Health (https://covid.saude.gov.br/). The platform 
disseminates the information that is collected at the municipal and State levels. As the analyzed 
States have very different number and spatial distribution of populations, it was decided to 
normalize the data of new cases of COVID-19 according to the number of inhabitants in each 
State. Thus, the information used was daily confirmed new cases per 100 thousand people. 

 

2.2.4 Synoptic conditions 
It is known that meteorological conditions substantially impact air pollutants levels; precipitation, 

for example, plays an important role in removing air pollutants from the atmosphere. Therefore, 
to assess the variation in the behavior of pollutant concentrations caused by mobility restrictions 
in Brazil during the COVID-19 pandemic, it is essential to check the meteorological conditions, as 
demonstrated by Rudke et al. (2021).  
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The synoptic conditions were verified considering the European Center for Medium-Range 
Weather Forecasts (ECMWF) Reanalysis version 5 (ERA5) (Hersbach et al., 2020) (available in 
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5). The ERA5 reanalysis provides 
hourly data and covers the globe on a 30 km horizontal grid. In this latest release, the atmosphere 
is resolved using 137 levels from the surface up to a height of 80 km, capturing finer details of 
atmospheric phenomena (Hersbach et al., 2020). 

Based on the hourly Convective Available Potential Energy (CAPE) and Precipitable Water 
(PWater) from ERA5, it was evaluated whether there were significant differences in meteorological 
conditions for the first semester of 2020 in comparison with the same period for 2019. In this 
case, the Student T-test was the statistical method used for testing the hypothesis, considering a 
confidence level of 95% (α = 0.05). 
 

3 RESULTS AND DISCUSSION 
 

3.1 Synoptic Conditions 
Student’s t-test results analysis demonstrates that, in general, the energy available for deep 

convection and moisture was statistically different between the first semester of 2019 compared 
to 2020 (CAPE: t-value - 25.0 and p-value - < 0.01; PWater: t-value - 2.3 and p-value - 0.02). Higher 
CAPE and Pwater values were observed for 2019 (see Fig. S1, Supplementary Material). Therefore, 
it can be inferred that the prevailing atmospheric conditions in 2019 were more prone to mixing 
the atmospheric mass than in 2020. Thus, it is possible to conclude that during the first semester 
of 2019, there was a higher dissipation of pollutants caused by meteorological effects when 
compared to 2020. This fact was also observed by Rudke et al. (2021) in a study carried out for the 
State of São Paulo. The authors indicated that the greater volume of rainfall in 2019, when compared 
to 2020, prevented the observation of significant reductions in air pollutant concentrations 
during the period of restrictions caused by the COVID-19 outbreak. Consequently, the analysis of 
expected decreases in the concentration of air pollutants must consider the differences observed 
for the atmospheric conditions acting in the period before and during the COVID-19 pandemic. 

 

3.2 Changes Observed in Air Quality and Mobility 
To assess changes in air pollutant concentrations, the comparison between observed values 

for 2020 and the five years before the pandemic (2015–2019) was considered. The interval 
between 2015–2019 was supposed to minimize interannual variations, which occur even in years 
without a pandemic, mainly due to atmospheric conditions and economic factors. Thus, hereafter 
these periods will be compared to demonstrate the impact of mobility restrictions due to the 
COVID-19 outbreak on air pollutant concentrations observed for Brazil. In this sense, Fig. 2. 
presents 13-day centralized moving averages for the evaluated pollutants (CO, NO2, PM10, and 
O3; PM2.5 data for the States of São Paulo and Rio de Janeiro are available in Fig. S2). The figure 
also shows the mobility trend observed during the pandemic and information regarding new 
confirmed cases of COVID-19. 

