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Abstract: The COVID-19 pandemic has imposed a unique situation for humanity, reaching up
to 5623 deaths in Sao Paulo city during the analyzed period of this study. Due to the measures
for social distancing, an improvement of air quality was observed worldwide. In view of this
scenario, we investigated the air quality improvement related to PM10, PM2.5, and NO2 concentrations
during 90 days of quarantine compared to an equivalent period in 2019. We found a significant
drop in air pollution of 45% of PM10, 46% of PM2.5, and 58% of NO2, and using a relative-risk
function, we estimated that this significant air quality improvement avoided, respectively, 78, 337,
and 387 premature deaths, respectively, and prevented approximately US $720 million on health
costs. Moreover, we estimated that 5623 deaths by COVID-19 represent an economic health loss of
US $10.5 billion. Both health and economic gains associated with air pollution reductions give a
positive perspective of the efforts towards keeping air pollution reduced even after the pandemic,
highlighting the importance of improving the strategies of air pollution mitigation actions, as well
as the crucial role of adopting efficient measures to protect human health both during and after the
COVID-19 global health crisis.
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1. Introduction

The coronavirus disease (COVID-19) pandemic caused by rapidly spreading a severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has imposed a unique situation for humanity
since the Spanish flu pandemic, transmitted by the H1N1 influenza A virus, which devastated at
least 50 million people in 1918. Thus far, COVID-19 is considered the deadliest pandemic in modern
history, exceeding the outbreaks caused by H1N1 virus, such as the most recent outbreak in 2009,
formerly known as swine flu [1–8].

Likewise, in the past two decades, coronaviruses have also shown a continuing potential threat to
public health since the emergence of severe acute respiratory syndrome coronavirus (SARS-CoV) and
Middle East respiratory syndrome coronavirus (MERS-CoV). SARS-CoV and MERS-CoV can cause
severe respiratory distress syndrome in humans, and despite SARS-CoV-2 being highly pathogenic
and deadlier to humans, SARS epidemics (2003–2004) and MERS outbreaks (2012) were responsible for
the deaths of thousands of people worldwide, as shown in Figure 1 [1–8].
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Figure 1. Worldwide pandemics’ timeline. Estimated numbers of infected people and deaths to 
Spanish flu, severe acute respiratory syndrome (SARS), swine flu, Middle East respiratory syndrome 
(MERS), and COVID-19 between 1918 and 2020. * 25 August, according to WHO Coronavirus Disease 
(COVID-19) Dashboard [9]. 

Since its emergence in Wuhan, the capital of Hubei Province at the end of 2019, SARS-CoV-2 has 
quickly spread worldwide, characterizing a pandemic. On 30 January 2020, the Emergency 
Committee of the World Health Organization (WHO) declared a global health emergency based on 
the increasing rates of case reporting on different continents [10]. 

The first case in Latin America was confirmed in February 2020 in Sao Paulo city, Brazil. The 
confirmed patient had travelled to Lombardy in northern Italy, and the same origin was confirmed 
for the virus by genome sequencing [11]. Since then, an exponential increase in confirmed cases was 
observed in the following weeks. No specific drugs or vaccines are available, and health systems are 
overburdened in every city, especially in Sao Paulo city, which reported 91,198 confirmed cases of 
COVID-19 and 5,623 deaths up to 14 June (last day of the analyzed period in this study), being 
considered the epicenter of the pandemic in Brazil and in South America. A follow-up on 25 August 
recorded 250,171 confirmed cases and 11,141 deaths. 

In addition to the worrying symptoms of pneumonia, acute respiratory distress syndrome, 
(ARDS) and multiple organ dysfunction, which can lead to death, mainly in people considered to be 
at risk groups, such as the elderly and people with chronic noncommunicable diseases and 
respiratory diseases [12–15], some studies have suggested a higher susceptibility of COVID-19 
infection of populations exposed to high concentrations of air pollution [16–18]. A recent study 
demonstrated that long-term average exposure to fine particulate matter (PM2.5) is associated with an 
increased risk of COVID-19 death in the United States. They found that an increase of 1 μg/m3 in 
PM2.5 is related to a growth of 8% of COVID-19 death rate (95% confidence interval [CI]: 2%, 15%) 
[19]. Despite these evidences, much remains to be investigated to disentangle the relationship 
between high levels of air pollution and increasing susceptibility to SARS-CoV-2 infection. However, 
there is no doubt that in densely populated and polluted localities, such as Sao Paulo, strategies to 
prevent COVID-19 pandemic progression should be more severe [20]. 

