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Abstract

During the COVID-19 pandemic, restrictive measures are taken by several cities around the world, as well as Rio de Janeiro,
reducing routine activities in large urban centers and primary pollutant emissions. This study aims to assess air quality dur-
ing this partial lockdown through O, CO, and PM,, concentrations and meteorological data collected in five air quality
monitoring stations spread over the whole city, considering the substantial changes in city routine. The period evaluated
starts in March 2020, when the partial lockdown was decreed, and ends in September 2020, when economic opening ended.
Compared with 2019 data, CO concentration reduced significantly, as expected since the main source of these pollutants
is vehicular traffic. O; concentration increased, most probably as a consequence of the reduction in primary pollutants. On
the other hand, PM,, concentration did not vary significantly. From June to September, pollutant concentrations increased
responding to the economic opening. Thereby, the partial lockdown contributed to improving air quality in Rio de Janeiro
City, which means that changes in work format may be an alternative to reduce atmospheric pollution in big cities, since
home office contributes to mobility reductions, and consequently to vehicular emissions.

Highlights

e Lockdown contributed to CO reduction and O; increase.

o Differences on rain profile explain low variation on PM,, concentrations.

e Lockdown has been like a very long weekend concerning atmospheric pollution.

e Home office and distance learning improve air quality.
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Introduction countries, and 4291 people had lost their lives. Therefore,

WHO assessed that COVID-19 could be characterized as a
The COVID-19 pandemic spread rapidly around the world ~ pandemic (World Health Organization 2020). In Brazil, the
in early 2020 after the first cases in Wuhan, Hubei prov-  first case of COVID-19 was registered on February 26 in Sao
ince (China), in December 2019 (Saadat et al. 2020). On  Paulo, while the first case in Rio de Janeiro was registered
March 11, 2020, there were more than 118,000 cases in 114 on March 5. A year later (February 26, 2021), there were
more than 10 million confirmed cases in all regions of Bra-
zil (Ministério da Saide 2021); the majority of confirmed

>4 Adriana Gioda cases were in the southeastern region, Rio de Janeiro (RJ),
agioda@hotmail.com with 206,149 confirmed cases (Prefeitura do Rio de Janeiro
! Pontifical Catholic University of Rio de Janeiro, 2021). ] ) ) )
Rio de Janeiro, RJ 22451-900, Brazil The health risk posed by the novel coronavirus, in addi-
2 Quality and Technology (INMETRO), National Institute tion to its hlgh trar.lsTn.lss1.b111ty, made several cities in the
of Metrology, Duque de Caxias, RJ 25250-020, Brazil world stop their activities in an attempt to contain the grow-
3 Environmental Modeling Group, Max Planck Institute ing number of cases of the disease and deaths. .Th.e lockdown
for Meteorology, Hamburg, Germany around the world changed the pollutant emission profile,
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inducing improvements in primary pollutants in several cit-
ies (Bao and Zhang 2020; Saadat et al. 2020; Gaubert et al.
2021). One of the main consequences of partial closure was
the decrease in sources of air pollutants. This change in the
city’s routine can cause an improvement in air quality due to
a decrease in the emission of pollutants (Nakada and Urban
2020). It is worth noting that if a region already has good
air quality in a routine situation, quarantine will not have a
significant impact on air quality (Zangari et al. 2020).

Cities as Milan, New York, New Delhi, and London
recorded an improvement in air quality (Collivignarelli
et al. 2020; Girdhar et al. 2020; Sarfraz et al. 2020). In
China, an extremely high haze event was shown by Le et al.
(2020), while O; has increased in many megacities (Venter
et al. 2020). Even in the most populated area in China,
an improvement in air quality was observed, which was
attributed to mobility reduction (Filonchyk and Peterson
2020). In Barcelona, there were reductions in PM,, and NO,
concentrations during the lockdown compared to the previous
months (Tobias et al. 2020). Some South American countries
(Colombia, Ecuador, Argentina, and Peru) also recorded an
improvement in air quality due to social isolations; however,
some authors predicted that pollution levels would return to
normal following the return of economic activities (Bolafio-
Ortiz et al. 2020; Zambrano-Monserrate and Ruano 2020;
Camargo-Caicedo et al. 2021; Rojas et al. 2021).

Brazil declared COVID-19 a public health emergency on
March 3 (Croda et al., 2020). From that, Brazilian cities
began to take restrictive measures to contain the progress
of the disease and decreed partial lockdown (Dantas et al.
2020; Nakada and Urban 2020). In Rio de Janeiro State, the
governor declared a public health emergency on March 16,
stating that educational institutions, cultural establishments,
and restaurants be closed. Subsequently (March 21), access
to the city of Rio de Janeiro was limited by prohibiting the
entry of public transport from other cities. Besides that,
industries, commercial establishments, and airports have
reduced their operations (Crokidakis 2020). From July 1, the
city of Rio de Janeiro started gradual opening of economic
activities, which was planned to take place in six stages,
which ends on September 1.