According to Fig. 2, it is noted that, in general, even before the first mobility restrictions 
adopted in Brazil (1st January–15th March), below-average concentrations (2015–2019) were found 
for 2020. The precipitation regime observed for 2020 can partially explain this fact since it was 
generally higher than the average from 2015 to 2019 (Fig. S3), except for Paraná and Rio Grande 
do Sul, which had lower rainfall for 2020. Atypical weather conditions were observed by Martins 
et al. (2020), with rainfall above average in North and Northeastern Brazil (e.g., 446.3 mm for 
March in Manaus-MA, which is about 50% higher than the expected rainfall for the month) and 
drier and warmer atmospheric conditions in Sothern Brazil (e.g., 13.8 mm for March in Curitiba-
PR, while the expected is 125 mm). 

During the suspension of in-person activities decreed by the States, which started on 16th 
March 2020 for practically all Brazilian States (Dantas et al., 2020; Geraldi et al., 2021; Rudke et 
al., 2021), there was a sharp reduction in most pollutants for most States, following the mobility 
behavior. These more accentuated reductions are mainly observed in the States of São Paulo and 
Rio de Janeiro, where the behavior of air pollutants directly followed the initial changes in mobility. 
It occurs because most of its monitoring stations are located in their metropolitan areas, where  
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Fig. 2. 13-day centralized moving averages considering air pollutants concentration before (yellow) and during (green) the 
COVID-19 pandemic; percentage in mobility change (in blue patterns in-transit movements); and daily trends in the number of 
new confirmed cases of COVID-19 in Brazil (in blue line are the weekly moving averages), separated by five States. The dashed 
line indicates the date 16th March 2020, representing the beginning of Brazil's mobility restrictions. 

 

vehicular traffic dominates the source of outdoor air pollution (Carvalho et al., 2015; Dantas et 
al., 2020), differently, for example, from Paraná, where the available stations are located in an 
industrial area. 

In agreement with the state information portals on COVID-19, during 2020, there were still 
some mobility policies that were even more restrictive, as in the case of the States of São Paulo 
and Paraná, which during some holidays even closed essential services and stipulated prohibition 
of displacement during the night period. It is important to emphasize that in 2020 in Brazil, unlike 
in other countries, there was no measure of strict mobility restrictions as the lockdown. In 2021, 
the city of Araraquara (in upstate São Paulo) was the first one in Brazil to use such a measure, 
which proved to be quite effective (Figueiredo Filho and de Oliveira Silva, 2021; Malta et al., 
2021), once it reduced the number of deaths in the city up to 80% (Francisco et al., 2021).  

In all the five States studied, the concentration of O3 was higher in 2020 than the average from 
2015 to 2019. This increase has also been observed worldwide and may be related to the chemical 
formation regime of O3 (Collivignarelli et al., 2020; Dutta and Jinsart, 2021; Gao et al., 2021; 
Grange et al., 2021; Lu et al., 2013; Sharma et al., 2020; Sicard et al., 2020), which in large cities 
is usually Volatile Organic Compounds (VOC) limited. According to Siciliano et al. (2020), who 
evaluated the increase of O3 in Rio de Janeiro city, the greatest concentrations result from higher 
ratios of non-methane hydrocarbons (NMHC) and nitrogen oxides (NOx), i.e., more significant 
reduction of NOx than of NMHC. 
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In general, during 2020, the measures imposed by the State governments were similar between 
all of them: Restricting social events, regulating the occupation of people in shops, restaurants, 
gyms, as well as adopting teleworking for administrative services, and remote classes, among 
several other measures of restriction or total prohibition to avoid or reduce agglomerations of 
people. However, the intensity of measures and the commitment of the population were variable 
(Fig. 2). This occurred due to measures of "relaxation" of the mobility restriction policies adopted 
by the State governments along the time, in addition to the mismatch between the federal, State, 
and municipal spheres, which generated uncertainties in the population, favoring the reduction 
of social distancing. During this period, many closed shops were reopened (with reduced opening 
hours), which significantly increased the flow of people in large urban centers. This fact induced 
an increase in mobility and consequently in air pollutants concentrations, generating substantial 
growth in the number of new cases of COVID-19, which first peaked in mid-July to September 
(Fig. 2). Besides that, during the pandemic, some industrial activities were intensified, increasing 
concentrations of NOx, SO2, CO2, and CO (Nakada and Urban, 2020; Rudke et al., 2021).  