Sao Paulo, one of the largest urban centers of the world, with a population of approximately 
12,252,023 inhabitants in 2019 [21], stands out not only for its economic and industrial performance 
but also due to its high levels of atmospheric pollutants and greenhouse gas emissions, mainly from 
motor vehicles, responsible for air quality degradation and negative impacts on public health [21–
23]. Considering the fleet of 9.1 million vehicles and 87.83 million km travelled daily by all vehicles 
in Sao Paulo, automobiles account for 69.5% and are responsible for 72.6% of greenhouse gas 
emissions per day [24,25]. According to measurements carried out by Sao Paulo’s Environmental 
Agency (CETESB), vehicles are responsible for 97% of carbon monoxide (CO), 74% of hydrocarbons, 
62% of nitrogen oxides (NOx), and 40% of particulate matter (PM10 and PM2.5). Concerning the 
combustion of biofuels, ethanol does not contribute to the emission of particulate matter and releases 
pollutants not daily monitored by CETESB, such as formaldehyde and acetaldehyde [22]. Although 
Sao Paulo is one of the largest producers and consumers of biofuels in the world, emissions from 
fossil fuels are still prevalent, especially in the transport sector [22,26]. 

Considering only particulate matter with a diameter less than 2.5 microns (PM2.5), 5,012 
premature deaths occur per year in Sao Paulo city [27]. In addition, a recent case study reported the 
strong influence of diesel-fueled heavy-duty vehicles on air quality. Merely during the Brazilian 

Figure 1. Worldwide pandemics’ timeline. Estimated numbers of infected people and deaths to
Spanish flu, severe acute respiratory syndrome (SARS), swine flu, Middle East respiratory syndrome
(MERS), and COVID-19 between 1918 and 2020. * 25 August, according to WHO Coronavirus Disease
(COVID-19) Dashboard [9].

Since its emergence in Wuhan, the capital of Hubei Province at the end of 2019, SARS-CoV-2 has
quickly spread worldwide, characterizing a pandemic. On 30 January 2020, the Emergency Committee
of the World Health Organization (WHO) declared a global health emergency based on the increasing
rates of case reporting on different continents [10].

The first case in Latin America was confirmed in February 2020 in Sao Paulo city, Brazil.
The confirmed patient had travelled to Lombardy in northern Italy, and the same origin was confirmed
for the virus by genome sequencing [11]. Since then, an exponential increase in confirmed cases was
observed in the following weeks. No specific drugs or vaccines are available, and health systems are
overburdened in every city, especially in Sao Paulo city, which reported 91,198 confirmed cases of
COVID-19 and 5623 deaths up to 14 June (last day of the analyzed period in this study), being considered
the epicenter of the pandemic in Brazil and in South America. A follow-up on 25 August recorded
250,171 confirmed cases and 11,141 deaths.

In addition to the worrying symptoms of pneumonia, acute respiratory distress syndrome,
(ARDS) and multiple organ dysfunction, which can lead to death, mainly in people considered
to be at risk groups, such as the elderly and people with chronic noncommunicable diseases and
respiratory diseases [12–15], some studies have suggested a higher susceptibility of COVID-19 infection
of populations exposed to high concentrations of air pollution [16–18]. A recent study demonstrated
that long-term average exposure to fine particulate matter (PM2.5) is associated with an increased risk
of COVID-19 death in the United States. They found that an increase of 1 µg/m3 in PM2.5 is related to
a growth of 8% of COVID-19 death rate (95% confidence interval [CI]: 2%, 15%) [19]. Despite these
evidences, much remains to be investigated to disentangle the relationship between high levels of air
pollution and increasing susceptibility to SARS-CoV-2 infection. However, there is no doubt that in
densely populated and polluted localities, such as Sao Paulo, strategies to prevent COVID-19 pandemic
progression should be more severe [20].

Sao Paulo, one of the largest urban centers of the world, with a population of approximately
12,252,023 inhabitants in 2019 [21], stands out not only for its economic and industrial performance
but also due to its high levels of atmospheric pollutants and greenhouse gas emissions, mainly from
motor vehicles, responsible for air quality degradation and negative impacts on public health [21–23].
Considering the fleet of 9.1 million vehicles and 87.83 million km travelled daily by all vehicles in Sao
Paulo, automobiles account for 69.5% and are responsible for 72.6% of greenhouse gas emissions per
day [24,25]. According to measurements carried out by Sao Paulo’s Environmental Agency (CETESB),
vehicles are responsible for 97% of carbon monoxide (CO), 74% of hydrocarbons, 62% of nitrogen
oxides (NOx), and 40% of particulate matter (PM10 and PM2.5). Concerning the combustion of biofuels,
ethanol does not contribute to the emission of particulate matter and releases pollutants not daily
monitored by CETESB, such as formaldehyde and acetaldehyde [22]. Although Sao Paulo is one of the
largest producers and consumers of biofuels in the world, emissions from fossil fuels are still prevalent,
especially in the transport sector [22,26].

Considering only particulate matter with a diameter less than 2.5 microns (PM2.5), 5012 premature
deaths occur per year in Sao Paulo city [27]. In addition, a recent case study reported the strong
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influence of diesel-fueled heavy-duty vehicles on air quality. Merely during the Brazilian truck-driver
strike in 2018, the reduction in the PM10 concentration resulted in the prevention of between six
and eight deaths, which implies between 321 and 442 avoided deaths in a year scenario only in Sao
Paulo [28].

