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Abstract: This paper presents an analysis of the effects of the COVID-19 pandemic on the air quality
of the Metropolitan Region of Sdo Paulo (MRSP). The effects of social distancing are still recent in
the society; however, it was possible to observe patterns of environmental changes in places that
had adhered transportation measures to combat the spread of the coronavirus. Thus, from the
analysis of the traffic volumes made on some of the main access highways to the MRSP, as well as
the monitoring of the levels of fine particulate matter (PM, 5), carbon monoxide (CO) and nitrogen
dioxide (NO,), directly linked to atmospheric emissions from motor vehicles—which make up about
95% of air polluting agents in the region in different locations—we showed relationships between
the improvement in air quality and the decrease in vehicles that access the MRSP. To improve the
data analysis, therefore, the isolation index parameter was evaluated to provide daily information
on the percentage of citizens in each municipality of the state that was effectively practicing social
distancing. The intersection of these groups of data determined that the COVID-19 pandemic reduced
the volume of vehicles on the highways by up to 50% of what it was in 2019, with the subsequent
recovery of the traffic volume, even surpassing the values from the baseline year. Thus, the isolation
index showed a decline of up to 20% between its implementation in March 2020 and December 2020.
These data and the way they varied during 2020 allowed to observe an improvement of up to 50%
in analyzed periods of the pollutants PM; 5, CO and NO; in the MRSP. The main contribution of
this study, alongside the synergistic use of data from different sources, was to perform traffic flow
analysis separately for light and heavy duty vehicles (LDVs and HDVs). The relationships between
traffic volume patterns and COVID-19 pollution were analyzed based on time series.

Keywords: air pollution; mobility trends; COVID-19; social distancing

1. Introduction

The COVID-19 pandemic has so far impacted the entire world with more than
160 million confirmed cases and 3.5 million deaths according to data from the World
Health Organization (WHO) until 30 May 2021 [1-3]. In Brazil, according to the Ministry
of Health, about 16.5 million cases and more than 460,000 deaths from COVID-19 have
been confirmed in the country also until 30 May 2021 [4-6]. The unprecedented impact
of this global pandemic took place in different spheres of every day’s society. The social
distancing measures were taken in order to quarantine the population and thus reduce
the levels of transmission of the virus worldwide [7,8]. More specifically in the state of
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Sao Paulo, on 22 March 2020, the local Government, through the Decree No. 64,881 [9],
established a statewide quarantine, which restricted activities to prevent the spread of the
coronavirus [1,10].

From the beginning of the quarantine in the State of Sao Paulo, there was a decrease in
the movement of people and vehicles on the streets, caused by the closing of several public
establishments such as parks, shopping malls, bars, restaurants and by the implementation
of remote work in several companies [11]. Improvements on air quality were observed
in several urban centers around the world caused by the closing of non-essential activi-
ties [12-14]. This situation offered an unprecedent opportunity to analyze the relationship
between the social isolation, measures applied to contain the transmission of the new
Coronavirus, and the air quality of the Metropolitan Region of Sao Paulo (MRSP).

In Brazil, air quality index is determined by Conama Resolution No. 491 of 19 Novem-
ber 2018 [15,16], based on WHO air quality index. These standards were updated on
September 2021 [1-3]. Thus, parameters of air pollutants could be observed for a deep
analysis that establishes the relationship between social isolation during quarantine and
the differences in air quality in the MRSP [17].

It is possible to determine that the air pollutants most related to the circulation of
motor vehicles are fine inhalable particulate matter (which passes through a size selected
inlet with a efficiency cut-off at 2.5 um aerodynamic diameter; PM; 5), coming from burning
fuel in motor vehicles and also from industrial activities, carbon monoxide (CO), mostly
formed by incomplete combustion of fuel in motor light vehicles such as passenger cars
and motorcycles and nitrogen dioxide (NO;), mostly related to the combustion of heavy
commercial vehicles and burning of diesel fuels [18]. In a scenario of decreasing volumes
of passenger cars, commercial vehicles and motorcycles, declining concentration rates of
PM; 5, CO and NO; are expected, establishing evident relationship between air quality and
social isolation index in the MRSP [12].

PM; 5 particles are harmful to health because of their smaller diameter and may
reach the bronchi when inhaled; CO is a colorless, odorless and tasteless gas; NO; is
characterized by a reddish brown gas which secondary products are nitric acid and nitrates,
which may contribute to the increase of inhalable particles that are harmful to health. NO,
is mainly formed by combustion processes that use oil or gas and can contribute to the
formation of acid rain at the locations according to data from the vehicle pollution control
plan [18,19]. The presence of these pollutants is regulated and monitored by the Sao Paulo
Environmental Company (CETESB). After the State Decree No. 59,113 of 23 April 2013 [20],
new air quality standards were established taking into account the concentration of these
gases in the atmosphere [15]: 20 pg/m? (annual mean), 9 ppm (8 h mean) and 60 pg/m?
(annual mean), for PM; 5, CO and NO,, respectively. The current acceptable air quality
standards, with the exception of CO, which is already in the final stage, are becoming
more stringent as new phases will be planned within next year’s [21]. It is important to
emphasize that the evolution of technology has made it possible to considerably improve
CO parameters to the point of achieving a significant reduction in the atmosphere of large
conurbations [12,22,23]. The Sao Paulo State Decree is more restrictive than the Conama
Resolution for SO5.

Based on data from the vehicle emission report [18], the fleet circulating in Sao Paulo
State in 2019 was composed of ~15.4 million vehicles: 10.4 million cars (68% of the total fleet),
1.9 million light commercial vehicles (12%), 440 thousand trucks (2%), 107 thousand buses
(0.7%) and 2.5 million motorcycles (16%). Similarly, the fleet circulating in the Metropolitan
Region of Sao Paulo in 2019 was composed of ~7.3 million vehicles: 5.3 million cars (73% of
the total fleet), 900 thousand light commercial vehicles (12%), 170 thousand trucks (2%),
55 thousand buses (0.7%) and 900 thousand motorcycles (12%). It is possible to observe
that there is a proportion between the volume of each type of vehicle, considering that
they do not have large percentage variations between the MRSP and the State. From the
distribution of vehicle types according to the vehicle control plan [18], it is observed that
cars and motorcycles are predominantly responsible for CO emissions, while heavy vehicles
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such as trucks and urban buses stand out more for emissions of PM; 5 and NO,. Most
cars and motorcycles are powered by gasoline and ethanol, in a mixture of 15% ethanol,
which have CO and less particulate emissions as a by-product of their incomplete burning,
while heavy vehicles that are mostly diesel powered release NO, and more PM; 5 into the
atmosphere as a result of combustion [24]. The low volume of new vehicle sales in recent
years revealed that the fleet circulating in the state has remained almost unchanged from
2015 to 2019 (the only type of vehicle that had a decrease in the volume of the circulating
fleet was light commercial vehicles with a reduction of 0.9% in 2019).

It is noted that cars were responsible for 60% of CO emissions in 2019, while motorcy-
cles account for 22%, light commercial vehicles for 10%, trucks for 6% and buses for only
2% in the state of Sao Paulo. Trucks represent 65% of NO, emissions, cars 12%, urban buses
10%, light commercial vehicles 6% and motorcycles and minibuses 1% each [18]. PM; 5 had
a distribution similar to that observed in relation to NO,: trucks represent 70%, urban buses
10%, road buses 6%, light commercial vehicles 7%, motorcycles 4% and automobiles 2% of
the total emissions in the State of Sao Paulo. These data reveal a distribution of inhalable
particles and nitrogen oxides more linked to heavy duty vehicles (HDVs), while the emis-
sion of carbon monoxide is more dependent on the circulation of light duty vehicles (LDVs).
This finding makes it possible, in the analysis of the highways, to relate the volumes of
HDVs to the levels of NO, and PMj; 5 and the volumes of LDVs to the level of CO [25].