Some studies regarding Brazil’s air quality assessments
and pandemic have been published. In Sdo Paulo, there
was an improvement in air quality related to the PM,,
PM, 5, and NO, concentrations, with significant drops of
45%, 46%, and 58%, respectively (Debone et al. 2020).
Nakada and Urban 2020) evaluated the variations in pol-
lutant concentrations during the lockdown at four sites
in S@o Paulo City. Overall, there were drastic reductions
in the concentrations of NO (77%), NO, (54%), and CO
(65%) compared to the 5-year monthly average. As in other
megacities (Venter et al. 2020), in S3o Paulo, there was
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also an increase in O; concentrations (30%) (Nakada and
Urban 2020). In three stations in Rio de Janeiro (Bangu,
Iraja, and Tijuca), CO levels showed significant reduc-
tions (30-48%), followed by NO,, while PM levels only
decreased in the first week of lockdown. Ozone concentra-
tions have also increased in Rio de Janeiro City (Dantas
et al. 2020). Pollutants directly related to vehicles, like
CO and NO,, showed the highest reduction. According to
Siciliano et al. (2020), in Rio de Janeiro, their reduction
was about 10-40%. Satellite data obtained for southeast-
ern Brazilian cities also show pollutants decrease. In May
2020, a reduction of 42% in NO, was recorded in Sdo
Paulo in comparison with the monthly average obtained
between 2015 and 2019. Rio de Janeiro records a decrease
even higher, 49.6% (Brandao and Foroutan 2021).

Social isolation measures adopted to contain the spread
of coronavirus transformed one of the major Brazilian
metropolises into a real laboratory where air pollution
could be studied considering changes in political restric-
tions. Since the concentrations of pollutants vary between
different areas of the same city, the results may not show
the same reductions. The main goal of this work is to
evaluate air quality changes in five air quality monitoring
stations from Rio de Janeiro City, through the concentra-
tions of O3, CO, and PM,, between March and Septem-
ber 2020, making a comparison with the concentrations
observed in the same period of 2019 and considering the
meteorology influence. Although some studies have been
conducted in Rio de Janeiro, they focused on the primary
effects of the partial lockdown on air quality, considering
from the first weeks to the third month of social isolation.
This study evaluated pollutant concentrations consider-
ing changes in political restriction since the lockdown
proclamation until economic opening, and besides that
estimate meteorological conditions and urban source
emission contribution.

Materials and methods
Study area

Rio de Janeiro is a coastal city with an estimated population
of more than 6.7 million inhabitants and more than 75%
of its territory is urbanized (IBGE 2020). One of the main
sources of pollution in the city is vehicle traffic, as it has a
fleet of more than 2.5 million cars, including light vehicles,
motorcycles, cargo vehicles, and municipal transport buses
(Detran 2020). In this study, five air quality monitoring sta-
tions will be considered. Copacabana, located in the south-
ern zone, Tijuca, in the northern, Bangu and Campo Grande
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in the western zone, and Centro, located in the central region Air quality and meteorological data
of the city. Figure 1 presents the location of monitoring sta-
tions and Table 1 presents characteristics of neighborhoods  Data of regulated pollutant concentrations were made availa-

where monitoring stations are 1
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Fig. 1 Rio de Janeiro City map with

ocated. ble online by the Municipal Environment Department of Rio
de Janeiro City. For this study, the concentrations of PM,,
(ug m™3), CO (ppm), and O, (ug m™>) obtained at five air
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Table 1 Sampling station descriptions

Station Pollutants

Surrounding characteristics

Bangu CO, O3, and PM,,
Campo Grande CO, Os, and PM,,

Centro CO, 05, and PM,,

Copacabana CO, O3, and PM,,

Tijuca CO, O3, and PM,,

Lowland areas and land with slopes that exceed 500 m. The occupation of the soil is with residences, forest,
and mineral exploration areas. Located near Brazil Avenue, an important road that crosses the city

Land with elevations up to 200 m. It is predominantly occupied by residential and commercial buildings,
but it also has areas of vegetation, industrial enterprises, and rural activity

Lowlands and part of Guanabara Bay. Hills with a slope of up to 100 m and land occupation with build-
ings that shelter the financial and commercial center of the city. Near streets with intense vehicle flux and
under influence of Brazil Avenue

Beach and hills with slopes of 100 to 400 m. High population density that occupies high-altitude buildings.
Intense vehicle traffic on main streets, including public transport buses

Flat land and hills with a slope of up to 500 m. The occupation of the soil is with residence, predominantly
of buildings, and forest areas. Intense traffic on streets, mainly in the morning and in the evening
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quality monitoring stations between March and September
for the years 2019 and 2020 will be considered. Pollutants
are sampled following the standard methodology established
by Brazilian law (CONAMA, 2018; MMA, 2019).

The configuration of the SMAC air quality monitoring
network detects CO by non-dispersive infrared (NDIR)
spectrophotometry technology using an EC 9830 Serinus
30 series; O; by non-dispersive ultraviolet (UV) absorption
technology through EC 9810 Serinus 10 series; and PM,,
by p-ray attenuation through Met One BAM 1020. Data for
CO and O; were obtained at 10-min intervals, while PM,, at
1-h intervals. They were organized on a sheet as a continu-
ous hourly average after evaluation of anomalous values.
Equipment has been calibrated periodically according to
manufacturer’s instructions.

To assist in the interpretation of the atmospheric pollution
data, the meteorological variables (wind speed (WS), wind
direction (WD), pressure (P), solar radiation (SR), rainfall
(RF), temperature (T), and relative humidity (RH)) meas-
ured in each of the monitoring stations will be considered.

Online hourly data for each pollutant and meteorologi-
cal parameters from SMAC (from Portuguese, Secretaria
Municipal do Meio Ambiente) were used. The data were
organized into daily, hourly, and monthly averages. It also
evaluated pollutant concentrations over weekdays.