Several factors, mainly of anthropogenic origin, are related to increased risk of disease outbreaks
of vector-borne and zoonotic diseases, such as mega-trends in human population growth, ecosystem
reduction and fragmentation, and land use modification and climate change [29–32]. Therefore,
the relationship between a pandemic, such as the current COVID-19, global environmental change,
and human health is overly complex and deep.

In this context, this ongoing pandemic has also been a great opportunity to discuss the effects of
anthropogenic activities on air quality and its implications on public health, as well as highlight the
need for a socioeconomic transformation regarding promoting environmentally friendly transport
policies and a low-carbon economy towards a sustainable and resilient society [33].

Therefore, we aimed to investigate the air quality improvement during 90 days of social distancing,
as well as to compare the associated avoided deaths to COVID-19 burden deaths, considering the
relative risk and the economic outcomes in Sao Paulo megacity. The corresponding analysis was based
on the comparison of NO2, PM10, and PM2.5 concentrations during quarantine and equivalent periods
in 2019.

The paper is structured as follows: Section 2 introduces the method applied in the present study.
Section 3 presents all performed analyses and their results. Section 4 presents the discussion of the
outcomes. Finally, in Section 5, we finish the paper with concluding remarks and limitations.

2. Materials and Methods

On 11 March, the World Health Organization declared the new coronavirus a pandemic. In Brazil,
on 16 March 2020, some activities started to cease, as universities, schools, and some companies
imposed home offices, and the first death was reported in Sao Paulo city on 17 March. Thus, the Sao
Paulo government officially decreed quarantine on 22 March.

According to these initial events, we chose to investigate the air quality in the city of Sao Paulo,
starting on 16 March and dividing the analysis period into 13 weeks, ending on 14 June. As a reference
for the comparison, the days in the equivalent period in 2019 (16 March–14 June 2019) were selected.
This set of days was designated as the “control period”.

Daily records of precipitation, wind speed, and means of air temperature were obtained from the
Sao Paulo Environmental State Agency Air Quality Information System (QUALAR) [34] and from the
Brazilian Agrometeorological Monitoring System [35]. These meteorological parameters were used as
a criterion to exclude the days of the control period that differed from the range of the meteorological
conditions of the quarantine period.

In Sao Paulo, the concentrations of atmospheric pollutants are higher in conditions of low
ventilation, reduced relative humidity, and absence of precipitation, which occurs mainly in autumn
and winter [36–38].

According to CETESB measurements, during the period between 16 March and 14 June 2020,
the autumn season, the quarantine period presented an average daily temperature of approximately
25 ◦C and a wind speed of 2 m/s. This period also presented 65 days with precipitation equal to zero or
less than 0.5 mm, equivalent to an average of 1.5 mm in total (Table 1). As a reference for the comparison,
the control period, between 16 March and 14 June 2019, showed daily means of air temperature of
approximately 26 ◦C, average wind speed of 1.9 m/s, and 52 days with precipitation equal to zero or
less than 0.5 mm, equivalent to an average of 1.5 mm in total (Table 1). In addition, both analyzed
periods showed similarity in terms of atmospheric pressure (on average, approximately 927 hPa),
global solar radiation (on average, approximately 677 W/m2) and relative humidity (mean close to
47%) [34].
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Table 1. Summary of the daily records of precipitation, wind speed, and mean temperature during
quarantine and control periods.

Precipitation (mm) Wind (m/s) Temperature (◦C)

Control Period Quarantine Control Period Quarantine Control Period Quarantine

N 91 91 91 91 91 91
Mean (SD) 3.7 (8.1) 1.5 (4.3) 1.8 (0.4) 1.9 (0.4) 26.4 (3.3) 25.3 (3.2)

Median 0.1 0 1.9 2.0 27.5 25.7
Minimum 0 0 1 1 17.8 15.8
Maximum 37.2 25.7 2.8 3.6 32.4 32.2

Number of observations (N); Standard deviation (SD).

Therefore, based on these observations, the control period demonstrated meteorological conditions
similar to those observed during the quarantine period, justifying the selection of 2019 as a control
period, as previously reported in published studies related to the analysis of air pollution during the
ongoing COVID-19 pandemic [39,40].

The pollutants selected for analysis were nitrogen dioxide (NO2), particulate matter with less than
10 µm (PM10) and particulate matter with less than 2.5 µm (PM2.5). Hourly atmospheric concentration
data were obtained from records of QUALAR [34] for both periods. CETESB has 17 automatic
monitoring stations in the municipality of Sao Paulo. Not all stations measure all pollutants. Therefore,
PM10, PM2.5 and NO2 concentrations in both periods were collected, according to the availability of
data from 15 monitoring stations (Figure 2), and compiled on their respective week, as previously
established, to calculate the pollutants’ weekly average.
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Figure 2. Location of the analyzed automatic monitoring stations in the municipality of Sao Paulo.