Table 1 presents the relative differences (%) for air pollutants and mobility in different time 
intervals (extended version of the table can be accessed in the supplementary material - Table S2). 
It is seen that the most significant reductions in primary pollutants (NO2 and CO) and PM are kept 
for shorter time intervals, where the mobility restrictions policies were more stringent. On the 
other hand, when more extended periods are observed, it is possible to perceive a smaller impact 
of mobility restrictions on the concentrations of these pollutants. 

Through Table 1, it is observed a sharp reduction in mobility for the first 15 days of mobility 
restrictions. However, the highest mobility reduction was reached for all the States about 30 days 
after the first restrictive measure (reduction of approximately 50%); the same behavior was 
observed for most of the air pollutants. Looking at the results of restrictions for social distancing 
applied globally, only in some cases was there a reduction immediately after the measure was 
enacted, e.g., in India, China, Switzerland, and the Netherlands (Venter et al., 2020). 

During the first 15 days, the pollutants concentrations at all States decreased, even the 
secondary pollutants—O3 and PM2.5. This fact must be associated with the atmospheric conditions 

 

Table 1. Relative differences (%) in air pollutant concentrations and mobility averaged for the five Brazilian States analyzed. 

  
  

Pollutant 
15 days 30 days 90 days 180 days 290 days 

Conc. Mobility Conc. Mobility  Conc. Mobility Conc. Mobility Conc. Mobility 

ES CO –18.8% –52.3% –24.4% –56.9% –17.2% –54.7% –14.0% –33.5% –10.5% –35.1% 
PM10 –21.6% –23.3% –28.4% –28.9% –26.4% 
O3 –9.6% 5.1% 11.3% 27.5% 24.3% 

PR CO –41.1% –44.9% –45.1% –48.9% –29.5% –42.5% –30.6% –37.6% –27.1% –29.1% 
NO2 –5.0% –16.6% 8.1% 7.2% 4.7% 
O3 –46.0% 43.9% 74.7% 57.1% 40.1% 

RJ CO –16.5% –51.3% –22.6% –54.2% –12.2% –53.3% –14.2% –42.9% –12.6% –32.9% 
NO2 –28.0% –34.1% –23.9% –25.3% –22.1% 
PM10 –19.7% –23.6% –11.2% –10.4% –9.6% 
PM2.5 –14.7% 8.2% 9.8% –1.0% 0.6% 
O3 –17.5% 10.7% 19.3% 14.8% 10.7% 

RS CO –57.4% –48.8% –53.1% –52.0% –35.1% –45.6% –29.5% –41.1% –25.4% –31.7% 
NO2 –36.1% –2.4% –9.0% 21.8% 15.4% 
PM10 –1.1% –7.7% 9.1% –1.3% –7.0% 
O3 –37.4% 26.3% 18.5% 22.5% 13.1% 

SP CO –37.0% –47.0% –39.5% –51.7% –20.2% –50.6% –16.5% –42.2% –10.9% –32.6% 
NO2 –24.2% –28.8% –14.5% –14.9% –11.4% 
PM10 –10.0% –13.9% –1.0% –3.2% –0.6% 
PM2.5 –12.3% –20.4% –4.5% –10.4% –7.1% 
O3 –15.9% 15.4% 20.2% 16.5% 22.2% 

Note: The intervals shown correspond to the number of days counted from 16th March 2020, and the corresponding period for 
2015–2019: 15 days (16th March–30th March), 30 days (16th March–14th April), 90 days (16th March–13th June), 180 days (16th 
March–11th September) and 290 days (16th March–31st December). 
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during this period that favored the remotion of air pollutants and their precursors (in the case of 
secondary pollutants) since O3 precursors (e.g., NO2), for example, decreased at the same magnitude 
observed during the first 30 days. 