Satellite data from Giovanni have been obtained for aerosol
throughout the “Combined Dark Target and Deep Blue AOD
at 0.55 micron for land and ocean” dataset and CO “Multi-
spectral CO Surface Mixing Ratio (Daytime/Descending).”
A time average map (March 2020 — September 2020) was
plotted to evaluate pollutant trends and transportation. For this
analysis, the period considered was divided into three short

Fig.2 Timeline with main
measures taken by Rio de
Janeiro State government to
control the spread of coronavi-
rus and easing measures after
the number of cases starts to
decrease

First COVID-19
caseinR)

Lockdown
Dacrea |

Lockdown
Decree 2

—& -~

periods according to pollutant variation measured by surface
data: March—April (strict lockdown), May—June (social iso-
lation relaxation), and July—September (economic opening).

Pollutant’s concentration variation was evaluated con-
sidering changes in routine activities in Rio de Janeiro
City after the lockdown and opening decrees. A timeline
with the main measures taken by the government of Rio
de Janeiro State is presented in Fig. 2, and the opening
stages adopted by the city hall of Rio de Janeiro City are
presented in Fig. 3.

Mobility data

According to Chapin and Roy (2021), one of the effects
of COVID-19 was mobility reduction. Using mobility
data provided by Apple, they built an application to show
mobility variation and confirmed cases of COVID-19
which could be used by researchers to evaluate pandemic
effects. While their application is limited to local regions,
a similar evaluation may be done with the Apple database.

Mobility data provided by Apple (https://covid19.apple.
com/mobility) and Google (https://www.google.com/covid
19/mobility/) companies, available online since the begin-
ning of the pandemic, were used as an indication of emis-
sion changes. Apple provided data since January 13, while
Google since February 15. Both datasets were evaluated
until September 30. Apple dataset considers that the first
day presents 100% of mobility and the following days are
a variation from it. Google mobility dataset represents the
variation in mobility compared to the first day.

Openning
Decree 1

[
\
Lockdown
Decree extended

Openning
Decree?

Opening Decree 1
Outdoor and drive-in’ activities. Tourist points with 50% of

capacity. Sporting events without the

audience. Bars and

restaurants with 50% of capacity. Shopping between 12-20h.
Religious events. Return of intercity and interstate transport.
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Fig.3 Timeline with opening
stages adopted by the city hall
of Rio de Janeiro City

STAGE 1
Individual outdoor
sporting activities.

Churches, furniture
stores and
concessionaires.

STAGE 3
Commerce, gyms,
beaches and parks,
outdoor cultural
activities, nurseries
and schools
(9-15 years).

STAGE 5
Increases bars and
restaurants capacity,
cinema and theater.
Free beaches and
parks. Schools
(7-9 years)

60 060 60—

STAGE 4 LR
STAGEZ Cultural activities in Schools and
Shopping between closed spaces, Universities full
12-20h with 50 % P return.

of capacity. Sporting
events without

tourist attractions
with 30% of

audience

For comparison proposes, average data was considered
for all of Brazil, Rio de Janeiro State, and Rio de Janeiro
City, the focus of this study.

Data analysis

The software R throughout R Studio was used for data
analysis. The Openair package was employed to make
pollutant and mobility time variation plots, the ggplot2
package to make kernel density analysis, and ggcorrplot
to make correlation matrices. The Shapiro—Wilk test
was applied to test data normality and the Wilcoxon-
Mann—Whitney test to compare months from 2020 and
2019.

Results
Mobility profile

The main air pollutant source in urban centers is vehicle
emission; thus, changes on mobility are an indication of
emission variation. According to mobility data provided
by Apple and Google (Figure S1 — online resource),
mobility changes in Rio de Janeiro State, Rio de Janeiro
City, and Brazil presented the same profile. Both datasets
indicate that mobility reduction started in mid-March,
reaching around 90% of decrease at the end of April. It
indicates that social isolation measures caused a reduc-
tion on emission sources, once mobility decreased after
the lockdown decree.

Although the economic opening at the city occurred
only from June, since May people relaxed social isolation

capacity

by themselves and started to return to some activities.
The return of public transportation allowed by the state
government has contributed to the increase in the number
of people on the streets.

Pollutant concentration distribution

Considering the daily average concentration in 2019 and
2020 over the same period, for the whole period of 2019,
the daily average concentration and standard deviation
of CO was 0.32+0.27 ppm, O; was 31 +26 ug m~>, and
PM,, was 38 +24 ng m~>. In 2020, the average concentra-
tion and standard deviation of CO was 0.23 +0.20 ppm, O;
was 38 +27 ug m~>, and PM,, was 36 +23 ug m . Figure 4
shows the difference between daily concentration in 2020
and the averaged concentration in 2019 of three gases. This
difference represents an anomaly caused by COVID-19 (i.e.,
the daily concentration in 2020 minus the averaged concen-
tration in 2019).

As expected, daily CO concentrations were lower in 2020.
CO concentrations decreased quickly on 22 March (of 0.10
to 0.15 ppm, compared to early March). During this week
(the second week of the lockdown), the entrance of public
transport in Rio de Janeiro City was prohibited. The reduc-
tion in the vehicle traffic in the city consequently causes a
decrease in the emission of CO. The anomaly of CO con-
centrations compared to the average on this period in 2019
remains important until the end of May.