The recent change in the way of life of the population Sao Paulo to adapt to the
impositions caused by the emergence of COVID-19 had different effects that need to
be better understood. The improving air quality, observed worldwide, related to the
implementation of social isolation measures, can help society to understand ways to deal
with everyday life and reduce air pollution in large urban centers, even in periods when
there is no need for social isolation [26,27]. This work aims to analyze the atmospheric
concentrations of PM; 5, CO and NO; in the MRSP, evaluating the monthly levels of these
pollutants measured by CETESB’s air quality stations between the years 2019 and 2020;
this work investigates the NO; columns in the atmosphere, observed by satellite images at
the end of each quarter of the two years, and the annual average daily traffic volume of
vehicles (AADT) on the main access roads to the MRSP. Finally, the study also compares
these data relating to the region’s isolation index measured since the beginning of March
2020, seeking to understand the influence of the quarantine decreed to contain COVID-19
transmission on the level of these atmospheric pollutants. We call attention to two aspects
that need particular attention: the evolution of air quality improvement during the seasons,
since pollution is greater during winter months and atmospheric conditions could affect air
quality more than isolation measures, and the differential behavior of vehicle types, HDVs
are less affected than LDVs by isolation measures.

2. Materials and Methods
2.1. Study Location (MRSP) and Main Access Highways

The case study elaborated in this paper consider the MRSP as the key urban observa-
tory, as well as the main access roads to this region: namely Ayrton Senna (SP-70), Raposo
Tavares (SP-270), Castello Branco (SP-280), Anhanguera (SP-330) and Bandeirantes high-
ways (SP-348) (Figure 1 and Table 1), the main highways connecting Sao Paulo to other
Brazilian States. The study of the air quality in the MRSP was carried out by observing
the levels of PM; 5, CO and NO; based on data from the CETESB stations spread over
different municipalities (Figure 1 and Table 2). For the NO, parameter, concentration values
obtained by satellite images in the area were also be analyzed [28,29].

For the analysis of the Annual Average Daily volume of Traffic (AADT) in the chosen
access roads, it was necessary to select radar spots. We obtained AADT between the two
radars closest to the main accesses in the MRSP. Figure 1 and Table 1 show the locations of
each of the selected radars, according to data provided by the Sao Paulo Department of
Highways (DER/SP) [30].
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Figure 1. Location of the selected air quality monitoring stations over the Municipalities of the
Metropolitan Region of Sao Paulo (MRSP), with zoom over Sao Paulo, and the corresponding main
access highways: Ayrton Senna Hw (SP-70), Raposo Tavares Hw (SP-270), Castelo Branco Hw (SP-
280), Anhanguera Hw (SP-330) and Bandeirantes Hw (SP-348). Notes: the coordinates of the standard

air quality stations and highways are in Tables 1 and 2, respectively.
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Table 1. Locations of the analyzed traffic radars representing the main road accesses of the MRSP.
Source: own preparation based on data available by the Sao Paulo’s Road Transport Department
(DER/SP, 2021).

Highway Nomenclature

. P . . . 1 (0 . 1 (o
(SP-Number) Location (km) Driving Direction Latitude " (°) Longitude " (°)

Ayrton Senna Hw. (SP-070) 51-km West —23.42 —46.20
66-km West —23.36 —46.08

Rodovia Raposo Tavares Hw. (SP-270) 38-km East —23.62 —46.97
84-km West —23.51 —47.33

Rodovia Castello Branco Hw. (SP-280) 35-km West —23.52 —46.96
52-km West —23.44 —47.09

Anhanguera Hw. (SP-330) 54-km North —23.22 —46.88
73-km South —23.08 —46.98

Bandeirantes Hw. (SP-348) 44-km North —23.28 —46.85
61-km North —23.16 —46.95

1 Coordinates correspond to the geographical location of the radars of Figure 1. Source: own elaboration from
DER'’s data.

Table 2. Location of selected air quality monitoring stations. Source: own preparation with data from
QUALAR system (CETESB, 2021).

Station of CETESB Latitude ! (°) Longitude ! (°) Near Access Highway
Marginal Tieté-Ponte dos Remédios —23.52 —46.74 Bandeirantes Hw. (SP-348)
Sao Caetano do Sul —23.62 —46.56 -
Osasco —23.53 —46.79 Raposo Tavares Hw. (SP-270)
Sao Bernardo-Centro —23.70 —46.55 -
Guarulhos-Pimentas —23.44 —46.41 Ayrton Senna Hw. (SP-070)

1 Coordinates correspond to the geographical location of the air quality stations of Figure 1. Source: own
elaboration from CETESB'’s data.

The Ayrton Senna highway (SP-070) has an extension of 48.3 km. For the analysis of
the AADT in the access section of SP-070, radars positioned at 51 km and 66 km were used.
With a length of 654 km, the Raposo Tavares highway (SP-270) connects the interior to the
capital. For the analysis of the AADT, traffic data on radars positioned at 38 km and 84 km
of the highway were observed, on the way to the municipality of Cotia. Castello Branco
highway (SP-280) is 315 km long and connects the capital to the western region of the state,
close to the radars located at 35 km and 52 km. Finally, the Bandeirantes (5P-348) and the
Anhanguera (SP-330) highways go to the northern part of the state. Therefore, radars at
44 km and 61 km of the highway were chosen for the evaluation of AADT (Figure 1).

2.2. Isolation Index

The State Government of Sao Paulo, since the beginning of the adopted measures of
social distancing, started to disclose the isolation index, prepared from the Information and
Intelligent Monitoring System (SIMI-SP), with performance of the Institute of Technological
Research (IPT) [31]. The isolation index is a semi-empirical dimensionless measurement of the
mobility activities of multiple populations, ranging from 0%, active moving people, to 100%,
total confinement. According to state decree no. 64,963 of 5 May 2020, SIMI-SP was defined as
the official mechanism for combating the COVID-19 pandemic in the state of Sao Paulo [32].
In this way, the State Government was able to consult mainframe information aggregated
by a centralized system with data on citizens” mobility [33]. The isolation index is one of the
resources included in SIMI-SP, being made available mainly by telecommunication companies,
with their data managed by the Brazilian Association of Telecommunication Resources (ABR
Telecom). Telecommunication service providers base the isolation index on the location of cell
phone antennas considering 200 m radius tolerance.
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The isolation index has been calculated and made available daily to the population
since 27 March 2020, with information from municipalities in the state with more than
50 thousand inhabitants. The isolation index data are essential to establish comparisons
between the percentage of the population practicing isolation, the decrease in the aver-
age daily volume of traffic and the consequent improvement in air quality throughout
the region.

2.3. Air Quality Monitoring and Sentinel Satellite Data

For this study, the air quality in the MRSP will be monitored using the concentration
levels of PM; 5, CO and NO; and their daily peak data from CETESB air quality monitoring
stations [21]. The choice of these three pollutants was made considering the objective
of relating the air quality of the MRSP to the quarantine (set up to fight the COVID-19
pandemic). As these pollutants come mostly from the burning of motor vehicle fuels, it
will be possible to observe the relationship between the lower volume of vehicles on the
highways and the improvement of air quality in the MRSP [18,34].