CETESB certifies that all monitoring systems of pollutants and meteorology strictly complied
with the quality assurance/quality control (QA/QC) procedure established, as approved by the State
Council of the Environment (CONSEMA) of Sao Paulo state [34].

The statistical analyses were performed using GraphPad Prism® 5.0 software for analysis and
graphing. The data were analyzed for normality by the D’Agostino-Pearson test. As the pollutants’
concentrations behave as nonparametric variables, we used the Mann–Whitney test or Kruskal–Wallis
test followed by Dunn’s post hoc test to compare the weekly average of quarantine and control periods.

The images of NO2 were detected through the Tropospheric Monitoring Instruments (TROPOMI)
on-board European Space Agency (ESA) Sentinel-5 satellite, based on the Differential Optical Absorption
Spectroscopy (DOAS) retrieval method in the 405–465 nm spectral range [41].

To represent the reduction in NO2 during the quarantine period, two images were captured: 25 May
2020 (4:00 pm UTC) and 21 May 2019 (3:33 pm UTC), with minimal cloud cover. The predominant wind
direction data were collected from CETESB and were estimated within the limits of the municipality for
both analyzed years. The measurements were performed in the south (23◦40’56.921” S 46◦40’33.884” W)
and north (23◦32’57.48” S 46◦36’5.659” W) regions of Sao Paulo.
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The extraction and processing of the images were performed by Sentinel Hub EO Browser,
Google Earth Pro, and ImageJ. This latter software was used to convert the images from RGB to
8-bit grayscale and to quantify the mean gray value as an approach to estimate the variation of NO2

concentration on the tropospheric vertical column [42,43].
The social distancing index was made available by the telecommunications service providers

through a Big Data platform that is managed by the Brazilian Association of Telecommunications
Resources (ABR Telecom). According to the telecommunication service providers, the social distancing
index is based on the location obtained by cell phone antennas, which “mark” a reference for the
place where the cell phone “slept” between 10 pm and 2 am. During the day, a cell phone that has
departed from this reference (which is variable but can reach approximately 200 m in the city of Sao
Paulo) is considered out of isolation. All this processing is performed by the operator. The index
is updated daily, and the operators aggregate and anonymize the data before the generation of the
indexes with respect to privacy of the telephone mobile users. Thus, presenting grouped georeferenced
data enables the elaboration of public policies that improve measures of social isolation to confront
coronaviruses [44].

Based on air pollution reduction results for the quarantine period, the relative risk and
avoided deaths attributed to each pollutant were estimated, adopting regression coefficients from
epidemiological studies, a well-established method used to estimate the outcomes of air pollution on
health [45–52]. The regression coefficients (β) assumed in this study were 0.0008 for PM10, 0.00405 for
PM2.5, and 0.00135 for NO2-related deaths, as previously stated [52–55]. The coefficients were used to
estimate the probability of mortality associated with the exposure of the pollutants, named relative
risk (RR), obtained by Equation (1)

RR = exp [β (∆x)], (1)

where RR is the relative risk of all-cause mortality due to air pollution; β exposure–response coefficients
are related to each pollutant; and ∆X is the decrease in the pollutant concentrations (µg/m3), the difference
in pollutant concentrations between the quarantine period and the equivalent period in 2018.

The RR values were used to calculate the attributable fraction (AF), the fraction of deaths
attributable to the risk factor of PM10, PM2.5, or NO2 variation, defined in Equation (2), to estimate the
avoided daily mortality during the quarantine period, based on the mean mortality in the control period.

AF = (RR − 1)/RR, (2)

The daily mean of the all-cause mortality in the control period was calculated and multiplied by the
attributable factors to estimate the all-cause mortality avoided per day during the quarantine period.

The latest update of all cause daily mortality between March 2019 and June 2019 was collected
from the Brazilian Health System Database [56]. For the effects of short-term exposure to PM2.5,
only all-cause mortality in people older than 30 years old was considered. The health effects caused by
this pollutant justified the selection of this age group. Exposure to PM2.5 is related to hypertension,
lung cancer, type 2 diabetes, and other health conditions, which are mostly observed in this age
group [57,58]. For PM10 and NO2, all ages were considered. The daily data of COVID-19 deaths were
obtained from the State System for Data Analysis Foundation database from 16 March 2020 to 14 June
2020 [59].

The economic valuation of health outcomes was performed by the value of statistical life (VSL)
estimation, a well-known approach [60–64]. Considering the avoided deaths related to air pollutant
emissions reduction, an economic gain is expected. However, due to the deaths caused by COVID-19,
a considerable economic loss is expected.