For O;, the anomalies are mostly positive (ranging between
-5 and 4+ 20), except for one station (Bangu) presenting a dif-
ferent behavior. As observed in other cities (Venter et al.
2020), the O concentration in 2020 was higher in all moni-
toring stations. The tropospheric O; chemistry is complex;
primary pollutants participate both in its formation and
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Fig.4 Difference between daily
concentration in 2020 and the

Lockdown

Opening decree

averaged concentration in 2019
of three pollutants for the same
period (the black line is the
mean of all stations and the blue
lines are concentration at each
station)
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depletion. According to Geraldino et al. (2017), the topog-
raphy and meteorology of Rio de Janeiro City favor O; for-
mation, and its photochemistry is limited by volatile organic
compounds (VOCs). In this case, low NO, concentration, as
aresult of low NO concentration, leads to high O; concentra-
tion. It is explained by the reaction NO + O; accountable for
O; depletion (Geraldino et al. 2017, 2020). Thus, because a
decrease in NO, concentration is a direct result of a reduc-
tion in NO concentration, higher O; concentration may be
attributed to lower NOx concentration indicated by low NO,
concentration. This same relation was verified during the
lockdown in other countries around the world. Dantas et al.
(2020) reported a reduction (32-54%) in NO, concentration
in Rio de Janeiro City for the last week of March 2020 which
was attributed to the reduction in car flow by 80%.

There were two high O; events on 1 and 31 May observed
at all monitoring stations. Meteorological parameters that
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might enhance O; concentration do not explain these events.
To explain them, data for NO, NO,, and NOx concentra-
tion, which were provided only for the Bangu station, were
evaluated. The high O; events coincide with days on which
the lowest NOx concentrations were recorded. As pollut-
ant concentration profiles were similar for all stations, it is
possible to infer that lower nitrogen oxide concentrations
were also recorded those days. Once those gases participate
in O5 decomposition, higher O; concentration is observed
when they are at reduced levels. As mentioned above, O,
photochemistry is VOC limited; thus, its concentration is
enhanced by low NOx levels and high temperatures.

PM,, anomaly is negative during the Rio de Janeiro
lockdown, mostly ranging between 0 and —15, which was
expected for CO concentration. The main PM,, source
in urban areas is vehicle traffic (Miranda et al. 2012; Ali
et al. 2019). Then, the huge traffic reduction after lockdown
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measures, corroborated by the mobility decrease of around
90%, can be considered the main reason for the decrease
in PM,, concentration. In June, when the lockdown easing
measures started, anomalies became positive, showing that
PM,, concentration increased, reaching values even higher
than those in 2019.

To assist in data interpretation, Spearman correlations
(Figure S2 — Online Resource) were calculated to verify
the relation between pollutants. It was noticed in Fig. 4 that
the two high ozone events correspond to two PM,, posi-
tive anomalies (peak on the PM,, time series) reaching + 15.
However, the Spearman correlation (p <0.05) obtained
between these pollutants was positive but weak (r <0.40)
at all monitoring stations during May 2020. On May 1 and
31, when occurring in high ozone events, the correlations
between them were weekly negative. According to Nishanth
et al. (2014), the relation between PM,, and O; depends on
particle absorption characteristics. The large particles’ sur-
face area can contribute to heterogeneous reactions involving
the tropospheric ozone. Particles that absorb radiation can
contribute to an increase in the concentration of O;, whereas
particles that disperse light contribute to a decrease in the
concentration of O; in the atmosphere.

In all monitoring stations, moderate positive correlations
were observed between O; and PM,,. These positive correla-
tions are related to the anthropogenic origin of these pollut-
ants. In the Centro station, there was a correlation between
O; and PM, in all the months of 2020, and in the Tijuca sta-
tion, correlations were observed in all the evaluated months,
the largest of them observed in May and June, both in 2019
and in 2020.

A descriptive statistic of meteorological variables is
presented in Table S1 (Online Resource). Comparing both
years, it is possible to notice that Rio de Janeiro City was
under the same meteorological conditions. However, it is
possible to highlight rainfall and wind speed at Tijuca in
2020 were higher than those in 2019. The rainfall was influ-
enced by volume recorded in May, which was more than 5
times higher than that of other months. The wind speed was
about 3 times higher than the mean value of 2019, mainly
from winds that come from west and northwest, where the
Tijuca National Forest is located. These wind results were
influenced by values recorded in March 2020. Although
Tijuca presented these meteorological singularities in March
and May, rainfall and wind speed do not explain pollutant
variation. As in most months, meteorological parameters did
not change; they could not be accountable for air quality
variation during the period evaluated.

Positive Spearman correlations (p < 0.05) were observed
in Bangu, Campo Grande, and Centro, from moderate to
strong, between the O; concentrations and SR, T, and WS.
It was also found to have negative correlations between O,
and RH of the air. These correlations were already expected

since the tropospheric O; is formed by photochemical pro-
cesses; therefore, a greater solar radiation favors its for-
mation, and besides it also contributes to the increase in
temperature (Gioda et al. 2018; De La Cruz et al. 2019;
Geraldino et al. 2020). The correlation with WS indicates
that pollutants from other regions are participating in the O;
formation processes. Higher RH of the air makes it harder
for the sun to arrive, disfavoring O5 formation.