CETESB has standard air quality monitoring stations spread across several munici-
palities in the MRSP. Among these stations, five locations were analyzed. All the stations
chosen measured PM; 5, CO and NO, concentrations: one in the capital and the other four
in different municipalities of the MRSP (Figure 1 and Table 1). It was noted that the stations
were close to the main access roads (Table 2). The data collected for the construction of
monthly averages were the daily concentration values available by the air quality system
(QUALAR) of CETESB [21]. These values were determined differently for each of the ana-
lyzed parameters. In the case of the CO parameter, daily values represented the maximum
average of an eight-hour period of a day, while for the NO, parameter, the daily values
were obtained from the maximum average of one hour of the day and for PM, 5 the values
obtained were the average of the day. From the coordinates provided by CETESB in Table 1,
it was possible to screen the traffic radar stations within the MRSP, as shown in Figure 1.

According to the European Space Agency (ESA), the Sentinel 5P satellite is a satellite
currently in orbit dedicated exclusively to monitor the Earth’s atmosphere. Using a Tropomi
spectrometer, the Sentinel 5P is able to map various gases present in the atmosphere,
including NO,. Every day, the Tropomi spectrometer maps the global atmosphere with
a resolution that can reach up to 7 x 3 km, according to ESA, making possible to detect
pollution in urban centers [35-37]. In this way, it was possible to use the Sentinel 5P
mapping data to observe NO, columns in the MRSP and established comparisons between
2019 and 2020. We studied equivalent days in the two years to determine the influence of
the COVID-19 pandemic on air quality.

For this study, NO; levels were observed every 3 months, on the 4th Wednesday of
March, June and September 2019 and 2020, as well as on the 3rd Wednesday of December
2019 and 2020 (not to use dates that might coincide with the Christmas holidays which
may reduce the flow of vehicles on the streets). This analysis was done quarterly in order
to complement the analysis of the CETESB’s stations, which were carried out monthly.
Therefore, it was possible to compare equivalent days between 2019 and 2020 with the
isolation indices during the analyzed period.

2.4. COVID-19 Scenarios

We looked at the mobility patterns across the studied region during the months since
the beginning of the epidemic’s initial wave in March 2020. Consequently, we estimated
monthly deviations in vehicle trips and flows on the main access highways of Figure 1.
Deviations from month i (January 2020 to December 2020) were estimated using 2019

baseline records:
(month; — month; 5019)

monthirzmg

di = M

The total number of vehicles per month were obtained from transport operators and
managed by the DER/SP [30,38]. Light and heavy-duty vehicle flows (LDVs and HDVs)
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and monthly averages of daily traffic in both egress/access directions from/to Sao Paulo
matched the vehicle counts for the main highways in the region (as the Bandeirantes SP-
348). In 2019, the Bandeirantes highway registered an AADT of ~110 x 10 vehicles per
day, 18% of which were HDVs [30]. The congested kilometers, expressed as total length of
busy roads, represented monthly averages of daily congestion rates [39,40]. In the MRSP,
~90 km of congested roads were estimated every day in 2019. It was expected that the
reduction of congestion during COVID-19 months due to confinement measures may affect
the air quality significantly [41-44].

We estimated the monthly average NO; concentrations to evaluate the direct impact
of transport activities. These values, expressed in pg/m?3, corresponded to CETESB's air
quality network which covers the whole MRSP [15]. In this case, the monthly concentrations
were compared with the mean values of the preceding year. During this period, the average
NO; in the region was 36.4 pg/m3. Finally, the former deviations were compared with the
isolation index registered in Sao Paulo since March 2020.

In the Municipality of Sao Paulo, more than 27 x 103 people have died from COVID-19
(sum of confirmed and suspected deaths) since the beginning of the epidemic’s initial rate
of 64 deaths per day [1,10]. We related the COVID-19 data with the transit occupation and
isolation rates during these months [32]. Occupation rates, expressed as passengers per
operated bus, represent how transit operators are adapted to COVID-19 scenarios [45]. An
average of ~34 passengers travelled in every bus under normal conditions [1,10,46]. It was
expected a decrease of the occupation rates during the pandemic.

Isolation rates, expressed as the percentage of people with restricted mobility, repre-
sented georeferenced data from telecommunication records (respecting the privacy of users,
the information is aggregated and anonymized). Georeferenced data were grouped to de-
velop public policies that improve measures of social isolation to confront the coronavirus.
18 to 29% of population had restricted mobility under normal conditions [32,38].

3. Results and Discussion
3.1. Traffic Volumes at Main Access Highways

Time series of AADT were analyzed, using data of the two radars closest to the MRSP
for each of the access highways chosen in this study (Figure 1). It was possible to study
separately how the pandemic affected the use of each type of vehicle: passenger, motor-
cycles and commercial vehicles [47]. Figures 2—4 show the AADT variation of passenger
cars, motorcycles and heavy vehicles during the years 2019 and 2020. It was possible to
observe a large decrease in the passenger private vehicles between the years 2019 and 2020,
especially after the month of March 2020, when quarantine was decreed in the State of Sao
Paulo on 22 March.

The Raposo Tavares (SP-270) and Castelo Branco (SP-280) highways showed both a
decline of about 5 thousand cars per day at the end of March. The traffic slowly raised again
over the following months in order to follow the activities of the population through the
second half of September due to the economic reopening (Figure 5). Observing the AADT
of motorcycles and commercial vehicles on the selected highways, it was not possible to
detect a large variation between the years 2019 and 2020. The fact that the Anhanguera (SP-
330) and Bandeirantes (SP-348) highways showed similar patterns, strengthened the idea
that the economic activities carried out by commercial vehicles and motorcycles were not
significantly impacted by the pandemic. While there was a decrease of 20 to 30 thousand
cars/day between April and June at the researched highways (Figure 2), commercial
vehicles slightly lost volumes and there were even traffic increases after September 2020
(Figure 4). Also motorcycles did not show a large variation (Figure 3). Although there
was a recovery in the volume during the second half of the year, and despite the increase
was continuously observed after this period, passenger private vehicles on these highways
were finally ~5 thousand vehicles/day below the average volume measured in the same
period of 2019.
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Figure 2. Time series of Annual Average Daily Traffic (AADT) of cars (thousand vehicles/day)
circulating in the Metropolitan Region of Sdo Paulo (MRSP) in 2020 (orange lines), and 2019
(blue lines): (A)—Bandeirantes (SP-348), (B)—Anhanguera (SP-330), (C)—Castelo Branco (SP-280),
(D)—Raposo Tavares (SP-270) and (E)—Ayrton Senna (SP-70). Source: own elaboration based on
DER/SP data (2020). Note: Red and green vertical shaded bars represent the months with some mo-
bility restrictions and reopening of the economic activities, respectively. Blue and orange continuous
lines represent 14-day moving averages.
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Figure 3. Time series of Annual Average Daily Traffic (AADT) of motorcycles (thousand vehi-
cles/day) circulating in the Metropolitan Region of Sao Paulo (MRSP) in 2020 (orange lines), and 2019
(blue lines): (A)—Bandeirantes (SP-348), (B)—Anhanguera (SP-330), (C)—Castelo Branco (SP-280),
(D)—Raposo Tavares (SP-270) and (E)—Ayrton Senna (SP-70). Source: own elaboration based on
DER/SP data (2020). Note: Red and green vertical shaded bars represent the months with some mo-
bility restrictions and reopening of the economic activities, respectively. Blue and orange continuous
lines represent 14-day moving averages.
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Figure 4. Time series of Annual Average Daily Traffic (AADT) of Heavy Duty Vehicles (HDVs) (thou-
sand vehicles/day) circulating in the Metropolitan Region of Sao Paulo (MRSP) in 2020 (orange lines),
and 2019 (blue lines): (A)—Bandeirantes (SP-348), (B)—Anhanguera (SP-330), (C)—Castelo Branco
(SP-280), (D)—Raposo Tavares (SP-270) and (E)—Ayrton Senna (SP-70). Source: own elaboration
based on DER/SP data (2020). Note: Red and green vertical shaded bars represent the months with
some mobility restrictions and reopening of the economic activities, respectively. Blue and orange
continuous lines represent 14-day moving averages.
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Figure 5. Mobility trends for (A) Light Duty Vehicles (LDVs), including cars and motorcycles, and
for (B) Heavy Duty Vehicles (HDVs), estimated for four main access highways in the Metropolitan
Region of Sao Paulo (MRSP), between January and December 2020, compared to baseline 2019. Note:
red and green vertical shaded bars represent the months with some mobility restrictions (April to
June) and reopening of the economic activities (October to December), respectively. Between mobility
and economic reopening, the varying sanitary conditions advised against policies of relaxation of
social distancing. Results characterize monthly deviations of traffic, LDV and HDV flows; devia-
tions of month i (January-December 2020) were estimated from 2019 baseline records (deviation
month; = (month; — month; 5919)/month; 2919), comparing with the same month of the previous year;
ANH: Anhanguera Hw (SP-330); CBR: Castelo Branco Hw (SP-280); BAN: Bandeirantes Hw (SP-348);
RTA: Raposo Tavares Hw (SP-270).

