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Abstract: This study employs surface and remote sensing data jointly with deep learning techniques
to examine the influence of vehicular traffic in the seasonal patterns of CO, NO2, PM2.5, and PM10

concentrations in the São Paulo municipality, as the period of physical distancing (March 2020 to
December 2021), due to SARS-CoV-2 pandemic and the resumption of activities, made it possible to
observe significant variations in the flow of vehicles in the city of São Paulo. Firstly, an analysis of the
planetary boundary layer height and ventilation coefficient was performed to identify the seasons’
patterns of pollution dispersion. Then, the variations (from 2018 to 2021) of the seasonal average
values of air temperature, relative humidity, precipitation, and thermal inversion occurrence/position
were compared to identify possible variations in the patterns of such variables that would justify (or
deny) the occurrence of more favorable conditions for pollutants dispersion. However, no significant
variations were found. Finally, the seasonal average concentrations of the previously mentioned
pollutants were compared from 2018 to 2021, and the daily concentrations observed during the
pandemic period were compared with a model based on an artificial neural network. Regarding the
concentration of pollutants, the primarily sourced from vehicular traffic (CO and NO2) exhibited
substantial variations, demonstrating an inverse relationship with the rate of social distancing.
In addition, the measured concentrations deviated from the predictive model during periods of
significant social isolation. Conversely, pollutants that were not primarily linked to vehicular sources
(PM2.5 and PM10) exhibited minimal variation from 2018 to 2021; thus, their measured concentration
remained consistent with the prediction model.

Keywords: COVID-19; remote sensing; machine learning; pollutants

1. Introduction

Among many problems affecting big urban centers worldwide, atmospheric pollution
is among the most critical [1]. During the last decades, several studies [1–3] have addressed
the harmful effects that this type of pollution causes, mainly on human health. However,
understanding the emission and dispersion processes of pollutants and quantifying the
role of each emission source is not easy, given the complex scenario of large cities, where
several sources act simultaneously.
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In early 2020, due to the rapid spread of the new coronavirus SARS-CoV-2, govern-
ments worldwide created unprecedented social distancing policies to mitigate the evolution
of population contamination rates. Such measures restricted the execution of several activi-
ties that were classified as non-essential, resulting in a considerable reduction in vehicular
traffic and industrial activities considering that it directly impacted dynamic measurements
in the urban environment on seismic noise [4], urban sound [5], light pollution [6], and,
especially, air quality [7]. In addition, it is important to highlight that this situation created
the possibility of deeply analyzing the relationship between the decrease in emission rates
from the specific anthropogenic sources and the variations in the concentration of the
pollutants [3].

When performing a comparison between the period prior to lockdown and the
lockdown period, a reduction in the concentration of NO2 was observed in Brazil [8,9],
China [10], Ecuador [11], India [12], Italy [13], Morocco [14], Spain [15], and in the USA [16].
Also, a significant reduction in CO concentration was observed in Brazil [8,9], China [10],
Ecuador [11], India [12], and Italy [13]. On the other hand, some pollutants, such as par-
ticulate matter (PM) and O3, did not show significant reduction rates; therefore, some
studies [9,15,16] reported increased concentrations during the lockdown period. Such re-
sults, specifically for PM2.5, may be related to its complex non-linear atmospheric formation
process [3] and biomass-burning activities [9]. A deep review of the influence of COVID-19
on the pollutant concentrations in urban regions can be found in [7].

Nevertheless, considering that after the start of vaccinations and, consequently, a
reduction in contagion rates, several countries began resuming economic activities in May
2020, which generated questions such as: How quickly did pollutant concentrations return
to pre-pandemic levels? Were all pollutants affected in the same way? Which physical
distancing levels significantly affect pollutant concentrations?

São Paulo, the most populous city in South America (around 12.8 million inhabitants,
which represents approximately 6% percent of Brazil’s population) [17], has an extensive
vehicle fleet (approximately 9.1 million). This fleet acts as a significant source of anthro-
pogenic pollutants such as PM10 (40%), PM2.5 (37%), CO (97%), NOX (64%), SOX (17%),
and hydrocarbons (76%) [18,19]. Between March and May, São Paulo’s State Government
decreed a partial lockdown, which caused a physical distancing rate in the city of São
Paulo of around 55% [20]. Such action caused a reduction in vehicle circulation of 86%
during the more restrictive period [20]; thus, some studies [21,22] presented results related
to reducing some pollutants in this period. In comparison with the results of the previous
months, Siciliano et al. [21] showed air quality data from the Companhia Ambiental do
Estado de São Paulo (CETESB) at the beginning of the partial lockdown (23 March 2020 to
3 April 2020) that identified a significant reduction in the concentrations of NO2 (14.5% to
32.9%), CO (33.0% to 40.0%), and PM10 (2.8% to 10.0%) in the city of São Paulo. Nakada and
Urban [22], using data from the Tropospheric Monitoring Instrument (TROPOMI) onboard
the Sentinel-5P satellite, also identified a reduction in the concentration of NO2 (54.3%)
and CO (64.8%) between March and April 2020 in comparison with the same period of the
previous year in the city of São Paulo.

