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Abstract—Suspended substances in the air form clusters with coronavirus particles and spread up to 10 m
from the source of infection. The importance of taking air pollution into account when simulating the spread
of the COVID-19 pandemic is due to the similarity in the health impacts made by the coronavirus and the
respirable fraction of suspended solids. In Europe, up to 6.6% of deaths and in China up to 11% of deaths from
COVID-19 are due to ambient air pollution. In epidemiological models, this factor must be considered along
with other reasons for the development of coronavirus infection. In Russian cities, increased air pollution can
be one of the risk factors for the development of an epidemic.
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Specifics of the COVID-19 pandemic, the high vir-
ulence of this virus, i.e., the number of viral particles
required to infect the body, and contagiousness caused
infection of more than 118 million people and excess
mortality of three million people worldwide, and in
Russia, 4.3 million people and about 400 thousand
cases, respectively (as of March 15, 2021). The pan-
demic of the new coronavirus SARS-CoV-2 has pre-
sented the scientific community with many unex-
plored aspects of this situation. This called for its in-
depth study not only by physicians and biologists but
also by economists, urbanists, geographers, meteorol-
ogists, climatologists, educators, sociologists, psy-
chologists, cultural scientists, etc. For the first time in
the history of mankind, this pandemic has created
such an epidemiological situation, which during its
course is studied from completely different positions:
not only that of natural science but also political,
humanitarian and others. Understanding the histori-
cal significance of previous pandemics became possi-
ble only centuries later. Some historians believe that
the plague of the 14th century not only led to a demo-
graphic catastrophe, but also caused profound
changes in the foundations of medieval society. The
epidemic resulted from the interaction between the
civilizations of the West and the East with all their
political, social, religious, and spiritual contradictions
after the short-term resumption of the “Great Silk
Road” [1]. It is difficult to say what the consequences
of today’s pandemic will be, but they can significantly
change attitudes towards those additional health risk

factors that can be identified, corrected, and managed.
First of all, these are the factors affecting the mobility
and quality of air masses in urban development, i.e.,
ecological and geographical features of the area, com-
pactness of buildings, population density, intensity of
traffic f lows, emissions from stationary sources,
including power plants. These factors affect the qual-
ity of atmospheric air, the pollution of which contrib-
utes to the development of pathological processes in
the human body.

It is extremely important that there is a certain sim-
ilarity between the effects of the SARS-CoV-2 virus
and fine suspended particles less than 10 μm in size
(PM10): in addition to solid microparticles, these aero-
sols also include tiny droplets of liquids. The content
of PM10 in atmospheric air is the main indicator of its
quality; this indicator is used to assess the conse-
quences of the impact of polluted urban air on the
health of the population. The toxicological properties
of PM, its content in the air of various cities, and the
effects of exposure on various health indicators are
considered in our review [2]. Prolonged exposure to
urban air with an increased content of such particles
leads to excess mortality of the population, which,
according to our estimates, in Russia reaches 68–88
thousand cases per year, and the highest level of air
pollution is characteristic for the cities located in the
Asian part of the country that use coal [2]. PM10 levels
in Russian cities are roughly the same as in industrial-
ized European countries such as Germany. The groups
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at increased risk of the exposure to polluted atmo-
spheric air, as well as with exposure to the virus, are the
elderly, children, and pregnant women. Fine suspended
particles are risk factors for the development of athero-
sclerosis, myocardial infarction, stroke, coronary heart
disease (CHD), other diseases of the circulatory sys-
tem, as well as respiratory diseases: lung cancer, chronic
obstructive pulmonary disease (COPD), etc.

One of the main effects of an infectious and physi-
cochemical factor is a cytokine storm, as a result of
which a severe form of a systemic inflammatory reac-
tion is formed, leading to damage to the respiratory
system and other systems of the human body. Fine
particles are deposited in the lungs and blood vessels,
causing inflammation. Both during the immune
response to the ingress of the virus and when the respi-
rable fraction of PM2.5 enters the blood, the number of
special signaling proteins—cytokines—increases.
They trigger a chain of biochemical reactions that ulti-
mately lead to thrombosis, CHD, heart attack and
other complications [3]. At the regular, eighth meeting
of the working group of the WHO European Office on
Health in a Changing Climate (December 8–9, 2020)
almost every report addressed not only the climatic
aspects of health but also the impact of air pollution
during a pandemic.