To estimate the economic impact of the quarantine and to calculate the trade-off between mortality
and economic costs, data on confirmed deaths caused by COVID-19, collected from governmental
records [59], were multiplied by the VSL established value. The same calculus was used to estimate
avoided deaths related to air pollutant emissions.
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VSL can be defined as a measure of willingness to pay for reducing the risk of dying and thus
consists of the monetary value of postponed deaths [60,64]. For each avoided death and death caused
by COVID-19, the VSL assumed was US $1.88 million, previously proposed by the OECD [65].

3. Results

3.1. Air Quality Improvement during 90 Days of COVID-19 Social Distancing

As a first-step approach, we verified the monthly records of PM10, PM2.5, and NO2 concentrations.
Except for March and May, PM10 showed a significant reduction in 2020. PM2.5 also showed a
significant reduction in 2020, except in March. Finally, NO2 showed a significant decrease in April and
June (Figure 3).
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Figure 3. Monthly comparison of the analyzed pollutants. Bars represent the average ± SEM.
The analysis was conducted by Kruskal–Wallis test followed by Dunn’s post hoc test (# p < 0.05;
+ p < 0.01; * p < 0.001). Until 14 June.

Higher volumes of precipitation could explain the results observed for January, February,
and March. In addition, the comparison between incompatible days, in terms of meteorological
conditions, can affect the interpretation of the analysis. For instance, NO2 did not show a significant
reduction in March and April (Figure 3). However, several studies have shown its reduction during
the pandemic in different regions of the world [66–68].

From this initial analysis, we can conclude that the division of the analysis period on a weekly
scale, considering meteorological conditions as an exclusion criterion, could provide more accurate
information about the variation of pollutants.

We verified the daily records of precipitation, wind speed, and mean temperature. Comparing both
periods (2019 and 2020), we observed that wind speed and mean temperature presented similar ranges.
For precipitation, we detected a slight difference in a few days of the control period. Considering that
precipitation is an important factor that influences the dilution and dispersion of pollutants [69–72],
a 12-day control period with precipitation above 10 mm was not considered in this study. After excluding
these outlier days, we observed that the means and ranges of meteorological variables were similar
over the weeks of the quarantine and control periods (Table 2).

During 13 weeks of social distancing, we observed that the pollutants showed a gradual increase
in concentrations over the weeks, similar to the monthly analysis. For PM10, the average concentrations
ranged between 16.9 (week 2) and 32.38 µg/m3 (week 13). PM2.5 presented average concentrations
varying between 9.05 (week 4) and 17.15 µg/m3 (week 12). For NO2, the average concentrations ranged
between 17.21 (week 1) and 40.71 µg/m3 (week 11) (Figure 4).
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Table 2. Weekly averages of meteorological variables during quarantine and control periods.

Weeks
Precipitation (mm) Wind (m/s) Temperature (◦C)

Control
Period Quarantine Control

Period Quarantine Control
Period Quarantine

1 2.6 (1.7) 5.2 (9.6) 2.3 (0.1) 2.2 (0.1) 26.5 (1.7) 28.5 (1.2)
2 0.8 (1.6) 2.6 (6.9) 2.1 (0.2) 2.3 (0.2) 28.6 (0.9) 26.9 (0.6)
3 0.05 (0.1) 1.7 (4.6) 2.0 (0.2) 2.2 (0.2) 29.5 (0.8) 28.6 (0.4)
4 1.9 (3.4) 0.5 (1.2) 1.9 (0.1) 2.1 (0.1) 26.3 (1.9) 24.3 (1.2)
5 0.4 (0.9) 0.8 (1.7) 1.8 (0.1) 2.1 (0.1) 28.5 (0.5) 24.3 (0.7)
6 0.4 (0.7) 0 (0) 1.8 (0.1) 1.7 (0.1) 28.7 (0.3) 26.9 (0.6)
7 0.2 (0.3) 0.03 (0.1) 1.6 (0.1) 1.9 (0.1) 27.9 (0.8) 26.1 (0.8)
8 0.5 (0.7) 0.5 (1.2) 1.8 (0.2) 1.9 (0.1) 26.7 (1.1) 23.4 (1.4)
9 2.4 (1.6) 0.5 (1) 1.9 (0.1) 1.7 (0.2) 26.1 (1.4) 23.7 (1.3)
10 0.9 (1.3) 1.2 (2.6) 1.9 (0.2) 2.3 (0.3) 24.9 (1.2) 23.9 (1.5)
11 1.3 (3.1) 0.03 (0.1) 2.1 (0.2) 2.1 (0.3) 25.2 (1.6) 22.6 (1.0)
12 0 (7.1) 5.5 (7.4) 2.1 (0.2) 1.6 (0.1) 20.4 (1.3) 23 (1.0)
13 0.4 (0.7) 0.7 (1.3) 1.3 (0.1) 1.8 (0.2) 25.2 (0.8) 26.2 (1.3)

Data are expressed as the mean ± standard deviation (SD).
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13 weeks of the quarantine period in Sao Paulo city. Bars represent the average ± SEM.