However, due to the creation of the “Plano São Paulo” (https://www.saopaulo.sp.gov.
br/planosp/ (accessed on 1 January 2022)) by the São Paulo municipality, the resumption of
economic activities began on 1 June 2020, which caused a gradual decrease in the physical
distancing rate and consequently an increase in the vehicle traffic.

In order to demonstrate the role of vehicular traffic in the concentration of CO, NO2,
PM2.5, and PM10 in the city of São Paulo, this paper presents a comparison among the
seasonal variation of such pollutants in the period before (2018 to 2019), during (March
to June 2020), and after (July 2020 to December 2021) the partial lockdown. Firstly, from
remote sensing data, a description of the seasonal behavior of the planetary boundary
layer height and the ventilation coefficient will be presented to demonstrate that such
variables can affect the patterns of pollutant dispersions in the city of São Paulo. Then, a
comparison among the values of air surface temperature, relative humidity, precipitation,
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and thermal inversion occurrence from 2018 to 2021 will be performed to try to identify the
incidence, or deny it, of events that justify any variations in the pollutant concentrations.
Finally, a comparison of the concentrations of the previously mentioned pollutants from
2018 to 2021 will be performed to identify how the variation of the physical distancing
influenced the concentration of such pollutants. In addition, to improve the comparison,
an Artificial Neural Network (ANN) was trained to predict the pollutant concentrations in
non-pandemic situations, and the results were compared with those measured from March
2020 to December 2021, where the physical distancing rate had significative variations.

This paper will have the following structure: Section 2 will briefly describe the experi-
mental site and instruments. In Section 3, the methodology will be described. The results
and discussions will be presented in Sections 4 and 5, respectively. Finally, the conclusions
will be presented in Section 6.

2. Experimental Site and Instrumentation
2.1. São Paulo

The city of São Paulo is located in the southeastern region of Brazil, where the humid
subtropical climate predominates [autumn (March, April, and May), winter (June, July, and
August), spring (September, October, and November), summer (December, January, and
February), in general, with a hot and humid summer and a dry winter period. Average
temperatures in winter are lower than those in the summer, but the difference is not as
pronounced. Spring and autumn have a milder intermediate climate, although there is
much rainfall in early autumn [23,24].

All of the data presented in the following sub-sections were obtained from 2018 to 2021.
Within this period, the care regime adopted concerning the pandemic (social distancing, the
closing of commerce, the closing of schools and universities, and the reduction in the flow
of vehicles and public transport, among other protocols) occurred more pronouncedly be-
tween March and May 2020. The subsequent resumption of economic activities, organized
through the “Plano São Paulo” (Sao Paulo Plan [25]), began in June 2020 and continued
maintaining some activity restrictions throughout 2021. Consequently, the instruments that
could not be operated remotely (Lidar system and radiosonde launching) did not work
from March 2020 to December 2021 due to the COVID-19 pandemic. Throughout this work,
2018 and 2019 will be addressed as the pre-pandemic period, while 2020 and 2021 will be
the pandemic period.

2.1.1. CETESB Stations

The data were collected from four CETESB stations in São Paulo: Pinheiros, Parque
Dom Pedro II, Ponte dos Remédios, and Congonhas. They were selected because, besides
providing information about CO, NO2, PM2.5, and PM10, they belong to four important
regions of São Paulo, making them highly representative for the study proposed in this
paper. Their locations are shown in Figure 1. The Congonhas Station (23◦36′ S, 46◦39′ W),
near the airport of the same name (the second busiest airport in Brazil, with an average
of 21 million passengers per year), is located in a region of the city with heavy vehicle
traffic (North–South Corridor and Bandeirantes Avenue). The Parque Dom Pedro II Station
(23◦32′ S, 46◦37′ W) is located in the historic center of the city (near Avenida do Estado, a
corridor with heavy vehicle traffic). The Pinheiros (23◦33′ S, 46◦37′ W) Station, located in
the western region of the city, is close to Marginal Pinheiros (part of the SP-15 highway), a
road with an intense movement of light and heavy vehicles, which is the second busiest in
the city. Finally, Ponte dos Remédios Station (23◦31′ S, 46◦44′ W) is located in the northern
region of the town, next to Marginal Tietê (another part of the SP-15 highway), which is the
busiest road in the city (and in Brazil), through which about 1.2 million vehicles pass per
day [24].
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channels (387, 408, and 530 nm) detect the received signal. The measurements obtained 
from the lidar and used in this work correspond to a wavelength of 532 nm (elastic). The 
temporal resolution adopted is 1 min, and the spatial resolution is 7.5 m. Complete 
overlap is achieved at an altitude of 300 m, a.g.l. [26]. 
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Figure 1. São Paulo municipality map. The red, light green, dark blue, and pink stars represent the
four CETESB stations addressed in this paper (Ponte dos Remédios, Pinheiros, Parque Dom Pedro II,
and Congonhas). The yellow, green, and blue circles represent the location of the SPU Lidar Station,
Mirante de Santana Station, and Campo de Marte Airport, respectively.