In Bangu, Campo Grande, and Centro, moderate nega-
tive correlations between O; and CO were also observed.
In Bangu, such correlations were observed only in 2019
(March and June). In Campo Grande, they were observed
in May and June of both years evaluated. In Centro, they
were observed mainly in 2020. As O; is a secondary pol-
lutant, explaining its concentration should consider several
variables, as mentioned above. Carbon monoxide concen-
tration exerts, mainly, an indirect effect on O; concentra-
tions. Negative correlations between them may indicate O,
depletion through photochemical reaction with NOx, since
NOx and CO may present the same source, then O; decom-
position is favored in polluted conditions. Another explana-
tion is the hydrocarbon oxidation by O; molecules, which
reduces O; concentration and increases CO concentration.
And finally, the stratospheric O; intrusion in the troposphere
may increase O; concentration while CO decreases, once
this air is richer in O; (Voulgarakis et al. 2011). Since O;
chemistry in Rio de Janeiro City is limited by VOC, low
NOx concentrations lead to high O; concentrations. Consid-
ering that the main source of CO and NOx, which includes
NO,, is fuel combustion, the reduction of mobility after the
lockdown decree implies a decrease in CO and NOx emis-
sion. Thus, the negative correlation O; X CO does not present
a cause-and-effect relationship; nevertheless, it represents
a consequence of the negative correlation between O; and
NO, once CO and NO, come from the same source.

Except for Copacabana, all monitoring stations presented
moderate to strong correlations between PM and CO, mainly
from June to September. These results show that both pollut-
ants may present the same emission source, which could be
vehicular emissions. The lack of correlation in Copacabana
indicates that the main source of PM, is sea spray.

Moderate positive correlations between PM,, and temper-
ature were also observed in Bangu, Copacabana, and Tijuca;
these pollutants correlated in most of the evaluated months,
except for June 2020 in Bangu and April 2020 in Tijuca. In
general, PM,, and temperature present a negative correlation
because high temperatures favor particle dispersion, which
contributes to a decrease in PM;, concentration (Li et al.
2015). The positive correlations found in this study indicate
that several other variables are influencing PM,, concentra-
tion that is accompanied by high temperatures (Kim 2019).

Considering that the lockdown period was between March
19 and June 19, which coincide with the second lockdown
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decree and first opening decree, considerable pollutant varia-
tion was observed, in comparison with the previous year. CO
concentration reduced 21-62%. O; increased 15-74% except
for that in Bangu where it decreased 11%. PM,, decreased
5-22% except for that Bangu where it increased 9%.

Air pollutant time variation

Pollutant concentration averages obtained between March
and September of 2019 and 2020 for all monitoring stations
are presented in Figs. 5, 6, and 7 split by hour per weekday,
hour, month, and weekday. Tables S2—S4 (Online Resource)
present descriptive statistic data for all monitoring stations.
Table 2 presents the percentage of monthly variation of each
pollutant at all monitoring stations in 2020 in comparison
with that in 2019. Negative values indicate lower concentra-
tions recorded in 2020.

To evaluate pollutant concentration variation, it was
investigated if there is a statistically significant difference
in the concentration levels of the components CO, O;, and
PM,, between the years 2019 and 2020. Due to the non-
normality of the data, the Wilcoxon-Mann—Whitney non-
parametric test was applied with a significance level of 5%.
In other words, we sought to verify whether there was a

0 6 12 18 23 0 6

change in concentration from 1 year to another considering
it as a single period from March to September (Fig. 8). The
comparison of each month from the 2 years is presented in
Table 3, which shows the pairs of months that did not pre-
sent statistical differences.

In general, the Copacabana station registered the lowest
CO emission and the highest amount of PM,;, when com-
pared to the other stations. In Bangu, there was a reduc-
tion in CO emissions in 2020 when compared to 2019. An
increase of Oj is observed in Tijuca, Copacabana, and Cen-
tro in 2020 when compared to 2019.

Considering the whole period, it can be seen that there
was no change in the concentration of O5 in Bangu [p-value
0.9268] and PM,, in Copacabana [p-value 0.3532] in the
period from March to September 2020 when compared to
the same 2019 period.

Carbon monoxide monthly concentration

All stations are located close to high-traffic routes; therefore, the
concentrations of the three pollutants studied were affected. The
average monthly concentration and standard deviation of CO
ranged from 0.04 +0.04 ppm in Copacabana to 0.5+0.2 ppm in
Campo Grande in 2020, while in 2019 the concentrations and
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Fig.6 Time variation of the concentrations of O3 (ug m—3) at Bangu (BG), Campo Grande (CG), Centro (CT), Copacabana (CP), and Tijuca

(TJ) stations in 2019 and 2020

standard deviation ranged from 0.07 +0.1 ppm in Copacabana
to 0.6+ 0.4 ppm in Tijuca. However, no station exceeded the
air quality standard established for CO by Brazilian legislation
(9 ppm, 8-h mobile mean) (CONAMA 2018). The average con-
centration in 2020 is 97% below the Brazilian standard, while
in 2019 it was 96% lower.

For most monitoring sites, monthly CO concentration
obtained during 2019 presented higher values, with the
exception of Campo Grande; in other words, CO reduction
was verified during lockdown. This neighborhood is char-
acterized by a strong presence of commercial enterprises.
Besides that, in the surroundings of this region, some indus-
trial enterprises are installed. It is observed that the first peak
of concentration in 2020 occurs in June, when the restric-
tion measures began to be reduced, and the second peak in
September, when the last phase of the economic opening
began. This neighborhood has one of the highest population
densities, so the return of economic activities represents a
greater number of people back on the streets compared to
other neighborhoods in the city.