The average social distancing also fluctuated, presenting the lowest index at week 1 (46.5%)
and the highest between weeks 2 and 4 (55.4; 56.9 and 53.3%, respectively). In the remaining weeks,
the average social distancing ranged between 51.7 and 48.7%.

The best air quality indexes for all pollutants were observed at weeks 2 and 4, with social distances
above 53.3%, and the worst concentrations were detected at weeks 12 and 13, with social distances less
than 50%.

From week 4 on, we also found a slackening in the social distancing accompanied by an increase in
the average pollutant concentrations, quite evident for PM10 and NO2. The remaining weeks recorded
at least two days, reaching six consecutive days in week 13, with less than 50% social distancing.
Some factors have contributed to the reduction in social distancing, such as popular manifestations
against this measure that occurred in several days, differences in federal and local governments
recommendations concerning COVID-19 prevention actions, and most importantly the poor and
working class who do not have alternatives in this matter, can also explain the reduction in its index
and consequently the fluctuation of pollutants’ concentrations (Figure 4).

As shown in Figure 5, the comparison between the PM10 concentrations during quarantine and
control periods revealed six weeks with a reduction of at least 25%, the highest reaching –45% in week
3 (p < 0.001). For PM2.5, we found eight weeks with a reduction of at least 29%, reaching –46% in week
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13 (p < 0.001). The air quality improvement in terms of NO2 showed nine weeks with a reduction of at
least 33%, reaching –58% in week 3 (p < 0.01).
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Following PM2.5, NO2 was the best indicator of air quality in the analyzed weeks. This finding
could be confirmed from the satellite images detected on 21 May 2019, and 25 May 2020, which showed
an abrupt decline of 62.8% in tropospheric NO2 concentrations, represented by the variation of the red
pattern (Figure 6).
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Figure 6. Tropospheric vertical column of NO2 detected on 21 May 2019, and 25 May
2020. Data from Tropospheric Monitoring Instrument (TROPOMI) on board Sentinel-5 Precursor,
based on the Differential Optical Absorption (DOAS) retrieval method (405–465 nm spectral range).
The north-northwest (NNW) predominant wind direction was estimated within the limits of the
municipality for both analyzed years. The measurements were performed in the south (23◦40’56.921” S
46◦40’33.884” W) and north (23◦32’57.48” S 46◦36’5.659” W) regions of Sao Paulo.



Sustainability 2020, 12, 7440 9 of 16

3.2. Associated Health Economics Outcomes

Based on the results presented in Figure 5, we estimated the potential health and economic benefits
related to pollutant reductions achieved during the analyzed weeks of quarantine. As shown in Table 3,
the relative risks (RRs) were estimated to be between 0.993 and 1.013 for PM10, 0.996 and 1.055 for
PM2.5, and 0.996 and 1.039 for NO2. Thus, the attributable factors (AF) ranged 0.2–0.8% for PM10,
0.9–3.2% for PM2.5, and 4–6.9% for NO2. As expected, because NO2 presented the greatest levels of
reduction compared to the control period, its weekly RR and AF values were also higher in relation to
other analyzed pollutants.

Table 3. Relative risk (RR) and attributable factor (AF) related to PM10, PM2.5, and NO2 exposures.

Relative Risks and Attributable Fractions

Weeks PM10 PM2.5 NO2

RR AF (%) RR AF (%) RR AF (%)
1 0.998 −0.13 0.997 −0.26 0.996 −0.37
2 1.007 0.72 1.016 1.60 1.023 2.30
3 1.013 1.38 1.036 3.56 1.039 3.77
4 1.002 0.29 1.017 1.74 1.024 2.39
5 1.002 0.28 1.013 1.34 1.018 1.84
6 1.008 0.84 1.029 2.86 1.026 2.63
7 1.004 0.47 1.029 2.86 1.030 2.96
8 1.006 0.60 1.032 3.18 1.019 1.90
9 0.996 −0.36 0.996 −0.38 1.004 0.46
10 1.007 0.79 1.037 3.62 1.039 3.75
11 1.000 0.01 1.002 0.20 1.004 0.44
12 0.993 −0.70 0.984 −1.61 1.003 0.37
13 1.010 1.07 1.055 5.22 1.027 2.71

Therefore, concomitant with the increase in the number of deaths from COVID-19 infection,
which reached 5623 on the last day of this analysis, the decrease in PM10, PM2.5, and NO2 concentration
levels prevented 78,337 and 387 premature deaths, respectively, in Sao Paulo city (Figure 7).Sustainability 2020, 12, x FOR PEER REVIEW 10 of 17 
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Given the monetary value for the observed health outcomes from the analyzed improvement
of pollutant concentrations by the VSL approach, a well-known and widely used method [65,73],
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we applied the economic valuation of deaths caused by COVID-19 and of the avoided deaths due to
the reduction in short-term exposure to PM10, PM2.5, and NO2 (Table 4).

Table 4. Economic valuation of deaths caused by COVID-19 and of avoided deaths due to the reductions
of PM10, PM2.5, and NO2.