2.1.2. SPU Lidar Station

The Lidar Station SPU (Figure 1) is installed at the Lasers and Applications Center
(23◦33′ S, 46◦44′ W) of the Institute for Energy and Nuclear Research (CELAP/IPEN). The
station has monitored aerosols’ optical properties and vertical distribution for approxi-
mately 20 years. The Lidar system operates in the coaxial mode, using a pulsed Nd: YAG
laser, emitting radiation at 355 nm, 532 nm, and 1064 nm to the zenith, with a repetition rate
of 10 Hz. Three elastic channels (355, 532, and 1064 nm) and three Raman channels (387,
408, and 530 nm) detect the received signal. The measurements obtained from the lidar and
used in this work correspond to a wavelength of 532 nm (elastic). The temporal resolution
adopted is 1 min, and the spatial resolution is 7.5 m. Complete overlap is achieved at an
altitude of 300 m, a.g.l. [26].

2.1.3. Rainfall Rate and Vertical Temperature Profile

The rainfall data were obtained from Mirante de Santana station (23◦29′ S, 46◦37′ W)
(Figure 1). This station and countless others spread throughout the Brazilian territory
are maintained and operated by the National Institute of Meteorology (Inmet) [27]. The
thermal inversions were estimated from the vertical temperature profiles provided by the
radiosondes launched at the Campo de Marte Airport (23◦30′ S, 46◦38′ W) (Figure 1) at
09:00 LT (daily).

2.1.4. CETESB QUALAR Platform

São Paulo has an overall monitoring air quality system, with automatic and manual
stations all over its territorial extension. Among all the cities in this state, the capital,
São Paulo municipality, has the most significant number of stations. The data acquired
and recorded by these stations are available to download on the CETESB’s QUALAR
platform [28]. Such a platform allows the public access to the data obtained by the stations,
the air quality indexes in real time, specific reports (daily values of pollutants, monthly
mean, distribution of air quality, and others), and filters to export the data (such as the
station, variables, and interest time).

The data retrieved from the QUALAR for the analyses were the concentrations of
NO2, CO, PM2.5, and PM10, with a temporal resolution of 1 h, for the following stations of
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CETESB: Pinheiros, Parque Dom Pedro II, Ponte dos Remédios, and Congonhas (Figure 1).
In addition, the collected data from the Pinheiros Station comprised surface relative hu-
midity, surface temperature, horizontal wind speed (HWS), with a temporal resolution of
1 h, and the daily number of occurrences of thermal inversions, as well as the heights at
which they occur. All analyses presented in Section 4 are based on the average of these
four stations.

3. Theory and Methods
3.1. Atmospheric Boundary Layer Height

The atmospheric boundary layer (ABL) is the lowermost region of the troposphere
“that is directly influenced by the presence of the earth’s surface and responds to surface forcing
within a timescale of about an hour or less” [29]. This layer has mechanical and thermodynamic
turbulent characteristics, which play a fundamental role in the dispersion of pollutants.

During its daily cycle, the ABL has height variations, which are directly associated
with the stability of this layer. At the beginning of the day, the heat transfer process initiates
as the ground becomes warm, and convective thermals cause turbulent mixing. Such a
phenomenon gives rise to the ABL sublayer denominated convective boundary layer (CBL),
which grows throughout the day. After sunset, due to the radiative cooling of the ground,
the turbulence mixing is suppressed and CBL is substituted by a shallow stable sublayer,
named the stable boundary layer (SBL). A sublayer covers the SBL (with intermittent
turbulence, not affected by the turbulence transport from the surface), and is denominated
as the residual layer (RL). RL has the same height as the maximum reached by the CBL
on the previous day [29]. Due to high-ABLH variability, remote sensing instruments
endowed with high-temporal resolution (e.g., elastic lidar) are widely applied in analyzing
the ABLH’s daily cycle.

ABLH Daily Cycle from Elastic Lidar Data

Due to the overlap of the SPU Lidar, the lidar measurements were carried out from
10:00 to 18:00 local time (LT) to provide estimates of the CBL height (CBLH).

All lidar results were obtained from the raw signal (P) with a wavelength of 532 nm,
which was pre-processed with a three-step correction (dark current [DC] remotion, back-
ground radiation [BG] remotion, correction with the square of the height [z2]) described in
Refs. [30,31]. After this, the range corrected signal (RCS532) is obtained, as indicated in the
equation below.

RCS532(z) = (P(z) − DC(z) − BG)z2, (1)

Then, from the RCS532, the CBLH was detected using the wavelet covariance trans-
form method (WCT) [30]. Such a method performs a covariance (W(a, b)) between a
mother wavelet (Haar function [h]) and the average RCS532 obtained in one hour (RCS532)
as follows:

W(a, b) =
1
a

∫ z f

zi

RCS532(z)h
(

z− b
a

)
dz, (2)

where a and b are the values of dilatation and transition related to the mother wavelet, zi and
zf are the respective lower and upper limits of the CBL, and z is the height above the ground.
This method identifies the CBLH at the height where the transition between the ABL and
the free troposphere occurs, characterized by the high reduction in aerosol concentration.
In other words, CBLH is the maximum in the covariance profile as shown below.