Statistically, CO concentration obtained in 2020, for most
months, at all monitoring stations presented difference in
relation to the previous year. The lower concentration

obtained in 2020 is related to the reduction in vehicle flow,
corroborated by mobility data, which had the contribution of
the decrease up to 50% in public transport fleet and adoption
of home office services by most part of companies.

The levels of CO in Copacabana decreased 31% in April
2020, in relation to March 2020. In comparison with con-
centration obtained in 2019, Copacabana also presented the
greatest CO concentration reduction: 63% in April and 68%
in March. Bangu, the site with the highest CO average con-
centrations in 2019, presented reductions between 22 and
60% in 2020, compared to monthly CO average concentra-
tion with the previous year.

Considering CO concentration variation between March
and September 2020, with the exception of Bangu, in all other
stations increasing concentrations were observed from June.
Although CO concentrations over the period evaluated pre-
sented an increase between 27 and 225% in relation to CO
concentration registered in March 2020, they were, in most
cases, below the values registered in the same months of 2019.
Only Copacabana (June) and Centro (September) presented
average concentrations with no statistical difference in rela-
tion to 2019 after opening decrees. The economic opening
since June contributed to the increase in CO concentration;
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Fig.7 Time variation of the concentrations of PM10 (ug m—3) at Bangu (BG), Campo Grande (CG), Centro (CT), Copacabana (CP), and
Tijuca (TJ) stations in 2019 and 2020

Table 2 Variations in monthly

X Station March April May June July August September

concentrations of pollutants,

expressed as percentage, Ozone variation (%)

comparing 2019 and 2020 Bangu 7 3 _13 _» 1 4 37
Campo Grande 16 21 33 31 0 16 31
Centro 11 65 73 93 27 29 25
Copacabana 31 28 83 60 28 29 49
Tijuca -13 -9 17 36 15 23 100
Carbon monoxide variation (%)
Bangu 22 -33 - 24 -56 —44 -60
Campo Grande -39 =¥ =50 17 32 135 28
Centro =53 —64 -69 =30 -35 —43 =27
Copacabana =35 -5 —41 10 -18 -15 -5
Tijuca =35 =31 -58 -26 -28 -22 -13
Particulate matter (< 10 um) variation (%)
Bangu 26 12 -12 17 15 -6 -8
Campo Grande 10 2 =21 -4 =22 =25 8
Centro -1 -1 -19 2 -14 10 30
Copacabana -49 -39 -21 5 -13 -20 =¥
Tijuca =27 =25 -21 14 -14 -11 6

*There was no data from this month in 2019 or 2020.
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Fig.8 CO, O3, and PM10
data distribution for the period

between March and September Tijuca-
of 2019 and 2020

Ano
2019

Centro-

2020

Campo Grande-

Tijuca-
Copacabana“
Centro-

Campo Grande -

Tijuca-
Copacabana-
Centro

Campo Grande-

Bangu-

however, it remained lower than values registered in 2019
because economic activities still remained under control; in
addition, schools and universities remained closed.

Ozone monthly concentration
The average monthly O; concentration and standard devia-

tion in 2019 ranged from 20+ 15 pg m~> in Copacabana
to 46+ 34 pg m~> in Bangu; in 2020, it ranged from

co

Ano

2019
2020

Ano

2019
2020

22+ 15 pg m~ in Copacabana to 63 +35 pg m~ in Bangu.
Considering the average concentrations obtained between
March and September of 2020, with the exception of Bangu
station, other monitoring presented an increase up to 93%
in O; concentration, compared to the same months of 2019.
The average concentration in 2020 is 73% below the Brazil-
ian standard (140 pg m~), while in 2019 it was 78% lower.

Ozone concentrations registered in Campo Grande and
Copacabana since April 2020 were up to 85% higher than the
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Table 3 Results of the

. . Station Cco O, PM,,
comparison between pairs of -
months (2019 vs 2020) when Pairs of months ~ p-value  Pairs of months  p-value  Pairs of months  p-value
no statistical variations were (2019 vs 2020) (2019 vs 2020) (2019 vs 2020)
observed in the concentration of
the pollutants Bangu - - March 0.312 August 0.561
April 0.620 September 0.766
August 0.082
Campo Grande - - July 0.927 April 0.927
August 0.083
Centro April 0.317 - - June 0.688
September 0.609
Copacabana June 0.133 - - March 0.806
April 0.072
June 0.133
Tijuca - - March 0.169 - -
April 0.407

values registered in March 2020. Tijuca presented concentrations
16-86% higher since May 2020. In Centro, O; concentrations
registered in April and May were 15-20% higher than values
obtained in March, but in June and August they decreased 14%,
in relation to March and increased again in September (23%).
In Bangu, this pollutant presented a random profile, increase in
April, decrease until June, and again increase until September.

In comparison with average concentrations obtained in
2019, statistical differences were observed in Centro and
Copacabana in all months, which presented lower concen-
trations for the entire period. Both regions have undergone
drastic routine changes after lockdown decrees; even after
opening measures, they did not return to the same routine
observed before the pandemic, mainly because most schools
opted to keep distance learning and companies choose to
continue with the home office or returned to face-to-face
activities on a rotating basis. Those changes in routine activ-
ities contributed to the decrease in atmospheric pollutants
that participate in O; formation. As observed in other cities
around the world, the decrease in some pollutants, as NOx
and VOC, induced the increase in O3 concentration.