Deaths Economic Outcome (US $million) *

COVID-19 deaths 5623 10,571.2 (−)
PM10 avoided deaths 78 146.6 (+)
PM2.5 avoided deaths 337 633.6 (+)
NO2 avoided deaths 383 720.0 (+)

* Based on the VSL value.

During the analyzed weeks of the quarantine period in Sao Paulo city, the deaths caused by
COVID-19 accounted for an economic health loss of approximately US $10.5 billion. On the other
hand, we can consider a potential economic health benefit in terms of the prevented premature deaths
related to the observed improvement in air quality. Thus, we estimated that the expressive number of
avoided deaths due to PM10, PM2.5, and NO2 reductions can represent an economy of approximately
US $720 million, considering the results of NO2, the best air quality indicator observed.

4. Discussion

In a tightly connected and integrated world, the impacts of emerging infectious diseases can
be devastating, causing large-scale mortality and morbidity, as we are observing over the days of
this global outbreak. However, the adverse effects go beyond, and the size and persistence of the
economic impacts of the ongoing COVID-19 pandemic are still uncertain, and our findings raise
intriguing questions.

On the one hand, we estimated the economic health loss associated with deaths related to
COVID-19 in Sao Paulo city, which was exceedingly raised, even before reaching the important goal
of flattening the curve of coronavirus infections, which makes us wonder about the efficiency of
the applied public policies and the commitment of the strategies of controlling the pandemic and
population’s commitment to comply with social distancing. On the other hand, we observed that
the epidemic control actions were closely related to the improvement of air quality; due to the major
source of air pollution in the region, the emissions from vehicle exhaust were significantly reduced.

The quarantine and cities in shutdown have also caused a supplementary effect, the improvement
of air quality, which was observed in different regions of the world, such as India, China, Italy, France,
and United States [66,67,74]. In Rio de Janeiro, Brazil, a study showed that the confinement of the
population between March and April caused a reduction in road traffic and economic activities and led
to a significant decrease in CO (between 37.0 and 43.6%) and NO2 (between 24.1 and 32.9%) levels and
a non-significant reduction in PM10 concentrations [75].

Regarding NO2 and particulate matter, our findings showed that, in Sao Paulo, the impacts on
its concentrations were more significant. During 16 March and 14 June 2020, NO2 decreased to 33%,
reaching 58%, the decrease in PM10 ranged between 25 and 45%, and the levels of PM2.5 decreased
between 29 and 46% in comparison to the control period in 2019.

Air quality improvement could also be observed by satellite images worldwide. A dramatic
reduction in air pollution over China during February 2020 accounted for over 30% less in NO2 levels
compared to early January when power plants were operating at normal levels. In addition, the study
also estimated a reduction of CO2 emissions by 25% [66]. Xu et al. (2020) showed that from January to
March 2020, the decrease in NO2 concentration was of great significance and much higher than other
pollutants, such as PM10 and PM2.5 [68]. Moreover, Anjum (2020) also showed, from satellite images,
a remarkable reduction of air pollution in Italy, France, and the USA [67].
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Our results corroborate these findings since we also showed a significant reduction in NO2

concentration in Sao Paulo city, which was greater than the other analyzed pollutants, confirmed by
the abrupt decline of 62.8% in tropospheric NO2 concentrations also observed by satellite images.

Human activities do not change only the atmosphere with the emission of pollutants or only the
climate system with the emission of greenhouse gases; the consequences are systemic since they can
directly affect human health, socioeconomic, and political stability. Emissions of air pollutants related to
the exacerbation of the prevalence of cardiorespiratory diseases, type 2 diabetes, and mental disorders;
land use modification associated with deforestation that modifies host/vector interactions, elevates
disease risk, and drives wildlife zoonotic disease emergence; and mega-trends in climate accompanied
by extreme weather conditions make the population increasingly vulnerable. These conditions can
cause several socioeconomic impacts, such as morbidities, mortality, migration, poverty exacerbation,
and violent conflict, affecting people of all ages and all nationalities [29,76,77].

In this context, the current global crisis we are experiencing goes beyond showing that
environmental degradation is closely related to human resilience. In times of crisis, borders do
not matter, showing the importance of cooperation and engagement of governments and all the people
to work together for a common purpose and solution.

Foregone income related to laid-off workers or unable to work, disruption of supply chains,
restrictions on international travel enforced by governments, and unprecedented consequences on
stock markets are examples of already observed economic and social impacts. Individualities and
structural differences of each country make forecasts difficult; however, there are some published
estimates. According to Fernandes (2020), for Brazil, the GDP growth in 2020, assuming shutdown lasts
three months, can reach −4.0% [from −5.9% to −2.1%]. Moreover, according to the OECD, global GDP
growth is projected to slow from 2.9% in 2019 to 2.4% in 2020 [78–80]. The COVID-19 pandemic has
hit underserved populations and communities of color particularly hard, exacerbating longstanding
health disparities in Brazil. This fact can be observed in Sao Paulo municipality, which districts of
poorer areas have been suffering most of the cases of COVID-19.