CBLH = Max(W(a, b)), (3)
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3.2. Ventilation Coefficient

The ventilation coefficient (VC) is an important parameter to evaluate the dispersion
of pollutants in the CBL region. It represents the rate at which air is transported away from
a particular area. The VC is obtained as indicated in the following equation [9]:

VC = CBLHHWS, (4)

where HWS is the one-hour average of the horizontal wind speed.

3.3. Thermal Inversions

Thermal inversions (TIs) are a recurrent phenomenon in São Paulo, mainly during
winter [14]. The TIs can attenuate the convective process, inhibiting the dispersions process
and confining the pollutants in the region below it. Evaluating such a phenomenon
can interfere with pollutant concentration from the temperature profiles provided by the
radiosondes (launched at 09:00 LT) data. On these heights, TIs were identified and classified
into three groups: below 200 m, between 200 m and 500 m, and above 500 m.

3.4. Prediction of Pollutant Concentrations

An Artificial Neural Network (ANN) algorithm (NeuralProphet) [32] was applied to
estimate the expected concentration of each analyzed pollutant in non-pandemic situa-
tions in 2020 and 2021. Such a Python library combines neural network techniques and
time-series regression algorithms to provide forecasts. As the input, the daily average
concentration of each pollutant (CO, NO2, PM2.5, and PM10) was used in the four analyzed
CETESB stations from 2018 to 2019. A total of 70% of this data was applied in the training
stage, and 30% was used to test the model. Thus, mean absolute error values of 0.14 ppm,
10.8 µg·m−3, 4.1 µg·m−3, and 7.1 µg·m−3 to CO, NO2, PM2.5, and PM10 were obtained,
respectively. This method allowed us to compare the variation of pollutant concentrations
during the pandemic.

4. Results and Discussion
4.1. Analysis of Meteorological Variables
4.1.1. The PBLH and VC

The PBLH presents a similar behavior during all seasons (Figure 2), where the lower
values occur between 14 and 15 UTC (due to the low convection activity), the growth stage
starts between 15 and 16 UTC, and the maximum height is reached between 18 and 19 UTC,
which corresponds to middle afternoon at which point the convective boundary layer is
already well-mixed. Regarding the seasonal behavior, the higher average PBLH occurs
in summer (Figure 2d) ((1690 ± 220) m at 19 UTC) due to higher radiation capture and,
consequently, intense convective activity [31]. Lower levels are observed during the winter
((750 ± 160) m at 21 UTC) (Figure 2b), which is caused by the lower radiation capture,
resulting in low convective activity in comparison to other seasons. Although VC also has
a daily cycle (Figure 2) with a behavior similar to the PBLH (lowest values around 14 UTC
and maximum values between 18 and 19 UTC), it decreases during the late afternoon
due to a reduction in HWS. In addition, VC has a seasonal behavior, where the higher
average values occur in summer (mainly at 19 UTC, where VC reaches (3700 ± 910) m2/s)
(Figure 2d). The lower levels are concentrated in autumn (Figure 2a) and winter (mainly at
21 UTC where VC reaches (1310 ± 260) m2/s).

Therefore, considering the influence of PBLH and VC in the pollutants’ dispersion
process [31], the lower concentrations tend to be observed during the summer (highest
values of PBLH and VC), while the higher ones tend to occur during the winter. On the
other hand, spring and autumn present intermediate levels.



Atmosphere 2023, 14, 1578 7 of 16Atmosphere 2023, 14, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 2. Seasonal ((a) Autumn, (b) Winter, (c) Spring, and (d) Summer) variation of PBLH (black 
lines) and VC (red lines) from 2018 to 2019. There are no lidar measurements at 15 UTC during 
summer due to solar radiation incidence. 

Therefore, considering the influence of PBLH and VC in the pollutants’ dispersion 
process [31], the lower concentrations tend to be observed during the summer (highest 
values of PBLH and VC), while the higher ones tend to occur during the winter. On the 
other hand, spring and autumn present intermediate levels. 

4.1.2. Thermal Inversions 
Table 1 presents the number of TIs per season from 2018 to 2021. Considering the 

total TI, the higher occurrence is always in the winter for all of the analyzed years, as 
expected [18]. From 2018 to 2019, 538 TIs were detected; between 2020 and 2021, 558 TIs 
were registered. All years follow a similar pattern, with a small occurrence of TIs in the 
region below 200 m and a high one above 500 m; hence, this region is situated over the 
PBL top. Afterwards, TIs inhibit the growth of this layer, causing an increase in the 
pollutants’ concentration in the lower troposphere region. 

Table 1. Number of thermal inversions in city of São Paulo from 2018 to 2021. The smallest 
occurrences tend to be yellow, while the largest tend to be brown. 