The Bangu station presented a different behavior, with
lower O; concentration during lockdown. At this station,
higher NO, NO,, and NOx concentration was recorded in
2020, mainly during the lockdown period, in comparison
with the same period of 2019. As O; formation at this region
is favored in low NOx levels, during lockdown the increase
in NOx concentration conducted to lower O; concentration.
According to Dantas et al. (2020), since April 6, a reduction
in O; concentrations was recorded which was also favored
by less rainfall and lower SR.

Particulate matter monthly concentration

The average monthly PM,, concentration and standard
deviation in 2020 ranged from 13 + 10 pg m~ in Centro to

@ Springer

74+23 pg m~3 in Copacabana, while in 2019, it ranged from
22+ 11 pg m~ in Bangu to 57 +22 pg m~> in Copacabana.
PM,, concentration profiles for the 2 years were similar. It
was the pollutants that showed less concentration variation.
The average concentration in 2020 is 70% below the Brazil-
ian standard, while in 2019 it was 69% lower.

A question that should be pointed out is that the absolute
value of rainfall recorded in 2019 was higher than that in
2020. Some months of 2020 that presented PM,, average
concentration with no statistical difference in relation to the
previous years recorded less rainfall volume in 2019. Then,
in 2019, the rainfall contributed to particle removal, decreas-
ing PM,, concentration. In 2020, the less rainfall volume
was compensated by the decrease in emission caused by
routine changes. Thus, even with decrease in PM, emission
in 2020, the average concentration remained similar with
that of the previous years. The same behavior of rainfall was
also observed by Rudke et al. (2021) in a study conducted in
the metropolitan area of Sdo Paulo.

Bangu and Campo Grande presented PM,, concentra-
tion in March and April 2-15% higher than that in the same
months of 2019. The other three monitoring stations pre-
sented concentrations up to 48% lower between March and
May, compared to the same months of 2019. In June, when
economic activities returned partially, a 2—13% increase was
registered in relation to the same month of the previous year
which may be attributed to differences on rainfall profile of
both years.

Between March and September 2020, the PM,, concen-
tration increased over the months. The main increase was
observed in Centro in June and July, when a concentra-
tion 130% higher than that in March was verified. As the
economic opening started in June, it was the month when
the highest increased concentration was observed for most
monitoring stations. Only Tijuca presented the highest con-
centration in September.
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CO, O;, and PM,, diurnal and weekly cycle

Pollutant diurnal cycles in 2019 and 2020 were evaluated
through the hourly average concentration presented in
Figs. 5, 6, and 7. CO and PM,, concentration diurnal cycles
obtained in 2020 were below the values obtained in 2019. O,
concentration diurnal cycles obtained in 2020 presented an
opposite behavior because the average concentration in 2020
was higher than that in 2019. However, pollutant concentra-
tions varied from 2019 to 2020; the peak of concentration in
2020 happened at the same time as in 2019 for the three pol-
lutants. Only Bangu presented in 2020 an O; diurnal cycle
below the values obtained in 2019 and PM,, diurnal cycle
higher than that in 2019.

The careful examination of each pollutant diurnal cycle
shows that the hourly CO concentration profile was similar
to the PM,, profile, with peak concentration in the morn-
ing. After the concentration decreases during the afternoon,
another peak appears in the evening. The same hourly con-
centration profile was observed in 2020, but due to the lower
concentrations obtained that year, the variations in concen-
trations between morning and night were smaller, mainly in
Copacabana and Tijuca. This concentration profile is char-
acteristic of urban regions because it varies together with
the change in the vehicle flow in the monitored region. The
peak of concentration occurs at different times in each of the
stations, but this concentration profile is following the times
of entry and exit from school, commerce, and industries. The
highest concentrations are observed in the morning when
there is a large flow of people moving around the city at
the same time. Due to the greater variation in the time for
returning home, the concentrations at the end of the day are
lower than those in the morning.

Higher O5 concentration occurs around noon due to
greater SR. In both years, the O; concentration peak
occurred between 1:30 pm and 3:30 pm in all monitoring sta-
tions. Bangu presented higher concentrations in 2019, Tijuca
presented similar concentrations in both years, and Campo
Grande, Centro, and Copacabana presented higher O; con-
centrations in 2020. The lower concentrations observed in
2020 may be related to variations in the concentrations of
other pollutants that participate in the mechanisms of forma-
tion and degradation of the O; molecule.

CO weekly cycles obtained in 2020 for all monitoring sta-
tions were very similar, while in 2019 they presented differ-
ent levels of concentrations. As expected, weekday average
concentrations were more similar to weekend average con-
centration. Meanwhile, a higher concentration was observed
during weekend than in weekdays, which reflects that some
activities that are developed during weekends continued dur-
ing 2020. PM,, weekly cycles present lower concentration
during weekends in the 2 years, and as expected, the vari-
ation over the week was lower in 2020 than that in 2019.

However, rainfall profile for 2019 and 2020 was different,
which exerts huge influence in PM,, concentration.

0O; week cycles were very similar for all monitoring
stations. The diurnal cycle in 2019 shows that weekends
present higher concentrations than weekdays. In 2020, the
difference between weekdays and weekends was lower than
that in the previous year. Besides that, weekends in 2019 and
2020 presented lower differences in concentrations.