During the first 30 days, the most significant reductions were observed for CO (average reduction 
of ~40%) and NO2 (~20%), pollutants strongly associated with vehicular emissions (Batterman et 
al., 2015; Fischer et al., 2000; González et al., 2017). In this case, attention should be given to the 
reductions in CO concentrations observed for the States of Rio Grande do Sul, Paraná, and São 
Paulo, which presented reductions of, respectively, 53% (2015–2019: 208.6 ± 63.6 µg m–3; 2020: 
114.6 ± 55.4 µg m–3), 45% (2015–2019: 890.3 ± 277.2 µg m–3; 2020: 417.3 ± 56.3 µg m–3), and 
39% (2015–2019: 659.7 ± 45.2 µg m–3; 2020: 399.1 ± 130.6 µg m–3). Additionally, the substantial 
increase in O3 concentrations for the same States was also highlighted, which reached 44% 
(2015–2019: 18.7 ± 3.4 µg m–3; 2020: 26.9 ± 5.5 µg m–3) in Paraná, 26% (2015–2019: 25.9 ± 
3.4 µg m–3; 2020: 32.7 ± 8.1 µg m–3) in Rio Grande do Sul, and 15% in São Paulo (2015–2019: 38.3 
± 3.9 µg m–3; 2020: 44.2 ± 6.0 µg m–3). 

For more extended periods (from 90 days), less significant reductions are observed for most 
primary pollutants and analyzed States. On the other hand, an even more notable increase in O3 
concentrations was observed for the Spring season, which, together with Summer, are the 
seasons that are more favorable conditions to the O3 formation (Squizzato et al., 2021). A large 
part of this reduction kept for longer periods is related to the high decreases observed in the 
initial mobility restrictions since these days are included in the more extended periods. The 
increase in pollutants is consistent with increased mobility, which although having different 
characteristics in the States, show a tendency to increase soon after the initial days of restriction 
(Fig. 2). During the 90-day period, it is important to mention the increase in PM concentrations, 
which showed a positive relative difference in the State of Rio Grande do Sul (2015–2019: 20.8 ± 
5.0 µg m–3; 2020: 22.7 ± 10.8 µg m–3). This occurred even with a high rate of reduction in mobility 
observed for the same period in the State (–45.6%). This can be explained by the high number of 
fire outbreaks observed for that period, which reached record levels in Brazil (Pivello et al., 2021), 
even during the pandemic. The increase in the number of fire outbreaks was observed throughout 
the entire national territory (Fig. S4), even in floodable biomes where the impact of fires is 
generally smaller (Pletsch et al., 2021). In the specific case of Rio Grande do Sul, from January to 
May 2020, the State even presented a fourfold increase in the number of fires outbreaks when 
compared to 2019, surpassing states such as Mato Grosso (increase of 13%) and Mato Grosso do 
Sul (86%), which are traditionally beset with biomass burning (GZH, 2020). In addition to local fire 
outbreaks, the region studied is highly impacted by the transport of long-range air masses, which 
can significantly deteriorate local air quality, even in large urban centers (Lopes et al., 2012; 
Martins et al., 2018; Rudke et al., 2021; dos Santos, 2011). 

 

3.3 Spatial Variability of Air Quality Changes 
As mentioned above, the Brazilian federal government has not adopted a national regulation 

of social isolation aimed at containing the COVID-19 pandemic. Given the inertia of the Federal 
government, the Brazilian Supreme Court ruled that, in addition to the federal government, state 
and municipal governments could also determine isolation, quarantine, and mobility restrictions 
due to the pandemic (STF, 2020). The first restrictions were adopted by the State of São Paulo 
and followed by Rio de Janeiro, Rio Grande do Sul, and Paraná states (16th March 2021). On the 
21st of the same month, the State of Espírito Santo also decreed the suspension of their activities.  

As decision-making was carried out in particular by municipalities (together with the state 
level, in most States), different types of restrictions were adopted in Brazil. Thus, when studying 
the average impacts caused by mobility on air pollution by State, there may be some masking of 
localized effects due to local political and economic characteristics. For instance, increases in air 
pollutant concentrations in some Chilean cities were detected, even though the general behavior 
observed for the country was one of reduction (Morales-Solís et al., 2021). Therefore, increases 
in air pollutant concentrations in a given city with soft restrictions coupled with reductions seen 
in other locations can nullify the impact of restrictions at the state level. 