Seasons 
<200m 200–500 m >500 m 

2018 2019 2020 2021 2018 2019 2020 2021 2018 2019 2020 2021 
summer 4 13 0 0 16 15 14 14 45 26 44 45 
autumn 5 5 6 9 31 24 28 29 34 34 49 36 
winter 22 12 17 20 28 25 30 29 33 23 35 36 
spring 3 4 4 1 23 21 20 26 42 50 25 41 

4.1.3. Air Surface Temperature, Relative Humidity, and Precipitation 
Figure 3 presents the seasonal variations of surface temperature (Figure 2a), relative 

humidity (Figure 2b), and accumulated precipitation (Figure 2c) from 2018 to 2021. During 
all analyzed periods, summer and winter remain the hottest and coldest seasons (Figure 
2a), respectively, as expected. From the four analyzed years, 2019 is characterized by the 
hottest summers ((23.6 ± 1.4) °C) and the coldest winter ((18.0 ± 1.0) °C). Regarding relative 
humidity (Figure 2b), except in 2019, the lower average values are consistently observed 
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summer due to solar radiation incidence.

4.1.2. Thermal Inversions

Table 1 presents the number of TIs per season from 2018 to 2021. Considering the
total TI, the higher occurrence is always in the winter for all of the analyzed years, as
expected [18]. From 2018 to 2019, 538 TIs were detected; between 2020 and 2021, 558 TIs
were registered. All years follow a similar pattern, with a small occurrence of TIs in the
region below 200 m and a high one above 500 m; hence, this region is situated over the PBL
top. Afterwards, TIs inhibit the growth of this layer, causing an increase in the pollutants’
concentration in the lower troposphere region.

Table 1. Number of thermal inversions in city of São Paulo from 2018 to 2021. The smallest occurrences
tend to be yellow, while the largest tend to be brown.

Seasons
<200m 200–500 m >500 m

2018 2019 2020 2021 2018 2019 2020 2021 2018 2019 2020 2021
summer 4 13 0 0 16 15 14 14 45 26 44 45
autumn 5 5 6 9 31 24 28 29 34 34 49 36
winter 22 12 17 20 28 25 30 29 33 23 35 36
spring 3 4 4 1 23 21 20 26 42 50 25 41

4.1.3. Air Surface Temperature, Relative Humidity, and Precipitation

Figure 3 presents the seasonal variations of surface temperature (Figure 2a), relative
humidity (Figure 2b), and accumulated precipitation (Figure 2c) from 2018 to 2021. During
all analyzed periods, summer and winter remain the hottest and coldest seasons (Figure 2a),
respectively, as expected. From the four analyzed years, 2019 is characterized by the hottest
summers ((23.6 ± 1.4) ◦C) and the coldest winter ((18.0 ± 1.0) ◦C). Regarding relative
humidity (Figure 2b), except in 2019, the lower average values are consistently observed
in winter. Summers of 2020 and 2021 had a wet season ((72.9 ± 3.7)% and (70.5 ± 0.9)%,
respectively), while in 2018 and 2019, the higher values of relative humidity can be observed
in spring ((72.3 ± 3.5)%) and autumn ((71.1 ± 2.2)%), respectively. As expected, the higher
values of accumulated precipitation for the four analyzed years were observed during the
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summer, mainly in 2020 (1046 mm) (Figure 2c). Excluding 2020, where the lowest values
occurred in autumn (87.8 mm), the lowest accumulated precipitation rates were consistently
observed in winter (86.6, 192.4, and 97.0 mm in 2018, 2019, and 2021, respectively).
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Therefore, for all of the analyzed years, it is possible to observe a seasonal pattern
where the summer and winter seasons have more outstanding characteristics than the
other seasons. While the summers are endowed with a higher temperature, relativity
humidity, accumulated precipitation rates, VC, and PBLH values, the winters have a
lower temperature, relativity humidity, accumulated precipitation rates, PBLH, and a
high number of TI. Considering the behavior of the seasons over the years, none of the
analyzed variables presented any abrupt variation that would justify the intensification or
attenuation in the process of dispersion of pollutants. Therefore, it is reasonable to assume
that any variation in the pollutants’ concentration from 2018 to 2021 is mainly associated
with the changes in emission patterns.

4.2. Analysis of the Measured Pollutant Concentrations
4.2.1. CO

Figure 4 presents the seasonal variation of CO in the city of São Paulo from 2018 to 2021.
From 2020 to 2021, the daily average CO concentration in the summer has progressively
decreased, reaching a reduction rate of around −28.0%, varying from (0.63 ± 0.27) ppm
observed in 2019 to (0.45 ± 0.15) ppm in 2021. In autumn, a reduction in daily average CO
concentration was also observed, which reached (0.46± 0.23) ppm in 2020, when the highest
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physical distancing rate was registered [25], and (0.50 ± 0.18) ppm in 2021, in comparison
with (0.54 ± 0.22) ppm and (0.59 ± 0.21) ppm, observed in 2018 and 2019, respectively.
Winter was the season where the higher reduction was registered (around−35.0%), varying
from (0.80 ± 0.45) ppm in 2018 to (0.52 ± 0.19) ppm in 2021; regarding spring, 2018,
2019, and 2020 maintained practically the same average values ((0.52 ± 0.17) ppm), and
a reduction of around −13.4% could only be observed in 2021, when the concentration
reached (0.45 ± 0.14) ppm.