The volumes varied according to the days of the week. Peaks in the traffic flows
occurred during working days. Understanding the behavior of residents in the MRSP, it
was possible to relate traffic data with air quality and the isolation index [48]. In the case of
the Ayrton Senna highway (SP-70), we observed a great inconsistency of the observed data:
there were periods with the measurement radars turned off especially in 2020. Even though,
we decided to keep the time series in Figure 2 to confirm the above trends. Seeking to
condense the data from the former AADT and eliminating the Ayrton Senna highway due
to the inconsistencies presented above, it was possible to create graphs that summarized
the overall trend of the access highways according to the monthly averages, for light duty
(LDVs, sum of passenger vehicles and motorcycles) and heavy commercial duty vehicles
(HDVs) separately, and by comparing with 2019 baseline data (Figure 5). For instance,
related to 2019, the Bandeirantes highway (SP-348) decreased the traffic of LDVs by more
than 40% during the three months with mobility restrictions. In the first months of the
year, before the decree of social isolation measures, the SP-348 presented ~40 thousand
LDVs/day per direction, similar to the records in 2019 months. At the end of April 2020
there was a decrease of 60% (~24 thousand vehicles/day). In the case of HDVs, there was
a decrease of ~30% at the end of April, half of the rate of LDVs and similar to the ratios
presented at the other highways.

Among the months of July, August and September 2020, third year quarter, an increase
in the AADT for LDVs in the Bandeirantes highway in relation to the previous quarter
was already evident. In July 2020, the AADT for LDVs was 26,000 vehicles/day, while the
following month AADT rose to 27,000 and then to 31,000 vehicles/day. Thus, there was an
increase of ~20% in the AADT of LDVs from July to September 2020; however, even with
this increase, the AADT was still 26% lower at the end of the third quarter of 2020 compared
to the same period of 2019; despite the recovery of the volume of LDVs, the impact of
COVID-19 on private mobility was still present. Conversely, HDVs during the third quarter
of 2020 exceeded the AADT at the end of the period compared to 2019, ~1000 vehicles/day
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(10% increase), revealing that commercial activities were not as impacted as the movement
of people in private vehicles as happened in other emerging economies [49].

Finally, the last quarter of 2020 confirmed the recovery of AADT in LDVs, which
fluctuated from 32,000 in October to 41,000 vehicles/day in December, representing a
growth of almost 30% during these 3 months, returning to the levels of vehicles presented
on the highway in 2019. HDVs had shown a stabilization since the third quarter of 2020
and varied only between 11,000 and 9000 vehicles/day in this period, with volumes similar
to those observed in 2019. At the end of 2020, there was a noticeable reopening of activities
and movement of people close to what was experienced before the quarantine period. With
the analysis of the data observed in the trends of Figure 5, it was possible to summarize
that all highways followed similar patterns, even with different levels of AADT. Due to
this fact, it was possible to extrapolate from the analysis of the Bandeirantes highway, the
performance of the other three corridors (we had chosen the Bandeirantes highway as
presents higher AADT than the other highways).

The selection of level of single one year (2019) in equation 1, as reference of the pre-
epidemic traffic flows, was chosen because the variations were similar when comparing to
other periods. For instance, in the Bandeirantes highway the variation of LDVs was —25%
in 2019 and —23% in 2017-2019 period (—2.4 and —1.8% for HDVs, respectively).

3.2. Atmospheric Pollutants (PM, 5, CO, NO;)

PM; 5, CO and NO, concentrations were measured in the CETESB monitoring stations
next to the main highways. Figure 6 shows daily data time series of average concentrations
comparing the evolution between the years 2019 and 2020. Even though located in different
points of the MRSP, pollutant concentrations presented similar distributions due to the
relation between the seasons of the year and the local air quality. In the winter months (June
to August) meteorological conditions do not favor the dispersion of pollutants, precipitation
indices are lower, less cold fronts, thermal inversions and a more stable atmosphere [50]. In
Sao Paulo, more than 80% of pollutants come from vehicles [18]. To analyze the year 2020,
other factors as Coronavirus pandemic shutdown effects came into consideration. Public
health measures to combat the spread of COVID-19 (initiated in the State of Sao Paulo
in March 2020) demonstrated that, compared to the previous year, there was a general
decrease of pollutant concentrations between April and June 2020; therefore, all stations
showed peaks of increasing concentrations from September onwards, coinciding with
the economic re-opening (Figure 5). These increasing concentrations were coupled with
observed traffic flows (in terms of analyzed AADT), which had a resumption in the number
of vehicles at the same time. Similar patterns were found in other countries [8,51].

The station located inside the city, by the Marginal Tieté highway, presented the highest
concentration values of PM, 5 in 2020, similar to 2019. Even though —10 to —20 pg/m?3
declines were observed in the station during the months of April and May, corresponding
to the period with mobility restrictions, new peaks of ~30 pg/m?> by the end of 2020
appeared (even surpassing the levels of 2019). In the other monitoring stations, located in
more peripheral regions of the MRSP, there were also variations between —10 to 30 pg/m?3
compared to 2019. Firstly, there was a decrease of concentrations in the first half of 2020
until the end of winter and secondly, there was an increase during September and October
months. These increasing concentrations were coupled with increasing volumes of mainly
commercial vehicles, which represent more than 77% of the emission of this pollutant
according to the Sao Paulo Vehicle Emission Report [18]. According to this analyses, it was
possible to infer that the vehicle flows in the MRSP may had a significant impact on PM; 5
year variations [33]. Overall, the concentration values in the region did not experience
visible changes during the entire year.
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Figure 6. Timeseries of 1-PMy5 (ug/ m3), 2-CO (ppm) and 3-NO; (ug/ m3) daily concentrations

observed from 1 January to 31 December 2019 (blue lines) and 2020 (orange lines), measured at the

CETESB’s monitoring stations close to the main access highways in the Metropolitan Region of Sao
Paulo (MRSP): Guarulhos-Pimentas (A1—A3), Tieté-Ponte dos Remedios (B1-B3), Osasco (C1-C3),
Sao Caetano do Sul (D1-Ds3) and Sao Bernardo (E;—E3). Blue and orange continuous lines represent
14-day moving averages.