When the impact of mobility restrictions is verified by an air quality station (Fig. 3), it is noted 
that the general trend of variation is maintained for the studied pollutants and States, with 
reductions for the primary pollutants and increases for O3 (with local variation in intensity). 
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Fig. 3. Air pollutants spatial distribution across the study area and relative difference (%) between 
16th March with the subsequent 30 days for 2019 and 2020. 

 

In Paraná, there was a slight increase in NO2 (2.5%) for a station located in a residential area and 
a decrease for another station (–26.7%). The reduction in NO2 occurred because the station is 
close to a highway (BR 476); thus with the decrease in mobility, there was also a reduction in the 
pollutant concentration. For the State of Rio de Janeiro, increases in CO concentrations were 
observed at some monitoring stations, reaching 70.6% (2015–2019: 364.7 µg m–3; 2020: 622.1 
µg m–3) for Itb - Sambaetiba station and 94.4% (2015–2019: 366.4 µg m–3; 2020: 712.3 µg m–3) 
for Mc - Fazenda Aires station, which prevented further reductions in pollutant concentrations 
at the state level. The Itb - Sambaetiba station is located in a sparsely urbanized region, thus 
suffering less impact from mobility restrictions. Besides, the Mc - Fazenda Aires station is located 
in a rural area, being more affected by local biomass burning events. 

Spatially, the greatest reductions in pollutant concentrations were measured in more densely 
populated areas (Figs. 1, 3, and 4). The analyzed States comprise the most urbanized and 
industrialized region in Brazil (IBGE, 2016), containing important metropolitan areas [e.g., 
Metropolitan Areas of Greater Vitória (MAGV), São Paulo (MASP), Rio de Janeiro (MARJ), Curitiba 
(MAC) and Porto Alegre (MAPA)], which showed the greatest reductions observed locally (only data 
from stations located in the metropolitan area considered). For CO, during the first 30 days of 
mobility restriction, there was a reduction of 43% (2015–2019: 429.1 µg m–3; 2020: 242.8 µg m–3) 
for MAPA, 41% (2015–2019: 102.8 µg m–3; 2020: 60.0 µg m–3) for MAC, 41% (2015–2019: 279.3 
µg m–3; 2020: 165.7 µg m–3) for MASP, 30% (2015–2019: 217.0 µg m–3; 2020: 151.1 µg m–3) for 
MARJ, and 24% (2015–2019: 348.0 µg m–3; 2020: 263.3 µg m–3) for MAGV. 

For NO2, there was a reduction of 33% (2015–2019: 10.5 µg m–3; 2020: 7.0 µg m–3) for MARJ, 
32% (2015–2019: 13.0 µg m–3; 2020: 8.8 µg m–3) for MASP, 14% (2015–2019: 23 8 µg m–3; 2020: 
20.4 µg m–3) for MAC, and 8% (2015–2019: 4.4 µg m–3; 2020: 4.0 µg m–3) for MAPA. The expressive 
NO2 reductions for MARJ and MASP are also evidenced when evaluating the Tropospheric NO2 
density data measured by the TROPOMI sensor (Fig. 4).  

As CO and NO2, similar behavior was observed for PM10 that presented reduction of 27% 
(2015–2019: 25.2 µg m–3; 2020: 18.5 µg m–3) for MARJ, 23% (2015–2019: 14.1 µg m–3; 2020: 
10.8 µg m–3) for MAGV, 19% (2015–2019: 17.9 µg m–3; 2020: 14.5 µg m–3) for MASP, and 10% 
(2015–2019: 21.0 µg m–3; 2020: 18.8 µg m–3) for MAPA. On the other hand, there were significant 
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Fig. 4. Mean levels of tropospheric NO2 density measured by TROPOMI sensor and relative difference (%) for the period from 
16th March and the 30 subsequent days for 2019 and 2020. The acronyms presented identify the Metropolitan Areas of Grande 
Vitória (MAGV), São Paulo (MASP), Rio de Janeiro (MARJ), Curitiba (MAC) and, Porto Alegre (MAPA). 