Atmosphere 2023, 14, x FOR PEER REVIEW 9 of 16 
 

 

4.2. Analysis of the Measured Pollutant Concentrations 
4.2.1. CO 

Figure 4 presents the seasonal variation of CO in the city of São Paulo from 2018 to 
2021. From 2020 to 2021, the daily average CO concentration in the summer has 
progressively decreased, reaching a reduction rate of around −28.0%, varying from (0.63 
± 0.27) ppm observed in 2019 to (0.45 ± 0.15) ppm in 2021. In autumn, a reduction in daily 
average CO concentration was also observed, which reached (0.46 ± 0.23) ppm in 2020, 
when the highest physical distancing rate was registered [25], and (0.50 ± 0.18) ppm in 
2021, in comparison with (0.54 ± 0.22) ppm and (0.59 ± 0.21) ppm, observed in 2018 and 
2019, respectively. Winter was the season where the higher reduction was registered 
(around −35.0%), varying from (0.80 ± 0.45) ppm in 2018 to (0.52 ± 0.19) ppm in 2021; 
regarding spring, 2018, 2019, and 2020 maintained practically the same average values 
((0.52 ± 0.17) ppm), and a reduction of around −13.4% could only be observed in 2021, 
when the concentration reached (0.45 ± 0.14) ppm. 

 
Figure 4. (a) Distribution of daily value of CO concentration per season from 2018 to 2021 (1461 
cases) in city of São Paulo. (b) Comparison among the predicted (black line) and measured (black 
dotted line) concentrations of CO in city of São Paulo with the physical distancing rate (red line) 
from March 2020 to December 2021. The black shadow represents the model’s mean absolute error. 
The background green, light green, violet, and red rectangles represent autumn, winter, spring, and 
summer, respectively. The vertical dotted blue line represents the official day of resumption of 
economic activities. 

Figure 4b compares the measured CO concentrations and the predicted ones from 
March 2020 to December 2021. During the first weeks of the lockdown, where the physical 
distancing rate reached higher values (between 55 and 55%), the measured CO 
concentration (Figure 4b) was lower than predicted. However, as the physical distancing 
rate decreased, the predicted and measured values became very similar due to the 

Figure 4. (a) Distribution of daily value of CO concentration per season from 2018 to 2021 (1461 cases)
in city of São Paulo. (b) Comparison among the predicted (black line) and measured (black dotted
line) concentrations of CO in city of São Paulo with the physical distancing rate (red line) from
March 2020 to December 2021. The black shadow represents the model’s mean absolute error. The
background green, light green, violet, and red rectangles represent autumn, winter, spring, and
summer, respectively. The vertical dotted blue line represents the official day of resumption of
economic activities.

Figure 4b compares the measured CO concentrations and the predicted ones from
March 2020 to December 2021. During the first weeks of the lockdown, where the physical
distancing rate reached higher values (between 55% and 55%), the measured CO concen-
tration (Figure 4b) was lower than predicted. However, as the physical distancing rate
decreased, the predicted and measured values became very similar due to the resumption
of activities on 1 June 2020. The increase in the physical distancing rate in January (around
42%) and March (about 45%) 2021 obtained a measured CO concentration that was lower
than predicted. During the winter of 2021, although the physical distancing rate had
decreased, measured CO values were lower than predicted on most days. In the spring of
2021, the new increase in physical distancing rate (reaching around 40%) resulted in lower
measured CO concentration values in comparison to the predicted ones.
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4.2.2. NO2

Regarding NO2 (Figure 5a), a reduction of around −20.4% was observed during
the summer; therefore, the concentration ranged from (48.8 ± 16.6) µg·m−3 in 2019 to
(38.8 ± 14.9) µg·m−3 in 2021. In autumn, although 2020 ((38.0 ± 14.2) µg·m−3) has a value
lower than 2018 ((48.8 ± 15.9) µg·m−3) and 2019 ((47.0 ± 14.8) µg·m−3), 2021 presented an
increase, reaching (42.8 ± 16.4) µg·m−3. In the same way as CO, NO2 has the highest daily
average concentrations during winter; hence, the higher variation in NO2 concentration
is observed during this season (−21.7%) due to a reduction from (59.1 ± 21.9) µg·m−3 in
2018 to (46.3 ± 16.8) µg·m−3 in 2020. In the spring, as observed in the other seasons, the
average values during 2020 and 2021 ((44.7 ± 14.2) µg·m−3 and (45.4 ± 16.4) µg·m−3, re-
spectively) are lower than the values measured during 2018 and 2019 ((46.8 ± 13.1) µg·m−3

and (47.4 ± 18.5) µg·m−3, respectively).
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Figure 5. (a) Distribution of daily value of NO2 concentration per season from 2018 to 2021 (1461 cases)
in city of São Paulo. (b) Comparison among the predicted (black line) and measured (black dotted
line) concentrations of NO2 in city of São Paulo with the physical distancing rate (red line) from
March 2020 to December 2021. The black shadow represents the model mean absolute error. The
background green, light green, violet, and red rectangles represent autumn, winter, spring, and
summer, respectively. The vertical dotted blue line represents the official day of resumption of
economic activities.