CO concentrations in parts per million (ppm) slightly differed compared to what was

observed in the analysis of PM; 5. CO concentrations showed greater differences between
the values measured in 2019 and 2020. For most of 2020, the concentrations of CO remained
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lower than in 2019, but during the months of September and October there was an increase
in all stations, reaching up to 5 ppm in the case of the Sao Caetano do Sul station, for
instance. These increasing concentrations were coupled with increasing volumes of mainly
light duty vehicles and motorcycles, which represent more than 80% of the emission of this
pollutant [24]. Together with increasing AADT of LDVs, the daily concentrations of CO
also coupled the decreasing isolation index. It was noteworthy that with the loosening of
social isolation measures that took place mainly in the second half of 2020, several values
came close to those observed in 2019 (Figure 6) and in some cases even surpassed them,
confirming the relationship between the measures to combat the COVID-19 pandemic and
changes in air quality in the MRSP as faced in other regions [52,53].

For the NO, parameter, daily concentrations were analyzed based both on data from
CETESB monitoring stations and satellite images (as it is shown in the next section). Conse-
quently, we could analyze and compare the NO, column on equivalent days in 2019 and
2020 using data from the European satellite Sentinel 5P for the months of March, June,
September and December, representing the quarters of the two investigated years (Figure 7).
The average daily NO, concentrations in 2020 exceeds those in 2019 only in the months
of September, October and November, indicating the increase in the volume of mainly
commercial HDVs which, according to CETESB study, are responsible for more than 60%
of the emissions of this pollutant. According to the AADT charts analyzed in Figure 4,
there was an increase in these type of vehicles on the main access highways during the
last months of the year by ~10% (more than in 2019). Thus, NO, concentrations in the last
months of 2020 exceeded the concentrations of the same period of 2019 by up to 50 jg/m?,
strengthening the result that the commercial activity of vehicles was the first managing to
recover and return to the economical levels it had in years prior to the COVID-19 pandemic,
compared to passenger cars and motorcycles which delayed returning to circulate on the
streets and roads (Figures 2 and 3).

3.3. Satellite Images and Isolation Index

In addition to the previous analysis of daily NO, concentrations, we also used Sentinel
5P satellite data. By means of the concentration of the NO; column in the atmosphere
(expressed in pmol/m?) and by comparing equivalent days in each quarter of years 2019
and 2020, Figure 7 clearly shows the effects of quarantine on air quality in the MRSP.
The choice of dates in 2020 and 2019, that should be compared with each other in order
to understand the effects of the COVID-19 pandemic on air quality, was made with the
support of the isolation index (Figure 8). In order to look for dates that were equivalent in
the two analyzed years, it was necessary to assume a day of the week, Wednesdays, and
later on identify which day of each month would be adopted. Based on this premise and
considering that the months analyzed were March, June, September and December (the
final months of each quarter of the year), we finally had chosen the following dates: first
date on 25 March 2020 (3 days after the quarantine was decreed by the government of the
State of Sao Paulo, 27 March 2019), second date on 24 June 2020 (26 June 2019), third date on
23 September 2020 (25 September 2019) and fourth date on 16 December 2020 (18 December
2019). In December, in order not to select a date that would be in the Christmas holiday
week, the 3rd Wednesday of the month was chosen.

Figure 8 presents the isolation indexes corresponding to the chosen dates of Figure 7,
among the full time series related to the year 2020, starting from a permanent immobility
of 29% at the beginning of the year and reaching 55-45% during the period with mobility
restrictions and lockdown measures (~50% increment from the baseline year). Afterwards,
the isolation index decreased from 41% (23 September 2020) to 38% (16 December 2020)
during the period of the economic reopening (~25% increment from the baseline year).
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Figure 7. Comparison of the vertical tropospheric column of NO, in the MRSP at each end of
year quarter between 2019 (left figures) and 2020 (right figures). (A1,A») first quarter (end March),
(B1,B2) second quarter (end June), (Cq,Cy) third quarter (end September), (D1,D;) fourth quarter
(end of December). Source: modified from Google Earth with data from Sentinel 5P satellite.
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Figure 8. Isolation index in the MRSP in 2020. Source: own elaboration based on data from the
Government of Sao Paulo. Notes: The vertical bars represent values at the end of year-quarter.
According to the Mobility Survey of the Metropolitan Company of Sao Paulo (2017), ~29% of people
in the MRSP do not usually move (permanent immobility rate of population). Note: red and green
vertical shaded bars represent the months with some mobility restrictions and reopening of the
economic activities, respectively. Source: own preparation from SEADES'’s data [54,55].

The isolation index data for the State of Sdo Paulo, before the quarantine period,
was used to infer the percentage of the permanently isolated population. The origin and
destination (OD) mobility survey of the MRSP (1977-2017), held by the Sao Paulo Metr6
and carried out every 10 years since 1977, characterizes the immobility of the population
from the analysis of people who do not move (mostly children, elderly and people with
disabilities). Therefore, ~29% citizens according to the 2017 OD survey were in permanent
isolation even without measures to restrict the movement of people. During the pandemic
after March 2020, the isolation index was calculated for all municipalities in the state with a
population greater than 50,000 inhabitants and made available by the state government [32].

Thus, from the daily data available by municipality, it was possible to develop the
isolation index for the entire MRSP. Figure 8 shows the variation in percentage of people
who continue to respect isolation in the MRSP on a daily basis. It was possible to infer
some conclusions about the behavior of the population in the MRSP during quarantine.
The biggest peak was noted at the time of the quarantine decree, just after 22 March
2020. Afterwards, there was a slow decline, so that by the end of 2020 the isolation rate
remained ~40%, 38% above than it was before the quarantine decree (~29%). In addition,
there was also a periodical cycle throughout the year, corresponding to weekends and
working weekdays. There were constant declines that reduce isolations during weekdays
by ~10% in relation to weekends (the population of the MRSP stayed more at home on
weekends but had commitments during weekdays that do not allow full isolation). The
same pattern was observed by the AADT data of the analyzed highways (Figure 2), in
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which passenger vehicles and motorcycles behaved in the same way while commercial
vehicles did the opposite.

The isolation index presented a gradual reduction in the percentage of people in
isolation in the region. This was also observed in the AADT of passenger vehicles in
Figure 2, with a similar trend in the period analyzed. In addition, the isolation index,
despite following a constant fall, never reached the value of permanent immobility of
the population; even in periods when there was an increase in vehicle circulation and a
decrease in the isolation index, the percentage of people who remain isolated was still
~40%, higher than the percentage of permanent immobility of the population [38].

Studying the satellite images of the tropospheric NO; column, it was expected that
there would be a gradual deterioration of air quality levels by the end of the year 2020.
After just three days of the quarantine decree in the State of Sdo Paulo, NO, column
dropped related to the decrease of internal vehicle flows at the MRSP (drastic reduction
of the red areas throughout the region and concentrated to areas within the capital of
Sao Paulo). During the month of June, however, it was not possible to observe such a
significant variation between years as observed in March. According to CETESB, there is a
natural deterioration in air quality during the winter months [15], a fact that could easily
explain the small variation between the images and years above (column concentrations
were similar reaching 120 umol/ mz). In addition, the isolation index of June 2020 was
~10% lower compared to end March 2020 (it can be observed a constant fall along the year)
and ~15% higher compared to the same month in the previous year.