Politicians and some businessmen are against social distancing measures due to the impact on the
economy, claiming that the virus is less harmful than presented; they do not value life. Life is more
valuable than the economy—there is no need to have good economic indicators if the population dies.
Nevertheless, there will be economic effects of the distance measures and the impacts on the mental
health of the populations affected by them. In addition to anxiety due to fear of the disease, there are
effects of prolonged quarantine for several weeks faced by a huge number of people around the world.

An impact assessment evaluation can consider the exposure to a multi-pollutant mixture.
Adding pollutant-specific effects may be justified when levels of the specific pollutants are clearly not
correlated. However, this approach would result in an overestimated analysis due to uncertainties
about the contributions of each pollutant to the health effect [81,82].

In this research, we estimated the health effects concerning a reduction in PM10, PM2.5 and NO2

concentrations. Thus, to avoid a biased analysis, we considered, in the health economic evaluation,
the outcomes of NO2, the best air quality indicator observed. Accordingly, our results showed that
air quality improvement contributed to a substantial fraction of the avoided deaths associated with
significant monetized health co-benefits, signaling that governments have the capability to improve air
quality through policy measures.

We found that the decrease in PM10, PM2.5, and NO2 concentration levels could prevent 78,337 and
387 premature deaths, respectively, corresponding to an economy of approximately US $720 million and
providing evidence for policy making by the quantification and monetization of air pollution-related
health effects. This is a tool for environmental planning purposes since the monetized value of the
avoided premature mortality typically dominates the calculated benefits of air pollution regulations.

The consideration of exclusively NO2 abatement in the quarantine period is a conservative
simplification. This constraint may have biased our estimation downwards. If we add the effect of
PM2.5 and PM10, we double the impact of prevented deaths due to air pollution, meaning a saving of
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US $1.5 billion. Considering the maintenance of these mobility patterns in the new “business as usual”
(BAU) COVID-19 era, in a 10-year period, this savings would achieve approximately US $60 billion.
Both health and economic gains associated with air pollution reductions give a positive perspective of
the efforts towards keeping air pollution reduced even after the pandemic.

Unprecedented challenge demands an unprecedented response. Thus, shifting the BAU approach
of life will be the most important and mandatory step to prevent future adverse events. For that,
resilience is indispensable for facing new problems and challenges in our increasingly globalized
world. The COVID-19 pandemic, forcing a drastic change in the BAU way of life, offers a unique
scenario to take the opportunity during the crisis to move toward a more sustainable society and
economy, in terms of speeding up the transition of make cities more inclusive, developing urban
resilience, improving preventive health measures, and implementing green strategies for economics,
especially for transport and energy sectors, since they are major contributors to the degradation of
global air quality [20,33,83,84].

In this sense, our analysis presents an estimate of what could be achieved if effective measures
would be taken towards air pollution emissions control in an urban center of a developing country,
such as Sao Paulo. The implementation of permanent or partial home-office jobs, dynamization
of e-commerce, as well as improvement of energy efficiency, support of a low-carbon economy,
and investments in cleaner transportation solutions are some recommendations for sustainable
procedures that can diminish air pollution emissions in megacities, providing a transition to urban
resilience and sustainability.

5. Conclusions

We found that, during 90 days of COVID-19 social distancing in Sao Paulo city, Brazil, 5623 deaths
occurred due to this new disease estimated in an economic health loss of US $10.5 billion. In contrast,
we observed a significant air quality improvement. During the analyzed weeks, the decreases in PM2.5,
PM10, and NO2 levels reached 45%, 46%, and 58% reductions, respectively, in comparison to the control
period in 2019. The positive impact on air quality in terms of PM2.5, PM10, and NO2 concentrations
avoided 78,337 and 387 premature deaths, respectively, and prevented approximately US $720 million
on health costs, considering the results of NO2, the best air quality indicator observed.

Our study faced some limitations. First, in addition to the reduced number of deaths due to air
pollution, we should consider that there are other benefits attributable to the reduction in air pollution
itself and could also have positive benefits in reducing preventable noncommunicable diseases [85,86].
Thus, a more comprehensive analysis should contemplate other health outcomes, such as the reductions
in hospitalizations due to cardiorespiratory diseases. Second, meteorological data were collected and
used as a criterion for selected days of the control period to ensure that the analysis was not carried out
on incompatible days in terms of the meteorological similarity of both periods analyzed, minimizing
the influence of these factors on pollutant dispersion. In this sense, an air quality dispersion modeling
approach could be usefully explored in further future researches.

These findings have significant implications for understanding how important it is to improve the
strategies for sustainable practices in urban centers, especially with regard to air pollution mitigation
actions. Furthermore, we highlight the crucial role of appropriately allocating investments and
adopting efficient measures to protect human health both during and after the COVID-19 global
health crisis.
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