A comparison between the measured and predicted NO2 concentrations from March
2020 to December 2021 is presented in Figure 5b. As the physical distancing rate increased
(autumn 2020), the measured values became lower than predicted. Therefore, as the
physical distancing rate decreased (winter and spring 2020) due to the resumption of
activities, measured and predicted values were similar. However, the new increases in the
physical distancing rate in January and March 2021 caused lower measured values than
predicted. However, the decrease in the physical distancing rate from winter 2021 caused
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an increase in the measured NO2 to reach the predicted values. Winter and autumn 2021
differences are observed when the physical distancing rate is around 40%.

4.2.3. PM2.5

The average daily concentration of PM2.5 (Figure 6a) presents a reduction of around
9.0% from summer 2019 ((15.9 ± 7.8) µg·m−3) to summer 2021 ((14.5 ± 5.2) µg·m−3).
During autumn, although 2021 ((16.0 ± 8.0) µg·m−3) presents an average value above that
one registered in 2020 ((15.5 ± 6.6) µg·m−3), a reduction of 11.0% was observed from 2018
to 2020 (where the average concentration was (17.4 ± 7.7) µg·m−3). As observed in the
previous cases, the winter is the season with the highest (−28.7%) concentration, ranging
from (23.7 ± 13.1) µg·m−3 in 2018 to (16.9 ± 8.3) µg·m−3 in 2020. However, in the winter
of 2021, the PM2.5 concentration reached (20.5 ± 13.3) µg·m−3. Regarding spring, although
2020 and 2021 ((16.9 ± 7.6) µg·m−3 and (16.4 ± 8.3) µg·m−3, respectively) had average
daily values lower than 2019 ((17.5 ± 9.1) µg·m−3), both are higher than that one registered
in 2018 ((15.4 ± 5.6) µg·m−3).
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Figure 6. (a) Distribution of daily value of PM2.5 concentration per season from 2018 to 2021
(1461 cases) in city of São Paulo. (b) Comparison among the predicted (black line) and measured
(black dotted line) concentrations of PM2.5 in city of São Paulo with the physical distancing rate (red
line) from March 2020 to December 2021. The black shadow represents the model mean absolute
error. The background green, light green, violet, and red rectangles represent autumn, winter, spring,
and summer, respectively. The vertical dotted blue line represents the official day of resumption of
economic activities.

Opposing what was observed in CO and NO2 behavior, the measured and predicted
PM2.5 (Figure 6b) stayed close from March 2020 to December 2021. When there are more
significant differences between them, the measured values are contained in the uncertainty
region of the model. Moreira et al. [33] demonstrated the relationship between the biomass
burning (BB) events in the Brazilian Midwest and the increased PM2.5 concentration in the



Atmosphere 2023, 14, 1578 12 of 16

São Paulo municipality, mainly during autumn and winter. Therefore, the increase in BB
events in 2020 and 2021 [34] probably raised the average concentration of PM2.5, making a
considerable reduction in such pollutants impossible to observe.

4.2.4. PM10

Figure 7 presents the seasonal distribution of the daily average concentration of PM10
per season. Regarding the summers, a reduction of 26.5% was observed from 2019 ((27.5 ±
13.2) µg·m−3) to 2021 ((20.2 ± 8.3) µg·m−3)). During autumn, although 2021 presents the
lowest value ((25.6± 13.0) µg·m−3), 2020 has an average value ((30.5± 11.6) µg·m−3) higher
than that one observed in 2018 ((26.4 ± 11.2) µg·m−3) and 2019 ((28.1 ± 11.9) µg·m−3).
Winter presents a reduction of around 12.9% in the average concentration of PM10 from 2018
((37.3 ± 20.6) µg·m−3) to 2020 ((32.5 ± 16.1) µg·m−3). However, in 2021, the concentration
rises, reaching (33.9 ± 24.2) µg·m−3. During spring, a reduction of 14.7% was observed
from 2019 ((31.3 ± 14.2) µg·m−3) to 2021 ((26.7 ± 13.5) µg·m−3).
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Figure 7. (a) Distribution of daily value of PM10 concentration per season from 2018 to 2021
(1461 cases) in city of São Paulo. (b) Comparison among the predicted (black line) and measured
(black dotted line) concentrations of PM10 in city of São Paulo with the physical distancing rate (red
line) from March 2020 to December 2021. The black shadow represents the model mean absolute
error. The background green, light green, violet, and red rectangles represent autumn, winter, spring,
and summer, respectively. The vertical dotted blue line represents the official day of resumption of
economic activities.