By the end of September, there was a clear decrease in the levels of NO,, with an
isolation index in the atmosphere ~10% higher compared to September of the previous
year (15% lower compared to March 2020). As the NO, concentration is mostly affected
by the volume of HDVs, it was expected that this reduction was coupled with a decrease
of the commercial economic activity in the region before the start of the economic reopen-
ing (Figure 5). Finally, the difference in the concentration of the NO; column between
the months of December was lower than what was observed in March and September,
coinciding with the lowest isolation index after the epidemic burst (38% and ~10% above
pre-pandemic isolation rates respectively). The beginning of the summer season and Christ-
mas holidays could contribute to the reduction of pollutants as well as low recovering of
LDV flows and adherence of MRSP citizens to isolation measures (Figure 5). Therefore,
even with the gradual reduction in the isolation index in that period, the reduction of the
NO; column in the region was still remarkable. Furthermore, the end of the winter period
and the beginning of the wet season could be another factor that could also impact the
improvement of the air in 2020 compared to 2019. However, as there are other factors that
interfere in the column of NO, in the atmosphere, additional meteorological factors could
had interfered in the result observed by the satellite images of Figure 7.

3.4. Coronavirus Pandemic Shutdown Effects on Urban Air Quality

In order to compare the air quality and vehicle flow data together, quarterly year
averages of each combination of the analyzed parameters (in percentage terms) and for
the air quality and traffic stations of Figure 1 were calculated. It was possible to quantify
the averages of change that had occurred in air quality (Table 3) and traffic flows (Table 4)
between the last two years and therefore numerically estimate the effects of the COVID-19
pandemic on these sites. In order to include these data in a more robust analysis, in addition
to the data that had been evaluated, variation rates were also estimated for the volume
of traffic on the highways based on the quarterly averages obtained from the AADT data
discussed above. A pattern emerged when observing simultaneously the variation in the
parameters of pollutants and traffic volumes at all stations and highways together. As
observed in the pollutant concentrations of Figure 6 and in the monthly traffic flow graphs
of LDVs of Figure 2, the first quarter of 2020 showed a decline in the concentration of all
observed pollutants coupling the decreasing mobility.
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Table 3. Variation of PM, 5, CO and NO,; concentrations during the 2020-year quarters compared
to the same periods of the previous 2019-year at the selected CETESB stations for analyzing the air
quality changes. Source: own preparation from the QUALAR system (2020).

.11 . APM; 5 ACO ANO,
Period AQ Station (%) (%) (%)
Guarulhos-Pimentas St. —-19.3 —25.1 —-25.0
1st-year quarter Marginal Tieté-Pte. Remédios St. -9.1 —20.5 —16.9
(January-March) Osasco St. —-20.9 —20.2 —-17.7
Sao Bernardo-Centro St. —-3.4 —229 —232
Sao Caetano do Sul St. —26.5 —-13.9 —-29.2
Guarulhos-Pimentas St. —15.3 —15.7 —13.2
2nd-year quarter Marginal Tieté-Pte. Remédios St. —-10.7 —239 —14.0
(April-June) Osasco St. —20.5 —29.7 —16.6
Sao Bernardo-Centro St. -84 —18.6 —16.3
Sao Caetano do Sul St. —20.8 —254 —15.2
Guarulhos-Pimentas St. 14.1 0.9 -1.1
3rd-year quarter Marginal Tieté-Pte. Remédios St. —6.2 —6.1 3.8
(July-September) Osasco St. 0.2 —10.7 —5.6
Sado Bernardo-Centro St. 9.2 —-12.6 —-13.6
Sao Caetano do Sul St. 14.3 —7.6 —1.0
Guarulhos-Pimentas St. —16.7 49 9.9
4th-year quarter Marginal Tieté-Pte. Remédios St. -5.9 12.2 13.7
(October—December) Osasco St. —-54 —10.5 —45
Sao Bernardo-Centro St. -9.0 28.9 13.5
Sao Caetano do Sul St. -3.9 49 8.3

! Concentration levels were observed every 3 months, on the 4th Wednesday of March, June and September 2019
and 2020, as well as on the 3rd Wednesday of December 2019 and 2020.

Table 4. Variation of LDV and HDV traffic flows (AADT) during the 2020-year quarters compared
to the same periods of the previous 2019-year at the selected counting traffic stations from the main
access highways in the MRSP for analyzing classificatory volumes. Source: own preparation from the

DER/SP records (2020).
Location AADT- AADT-
. 1 . . 2
Period Main Highway (km) LDVs (%) HDVs (%)
Raposo Tavares Hw. 38-84 —7.2 43
1st-year quarter Castello Branco Hw. 35-52 —22 -05
(January-March) Anhanguera Hw. 54-73 —3.8 1.6
Bandeirantes Hw. 44-61 -55 35
Raposo Tavares Hw. 38-84 —26.4 -11.5
2nd-year quarter Castello Branco Hw. 35-52 —37.8 —13.4
(April-June) Anhanguera Hw. 54-73 —38.9 —15.1
Bandeirantes Hw. 44-61 —52.2 —14.1
Raposo Tavares Hw. 38-84 —6.3 -3.1
3rd-year quarter Castello Branco Hw. 35-52 —10.0 -0.8
(July-September) Anhanguera Hw. 54-73 —20.8 —8.1
Bandeirantes Hw. 44-61 -30.7 -0.7
Raposo Tavares Hw. 38-84 -3.8 -3.2
4th-year quarter Castello Branco Hw. 35-52 —2.6 6.7
(October-December) Anhanguera Hw. 54-73 —11.1 0.1
Bandeirantes Hw. 44-61 —144 -2.0

1 Traffic levels were observed every 3 months, on the 4th Wednesday of March, June and September 2019 and 2020,
as well as on the 3rd Wednesday of December 2019 and 2020. 2 The Ayrton Senna highway was not considered
due to inconsistencies observed in the radar data.

Table 5 shows the rates of variation of these parameters between 2019 and 2020
in each quarter of the year for LDVs and HDVs. For the first quarter of the year 2020,
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which includes a period mostly prior to the establishment of social isolation measures to
contain the evolution of COVID-19, a decrease in the mean concentration of all analyzed
atmospheric pollutants and in the volume of LDVs on the highways had already been
noted: 16% (PM;5), 21% (CO), 22% (NO,) and 5% (LDVs). While there was a reduction
in the volume of LDVs ~2-7% (Table 4), CO, the main parameter linked to the emission
of pollutants of this type of vehicles, had a decrease ranging between 14 and 25%; while
PMj; 5 had a decrease ranging from 4 to 26% and NO; between 17% and 29% (Table 3).

Table 5. Simultaneous variations of pollutants and traffic flows during year quarters and for the
combination of investigated air quality stations and highways.