As in 2020 a decrease on pollutant emission occurred, it
was expected that diurnal cycles would present lower levels.
Despite the decrease in traffic, the main pollutant source
during the first months, corroborated by mobility data, some
essential services demanded workers who went to work in
the morning and came home in the evening. Thus, peak con-
centration time remained, in comparison with the previous
year. The weekly concentration presented a random vari-
ability during weekdays for both years; however, in 2020
this variation was lower, which implies that the behaviors
of source emission were similar from Mondays to Tuesdays.
CO and PM,, presented an increase on Friday and Saturday
which is justified by higher mobility on these days. On the
opposite way, O; presented higher levels on Monday, when
the lowest mobility was recorded, since less primary pollut-
ant emission leads to lower O; concentration.

Time average with satellite data

An important factor that influences air quality is atmospheric
transport which may carry pollutants from one region to oth-
ers, which could contribute to the concentrations recorded at
monitoring sites. Since the Brazilian atmospheric monitor-
ing network is reduced, satellite data helps in better under-
standing. Figure 9 shows the time average map for CO and
aerosol obtained from Giovanni/NASA. In the region of Rio
de Janeiro, a slight increase in CO concentrations occurred
but was more significant for aerosol. An interesting observa-
tion is the huge increase of CO and aerosol in the Amazon
Region that also extends to the Pantanal. July to September
is the period when many fires are registered in the Amazon
region. Especially in 2020, Pantanal burned during the same
period. It is well known that fires emit CO and particulate
matter, which explains a large amount of these pollutants in
Amazon and Pantanal.

Time average maps for the three periods considered indi-
cate that CO and aerosol increased over time, as surface
data demonstrated. Currently, to economic opening which
contributed to increase in mobility, and consequently in pol-
lutant emission, fires recorded at Amazon and Pantanal may
transport pollutants to southeast Brazil, contributing to pol-
lutant increasing. Rudke et al. (2021) also considered that
fires contributed to air pollution in Sdo Paulo in the months
that followed stricter isolation measures.
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Fig.9 Time average map plotted with satellite data obtained by Giovanni/NASA for CO and aerosol from March to September 2020. Source:

https://giovanni.gsfc.nasa.gov

Conclusions

The assessment of atmospheric pollution is a complex
task, one that depends on several factors, including pollut-
ant emissions, meteorological conditions, and interaction
of them, mainly to secondary pollutant formation. Even if
it is possible to control the emission sources, the number
of atmospheric processes involved and the dependency on
meteorology make the air quality highly difficult to control.

The period considered in this air quality assessment
was marked by striking changes in urban routine, which
represented a decrease of mobility of about 90%, then the
city presented a new emission profile. Primary pollutant
concentrations (PM,, and CO) were reduced as a conse-
quence of emission source reduction during the lockdown;
however, secondary pollutants (O5) increased as a result
of several changes in atmospheric conditions. Around the
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world, this behavior was observed after lockdown measures,
highlighting the increase in O; concentration responding to
the reduction in pollutant concentration that participates in
tropospheric ozone formation.

Rio de Janeiro is one of the major Brazilian metropo-
lises; therefore, vehicle emission is considered the main
atmospheric pollutant source. Thus, the huge traffic reduc-
tion, as a consequence of mobility decrease, after lock-
down decree induced a significant CO concentration reduc-
tion, since fossil combustion is its principal source. The
same notable reduction was not observed for PM,, because
of the differences in rainfall profiles between the 2 years.
Rainfall volumes recorded in Campo Grande, Centro,
and Copacabana in 2019 (0.13, 0.13, and 0.20 mm) were
higher than those in 2020 (0.08, 0.07, and 0.10 mm); thus,
even with emission reduction in 2020 caused by routine
changes, PM,, concentration varied little. As characteristic
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of urban areas, daily concentration peak for both pollutants
remained at the same time of 2019 even with lower values
in 2020. As expected, and observed around the world, O,
concentrations increased in urban areas where the O; pro-
duction is VOC limited. The O5 diurnal cycle presented
a peak of concentrations at the same time as the previous
year, which is related to the SR intensity that enhances the
tropospheric O; formation by photochemical processes.
Once the isolation measures removed a lot of people from
the street and the mobility reduced significantly during the
period evaluated, pollutant concentrations recorded for week-
days became similar to the values that are usually recorded
for the weekend. In other words, the lockdown period,
mainly in the first months, was similar to a very long week-
end period, especially during the first month. Following an
increase in mobility since June 2020, pollutant concentrations
also rose. At this time, people started to come back to some
activities while the government scheduled an economic open-
ing. Satellite data also show this behavior, even though they
also indicate a possible contribution of fires at Amazon and
Pantanal in CO and PM concentrations in southeast Brazil.
Air pollution responds quickly to changes in factors that
participate in the atmospheric process. While the emission
sources were reduced during the isolation period, a reduc-
tion in CO and PM,, was observed, but the easing measures
started were followed by an increase in these pollutants. As
O; depends on other pollutant concentrations, it presented
an opposite behavior; however, the CONAMA standards for
O; were not exceeded. The partial maintenance of home
office and distance learning contributed to the concentrations
recorded after the isolation easing which remain lower than
those in 2019. Perhaps, this could be an adequate alternative
to control air pollution when the pandemic issue is resolved.
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