In the same way as PM2.5, the measured PM10 (Figure 7b) is also poorly influenced
by the variations in the physical distancing rate, except in the period between December
2020 and May 2021 (where there was an increase in the physical distancing rate), where
predicted PM10 is higher than the measured value, and the average PM10 concentration
observed in the analyzed CETESB stations stays close the values predicted by the model.
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5. Discussion

Based on the results presented in the previous section, it is possible to observe that
each type of the pollutants that were presented has a particular sensitivity to variations in
social distancing, and this is directly associated with the primary source of production of
each one.

CO and NO2 have vehicular traffic as their primary sources of emissions; therefore,
it was possible to observe significant changes due to the variance in social isolation. Re-
garding CO, in which vehicular traffic influences 97% of production [18], insulation values
greater than 37% made it possible to observe it in winter, even with unfavorable conditions
for the dispersion of pollutants presented in Section 4.1, and lower average concentrations
than those recorded in the summer of years without social isolation were observed. The
resumption of activities, being partial, did not cause a significant increase in CO concen-
trations; therefore, especially during spring and summer, when dispersion conditions are
more favorable, the observed values remained quite far from the predicted values. On the
other hand, NO2, as it has a smaller percentage of production associated with vehicular
traffic (64% for NOx—[18]), presented a variation that was less sensitive to social distancing
rates than CO and was only sensitive when the rates exceeded 41% (it was possible to
identify a significant reduction in this way). Although partial, the resumption of activities
caused average concentration levels to return to those observed in 2018 and 2019 quickly;
thus, the model presented a good correspondence with the values measured when the
social distancing rate was below 41%.

PM10 and PM2.5 do not have vehicular traffic as their primary emission source, con-
tributing only 40% and 37%, respectively. When comparing the variation in average values,
the reduction observed was lower than that recorded for CO and NO2. Thus, the model
showed a good correspondence with the measured results, especially for PM2.5. The re-
sumption of activities had little influence on both pollutants since the reduction levels
observed were within the model’s uncertainty margins. Regarding PM2.5, it is essential to
highlight the increase in the average concentration observed during the autumn and winter
of 2021. This characteristic is the consequence of the high number of forest fires registered
in the Brazilian central-west and Amazon regions [34], which resulted in several biomass
burning episodes in the state of São Paulo [33].

It is essential to highlight that the results presented in this paper are limited to the
São Paulo municipality. This methodology can be applied in other regions. However, it is
necessary to train the ANN with other time series.

6. Conclusions

In order to demonstrate how the variation in vehicular traffic can affect the concentra-
tions of CO, NO2, PM2.5, and PM10 in the city of São Paulo, this paper used the physical
distancing caused by the SARS-CoV-2 pandemic to show how the increases or reductions
in the vehicle circulation affected the seasonal behaviors of each of these pollutants.

From the meteorological variables analyzed (air surface temperature, relative humid-
ity, accumulated precipitation, and TI position/occurrence), it was possible to conclude
that the same seasonal pattern occurred between 2018 and 2021; hence, any event that
drastically attenuated or intensified the process of the dispersion of pollutants was recorded.
Therefore, summer remained the season with the most significant characteristics to favor
the dispersion of pollutants (hot, wet, and with the highest PBLH and VC values). At the
same time, winter is endowed with unfavorable characteristics of the dispersion process
(cold, dry, lower PBLH and VC values, and higher occurrence of TIs, mainly in the regions
above 500 m).

Regarding the concentration of pollutants, those that have vehicular traffic as their
main primary source (CO and NO2) showed a behavior inversely proportional to the rate
of physical distancing; therefore, CO is more sensitive to physical distancing than NO2,
reaching average concentration values that were lower than the ones observed in the three
previous years during the winter of 2021. On the other hand, the resumption of economic
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activities resulted in a fast increase in NO2; therefore, in 2021, higher values of NO2 were
observed than those in 2018 and 2019.

The pollutants that do not have vehicular traffic as the primary source (PM10 and
PM2.5) showed slight variation concerning the changes in the physical distancing rate,
always remaining close to the model and presenting average values similar to the ones
observed in 2018 and 2019. Consequently, the resumption of economic activities had a
negligible effect on the variations in the concentrations of these pollutants.

From the results of this study, it is possible to observe that the combination of remote
sensing instruments, surface data, and machine learning favors the comprehension of
pollutant behavior. Furthermore, the results demonstrate that a reduction in vehicular
traffic does not directly affect the concentration of pollutants in the same way; hence, the
more significant the contribution of vehicular traffic to the primary emission of pollutants,
the more intense the effects due to the variations in the physical distancing rate. Therefore,
this study reinforces its importance by demonstrating that the relationship between the
reduction in vehicular traffic and pollutant concentrations is not a simple question. On the
contrary, it is very complex and needs an analysis of several factors because each region
has different pollutant sources.

We intend to expand this methodology to other Brazilian urban areas to identify
possible differences or similarities in other latitudes, climates, and land covers.
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