APM, 5 ACO ANO, AADT] pvs AADTHDVs
+SD!? +SD1 +SD1? +SD1 +SD1?
Marginal Tieté-Ponte dos Remédios/Bandeirantes (SP-348) and Anhanguera (SP-330)
1st-year quarter (J-M) -9.1 —-20.5 —16.9 —474+12 25+14
2nd-year quarter (A-]) —10.7 —239 —14.0 —456+94 —14.6 + 0.7
3rd-year quarter (J-S) —6.2 —6.1 3.8 —25.7+ 6.9 —44+53
4th-year quarter (O-D) —6.0 12.2 13.7 —12.7+23 —-1.0+14
Osasco/Raposo Tavares (SP-270) and Castelo Branco (SP-280)
1st-year quarter (J-M) —20.9 —20.2 —-16.9 —4.7 +£35 19+34
2nd-year quarter (A-]) —-20.5 —29.7 —16.6 —321+8.0 —-125+13
3rd-year quarter (J-S) 0.2 -10.7 —5.6 —81£26 -19+*16
4th-year quarter (O-D) —54 -10.5 —45 —-32=£09 1.8£7.0
Sao Bernardo and Sao Caetano/Raposo Tavares (SP-270)
1st-year quarter (J-M) —15.0 £21.1 —184 £ 6.4 —26.2 -7.2 42
2nd-year quarter (A-J) —14.6 + 8.8 —22.0+4.8 —15.8 —26.4 —-11.5
3rd-year quarter (J-S) 11.7 + 3.7 —10.1+ 3.6 -7.3 —6.3 —-3.1
4th-year quarter (O-D) —6.4£3.6 16.9 £ 16.9 10.9 -3.8 —-3.2
All air quality station/highways combinations
1st-year quarter (J-M) —158+94 —21.51 +£4.2 —224+52 —47+22 22+21
2nd-year quarter (A-]) —152+56 —22.6+5.6 —151+15 —38.8+105 —135+15
3rd-year quarter (J-S) 6.3 +£9.1 —72+52 —35+6.6 —-169 £+ 11.0 —-32+35
4th-year quarter (O-D) 82 +5.1 8.1 +143 82+74 —8.0+57 04+44

1 Data are means = standard deviations (SD).

In the case of HDVs, that are mainly responsible for the contribution of PM, 5 and
NO,, despite showing a decrease in traffic volume for the period of 0.5% in the Castello
Branco highway, they presented for the other three analyzed highways a percentage
volume increase ranging between 1.5% and 4%; despite not being a large increase, this
demonstrated that the behavior of HDVs did not follow the same pattern as LDVs (Table 4).
Even with these slight increases, the rates of PM; 5 and NO, did not behave in the same
way as observed in the air quality stations: 3-27% and 17-29% decreases in PM, 5 and NO,
concentrations respectively (Table 3). The decrease in the three pollutants was linked to
the decrease in the circulation of LDVs, since they represent 85% of the vehicle fleet in the
MRSP. Despite producing PM, 5 and NO; in less quantity in terms of vehicle kilometer
travelled, a decrease in the circulation of LDVs characterizes an expressive number of
absolute vehicles. Therefore, the percentage of LDVs related to HDVs in the impact of
pollutants must be taken into account carefully and total numbers in the inventories and
emission surveys must be reviewed [18]. An example of this statement was the analysis of
the Bandeirantes highway, with 18% of the total volume of vehicles represented by HDVs.
In this highway, the decrease in the circulation of LDVs, of up to 20,000 vehicles/day, was
~50% higher than the decrease in the circulation of HDVs (3000 vehicles/day). The highest
percentages of decrease in the volume of LDVs were directly linked to the reductions in the
concentration of all studied pollutants.
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It was possible to build a comparison analysis of the vehicle flow with the concentra-
tion of pollutants during the second quarter (April to June of 2019 and 2020). This period
had the largest percentage decline in the AADT of LDVs, ranging between 27% and 52%
(Figure 3). In addition, HDVs showed a considerable decrease between 11% and 14%.
Furthermore, this period also had high isolation index values, above 50% for the entire
period (Figure 8). Regarding the level of pollutants, PM; 5, CO and NO, showed decreases
in the second quarter of 2020 compared to the same period in 2019: 8-20%, 15-29% and
13-16%, respectively (Table 3). These patterns were confirmed by the NO, columns of
satellite images at the end of each quarter (Figure 7). Therefore, it was possible to determine
a clear relationship between decreased circulation of vehicles and the improvement of
the air quality of the MRSP. To quantify the relationship between the isolation index and
pollutants, PM; 5, CO and NO;, Pearson’s correlations were —0.05 (not significant), —0.14
(significant at 0.05 level) and —0.22 (significant at 0.01 level), respectively. These values
indicate better results for NO; as it is the pollutant most related to heavy vehicles.

In the third-year quarter, it was still observed that there was an overall decrease in
all highways, both for LDVs and HDVs. However, the percentage of reduction in LDVs
varied between 6% and 30% and that of HDVs varied between 0.6% and 8%, showing
a recovery compared to the second quarter due to the reopening of economic activities
(Figure 5). During this period, there was also a decrease in the isolation index, which was
constantly below 40%, revealing that more people were returning to activities and coming
out of isolation (Figure 8). Also in this quarter, the variation in air pollutants presented the
first values higher in 2020 than those calculated in 2019 (Figure 6), with PM, 5 reaching an
increase of 14%, CO of 0.9% and NO, reaching 3%. The apparent increase in the circulation
of vehicles on the highways resulted in an increase in the concentration of pollutants, in
addition to a decrease in the isolation index by the third quarter. Thus, even though we
observed highways with declines of up to 30% such as Bandeirantes, during the previous
quarter the decrease was more than 50%, the recovery of vehicles on the highways was clear
and this directly impacted the increase in the concentration of pollutants. On specific days,
as was the case of the analysis of the tropospheric NO, column by satellite (Figure 7), it was
possible to identify days with smaller volumes of the pollutant in the region’s atmosphere.
Regarding meteorological variables, the indices in the two analyzed years were: average
temperature (T) 21.1 °C in 2019 and 20.5 °C in 2020; average relative humidity (RH) of
67% in 2019 and 66% in 2020; average wind speed (WS) of 1.7 m/s in 2019 and 1.8 m/s in
2020; accumulated precipitation (P) of 1752 mm in 2019 and 1731 in 2020; predominant
wind direction (PW) from the SE quadrant in both years (data provided by the National
Institute of Meteorology-INMET, Campo de Marte Station). Due to the unavailability of
satellite images, specific dates were selected for comparison in the period. When analyzing
meteorological parameters on these days it can be observed that the values of T, RH, WS, P
and PW were very similar, indicating that the limitations imposed by the pandemic were
responsible for the lower levels of pollutants.

Finally, in the months from October to December 2020, represented by the fourth
quarter compared to the previous year, there was a constant reduction in PM; 5 between 3%
and 17% at the investigated stations, while CO increased between 5% and 28% and NO,
reached positive rates ranging between 8% and 14%. During this period, the insolation
index remained mostly below 40% (Figure 8), which also explained the increase of up to
7% in HDVs in the highways and the decrease of LDVs, which only range between 2%
and 14%. From the observations of DER’s data and the survey carried out by CETESB
simultaneously, we could establish an overall relationship by the end of the year of ~8%
decreases in all the pollutants and LDVs. During the analysis of the variation in traffic
volumes, HDVs slightly increase their flows while the variations were clearly negative for
LDVs (Table 5).
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3.5. Case Studies Analyzing the Influence of COVID-19 Pandemic on Air Quality

The analysis of social distancing due to COVID-19 pandemic and their impact on
air quality are recent topics in the academic literature. To reference this work, three main
areas of previous research have been reviewed: (i) existing studies on social distancing
due to COVID-19 and their impact on air quality and vehicle activity reduction; (ii) factors
influencing air quality improvement; (iii) specific researches addressing the analysis of air
quality improvement for different transport policies, with the objective of reducing virus
infections, similar to mobility restrictions scenarios (Table 6).