 

increases in the first 30 days of restriction for O3, which reached 45% in MAC (2015–2019: 
18.6 µg m–3; 2020: 26.6 µg m–3), 36% in MASP (29.6 µg m–3; 2020: 35.6 µg m–3), 26% in MAPA 
(25.9 µg m–3; 2020: 32.6 µg m–3), 11% in MARJ (25.5 µg m–3; 2020: 28.2 µg m–3), and 5% in MAGV 
(11.2 µg m–3; 2020: 11.7 µg m–3). 

The results presented here agree with the studies previously carried out for the MASP and 
MARJ regions (Connerton et al., 2020; Dantas et al., 2020; Debone et al., 2020; Ibarra-Espinosa 
et al., 2021; Nakada and Urban, 2020; Noda et al., 2021; Rudke et al., 2021; Siciliano et al., 2020a; 
Tadano et al., 2021), with variations directly related to the study period and how air quality 
monitoring stations were selected. It should also be noted that even for stations located in the 
countryside of the States, there is a similar trend in the reduction/increase of air pollutants. This 
demonstrates the important role of vehicular emission restrictions policies on local/regional air 
quality, as mobility restrictions carried out mainly in the first 30 days had the potential to affect 
the average annual concentrations expected for 2020. 

 

4 CONCLUSIONS 
 

The 2020 COVID-19 outbreak deployed a unique opportunity to assess how human activities 
affect air quality. In this study, we investigated how the restrictive measures imposed in 2020 to 
reduce the transmission of COVID-19 influenced the air quality of Brazil. Our results demonstrate 
that, although the federal government had no active participation in developing regulations 
aimed at social distancing, the Brazilian States used almost the same strategies related to mobility 
restriction orders. In general, we can affirm that these restrictions adopted by the States had a 
substantial impact on concentrations of pollutants CO, NO2 and PM10, and PM2.5, mainly during 
the first 30 days after the beginning of mobility restriction. The same did not happen with O3, 
which reached an increase of 44% in its concentrations at the end of 2020 (Spring and Summer 
seasons are more favorable to O3 formation), following a global trend observed in previous studies. 
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About the spatial analysis, it was possible to demonstrate that in large urban centers, such as 
the metropolitan areas of the capitals of the five States (MAGV, MASP, MARJ, MAPA, and MAC), 
they were the ones that showed more effects in the first 30 days of restrictions. A particular 
emphasis must be given to the MARJ and MASP (largest metropolitan areas in Brazil), which have 
high vehicle fleet and demonstrated significant reductions in NO2 concentrations, as observed by 
the TROPOMI sensor. 

Finally, we highlight the importance of mitigating and reducing air pollution indices to reach 
the new guidelines of the World Health Organization to prevent health and economic impacts. We 
believe that changes, for example, in the work regime and improvements on public transportation 
could contribute to it as evidence, especially for primary pollutants. We hope this study will 
provide subsidies for future policies to control these pollutants, especially when all activities 
return post COVID-19 pandemic. 

It is important to mention that as all studies that require large datasets carried out in Brazil, 
this one also has limitations. The first limitation is related to the availability of the air quality 
measurements held in the country; Although some States have measurements for 2020, these 
datasets are not yet available for public access. In addition to this, a large part of the monitoring 
stations still relies on manual measurements, and to minimize errors, in this study, we chose to 
use measures from automatic stations, thus limiting the spatial reach of this study. Besides that, 
considering the Brazilian territorial area, a small amount of air pollution monitoring stations are 
available in the country [only 0.03 air quality stations per 1,000 km2 (Réquia et al., 2015)]. Our 
second limitation is related to a lack of clarity in disseminating information about the restrictions 
policies carried out by the state health departments, as well as a timetable for their implementation. 
Most of the data used in the discussions were sourced from media news. 
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