The first group of works mainly perform empirical analyses on the effects of social
distancing due to COVID-19 from different perspectives [12,23,33,41,42,44,51,56,57]. The
second group of reviewed studies considers the analysis of variables determining air quality
improvement during COVID-19 confinement, which is particularly relevant for a better
understanding of how those variables can be crucial for air quality improvement within the
context of urban regions [8,11,17,26,52,58,59]. A third group of studies focuses on analyzing
air quality improvement stimulated by different transport policies at urban regions learning
from the COVID-19 scenarios developed to restrict mobility, with particular interest in
reducing car traffic [13,14,27,60-62].

Table 6. Review of case studies analyzing the influence of COVID-19 pandemic on air quality at
different urban regions.

Groups of Studies Reference Analyzed Issue Main Result
Impact of the reduction of the The Air Quality Index (AQI)
[41,51] transport activity on Canadian’s strongly improved in terms of CO
and Portuguese’s Air Quality and NO,
1o . The implementation of private
Social distancing measures and use . -
. . [23,44,56] . vehicle restrictions reduces the
Direct impact of COVID-19 of non-motorized transport modes d . .
. . egree of air pollution
on air quality and
transport activities Sao Paulo’s isolation measures 14% decrease in
[12,33,42] influencing the improvement of air ~ NOj levels for SP in 2020 compared
quality in the city to 2019
Efficiency of Southern California Improvement of air quality as a
[57] impacts of traffic decreases on consequence of a change in the
air quality traffic patterns
Airqultyndex s aproxyof e of Pl reporn
[52] modal choice of different v y peopie, cating
fransport alternatives socio-economic inequalities are
. . . . related to health and perceived risks
Factors influencing air quality
improvement during Use of geo-statistics to study the The results highlight the
COVID-19 confinement: [58] interactions of socio-demographic importance of transport systems
meteorology, factors and air quality parameters and urban planning on
socio-demography, urban on COVID-19 in the Netherlands disease dissemination
planning, transport s : :
and psychology Study soc10.econom1c variables, Studies show that a long-term
understanding the key factors increase of 1 wg/m® PMa = was
[8,11] affecting environmental and health HE 25

inequalities in Latin American
and England

associated with an 8-10% increase
of COVID-19 death rates
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Table 6. Cont.

Groups of Studies Reference Analyzed Issue Main Result
Lower income, percent black, and
. peripheral zones continued using
[17,59] Inequality ;%nd gender ar}alyses and public transportation during
. . . . use of public transportation . .
Factors influencing air quality lockdown, presenting higher
improvement during COVID-19 rates
COVID-19 confinement:
" | Central areas concentrate
me'e(_)so o8y hv. urb Study at the neighborhood level the commercial activities sustained by
S?CIO ) emtograp y,tur an [26] built environment attributes important transport infrastructures
planning, transpor affecting the virus dissemination and are more likely to disseminate
g y
and psychology .
the virus
Impact of different vehicles types A decrease of the traffic for LDVs
This study on air quality and time was more evident than for HDVs,
series analyses improving air quality index by 20%
Ass.ess the redu.ctlon of prn.zate A change of the air quality index of
vehicle use during the confinement o o)
[60] . ~25% was related to a 7% increase
based on traffic parameters and . .
. in the average traffic speed
measurements in Turkey
Evaluate transport policies with Decision policy-makers must
Transport policy implications [13,14] a-priori and posteriori mobility promote active mobility and public
addressing air quality at cities ’ data to study the impact on air transport to reduce inequal access
during COVID-19 quality improvement to transport
pandemic scenarios Provide information on the .
L . There were declines in utilitarian
[61,62] response policies on non-motorized walking and widening inequalities
! mobility due to the effect in walkine behavior
of COVID-19 i
Conduct an experiment in four Differential mobility patterns had
[27] European countries consisting of unequal consequences to economic

complex mobility patterns

losses across countries

As observed in this study, there is a need to explore the effects of COVID-19 pandemic
on transport use and modal shift since, several empirical analysis has been previously con-
ducted (Table 6). However, there are few studies which points out that the evidence linking
HDYV differential reduction (compared with LDV) and air quality improvement during
the pandemic is limited, given the scarcity of empirical studies and the increment of food
deliveries at the residences, and the development of teleworking. An analogous argument
was presented by Sarmadi et al. (2021) [63], who indicated that different results were found
in 87 capital cities when measuring the air quality efficacy of lockdown restriction measures
worldwide. In this context, this work indicates the effort of separating the direct effects
of isolation measures to combat COVID-19 from other effects, such as economic recession,
level of industrialization and the application of the new technologies.

4. Conclusions

The impact of the emergence and presence of the new Coronavirus in the world’s
society is recent and, therefore, there is need to measure accurately what had affected
human daily life during this period. Under this scenario, new studies are being developed
specifically to assess the changes in the global way of life. In this context, we studied the
correlation between improvements on air quality in the MRSP and the application of social
isolation measures applied to prevent the virus. Thus, data of traffic volumes from state’s
highways, citizens’ isolation index in the region, data from local air quality monitoring
stations and satellite images, were evaluated and analyzed. From this information, it was
possible to determine that there was a clear relationship between the application of social
isolation measures and the improvement of air quality in the MRSP. It was also observed
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that the variation in pollutant levels over time (PM, 5, CO and NO;) followed the isolation
index, reflecting the impact of the volume of vehicles, mainly passenger light vehicles using
the central access highways in the region, on air quality.

Air quality monitoring stations in the city presented episodes of reduction in the con-
centration of atmospheric pollutants related to the reduction of transport activities due to
increases of the isolation index. In the first months of the COVID-19 pandemic, first quarter
of the year, reductions of more than 50% in the volumes of light vehicles on the state’s
highways were observed (i.e., in the case of Bandeirantes highway there was a decrease
of monthly averages from 41 thousand vehicles/day in 2019 to 15 thousand vehicles/day
after the quarantine decree). During the year 2020, the isolation index decreased from more
than 50% in the second quarter, to ~45% in the third quarter and less than 40% in the last
months of the year, confirming the transport activity recovery by the end of the year.

NO; reductions were confirmed by the assessment of satellite images which clearly
showed a decrease in the concentration of pollutants during the periods of decline in vehicle
circulation. The improving of air quality coupled months with highest isolation indices and
it was possible to observe reductions of 30% in the concentrations of the main pollutants
(Figure 6). In contrast, after the first half of 2020, the data showed that people began
to follow less the social quarantine, lowering the isolation index by more than 15% and
consequently increasing the volume of vehicles using the State’s highways. The 2019 levels
before the pandemic were recuperated for HDVs as it was the case of the Bandeirantes
highway. This road represented the most significant economic corridor in Brazil and
showed volumes by the end of the year (~11 thousand vehicles/day) slightly higher than in
2019 (Figure 5). The behavior of the Bandeirantes SP-348, in terms of absolute AADT values
and monthly distributions, was also observed in all the analyzed highways and it was
possible to extrapolate the performance of this important corridor to the other corridors.

Since LDVs make up more than 85% of the total vehicles in the MRSP, it was possible to
state that they contribute most to the variation of air pollution parameters. Using the region
as a life observatory during the current pandemic, we can get this valuable information
and relate monthly transport activity reductions and air quality improvements. This would
be hardly possible without a pandemic of such magnitude, revealing possibilities for the
public authorities to draw up future environmental plans and measures to improve air
quality, as well as urban mobility projects aimed at reducing private cars on the streets.
Thus, the observation and quantification of the relationship between the pandemic, social
isolation and air quality represents information that has great potential for future use.
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