Impact of quarantine measures on air quality and
public health. The impact of reduced emissions due to
declining economic activity on air quality is most evi-
dent in the megalopolises of Southeast Asia. In New
Delhi, PM2.5 emissions fell by 70% in the first week of
quarantine, but levels averaged over two weeks of
quarantine already showed a 30% decrease. In other
large cities (Ahmedabad, Pune), the decrease in PM2.5
was 15% [4]. During the period of the first lockdown,
the aerosol optical density (AOD) over India decreased
on average by 24% [5]. Reduction in nitrogen dioxide
(NO2) emissions in Central China by 30% made it
possible to estimate the number of averted deaths [6].
In the four largest cities in China (Beijing, Shanghai,
Chengdu, Guangzhou), in the first two months of
2020, daily PM2.5 concentrations decreased by 15–
17 μg/m3 compared to the average levels for these
months in 2016–2019. Extrapolating this reduction to
the entire urban population of China and using the
following age-specific mortality rates (for children
0–5 years old, the increase in monthly mortality is
2.9% and for the elderly over 70 years old it is 1.4% per
1 μg/m3 of PM2.5), the number of averted deaths in the
country was estimated as 51700 cases [7]. An even
greater number of excess cases due to air pollution
(about 100000 cases) was prevented in the spring of
2020 after two months of quarantine. In this context,
the authors used the concentration of nitrogen dioxide
as a marker of air quality. This assumption is based on
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the fact that China completely closed a third of its cit-
ies [8]. Finally, the most conservative estimate of
averted mortality was based on the fact that in China,
the national average air pollution index (API) and
PM2.5 levels decreased by 25%, which could have led
to 36000 cases averted per month [9]. Similar emission
reductions have been reported in other countries.
For example, the quarantine in the northeastern
United States in March 2020 reduced NO2 emissions
by 30% from the 2015–2019 average, while in Barce-
lona, two weeks after the quarantine, soot and NO2
levels dropped by 45–51%, mainly as a result of
reduced traffic, and PM10 levels decreased less, by
only 28–31% [10].

Role of Aerosols in COVID-19 Virus Transmission.
The ingress of the infection mostly occurs through the
transfer of the virus by droplets of saliva and other bio-
logical f luids from person to person during close con-
tact, i.e., at a distance of about a meter. Such droplets
have an aerodynamic diameter of more than 20 μm
and upon inhalation are deposited in the upper respi-
ratory tract. Observations and laboratory experiments
show that the virus is also carried by fine aerosols in
indoor air but the relative contribution of this infection
route in comparison with the main one has not yet been
quantified. The SARS-CoV-2 airborne virus can be
transmitted by aerosols with an aerodynamic diameter of
less than 10 μm, and particles with a diameter of less than
5 μm enter the lower respiratory tract.

Infected droplets of saliva released during cough-
ing, sneezing, and lively speech, which have an aero-
dynamic diameter of more than 20 μm, i.e., are rela-
tively heavy, quickly settle on the ground and other
surfaces and therefore can serve as a source of second-
ary infection through objects that have been in contact
with the virus. If the virus is attached to aerosols in the
air, especially with a diameter less than 10 μm, then it
can be transported over considerable distances, which
is especially important in urban areas with high hous-
ing density. The possibility of transporting the viable
SARS-CoV-2 virus by aerosols over distances of more
than two meters indoors was demonstrated in labora-
tory experiments in [11, 12]. The transport of virus
particles by aerosols significantly increases the air-
borne survival time of the virus before deposition,
facilitating long-range transmission of the virus and
subsequent deposition in the respiratory tract. In the
open air, until now, only the adsorption of RNA frag-
ments of the SARS-CoV-2 virus by suspended matter,
but not the viable virus itself, has been observed (in
Bergamo, Italy) [13]. Presumably, in conditions of
heavy air pollution and slow dispersion of atmospheric
pollutants, the virus formed clusters with PM10 parti-
cles in the atmosphere and was able to spread in this
way up to 10 m from the source of infection. The study
of the previous SARS-CoV-1 virus in 2002–2003 also
showed the possibility of its transport by aerosols over dis-
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tances of several meters both in laboratory experiments
[14, 15] and in a hospital with infected patients [16].

Therefore, in order to model the transport of virus-
infected aerosols, it is necessary to know the typical
size of these particles. Measurements in Wuhan in the
open air near hospitals showed that most (by number,
not by weight) aerosol particles containing the virus
had an aerodynamic diameter of 0.2–0.5 μm. Model-
ing the behavior of such particles in air showed that
only particles with a diameter of less than 0.1 μm coag-
ulate, reaching this (or smaller) size in about 30 min-
utes. At the same time, larger particles retain their size
and do not stick together. Such differences in the
behavior of particles sticking together were established
in a numerical experiment simulating the dynamics in
the behavior of aerosols in air over time, which made
it possible to test the hypothesis about the relationship
between polluted air and human infection [17]. The
difference between the aerodynamic diameter and the
geometric size is insignificant and is mainly explained
by the shape of the particles, and the aerodynamic
diameter is approximately one and a half times smaller
than the geometric size. The adhesion of particles <0.1 μm
in size only reduces the likelihood of their retention in
the lungs, since in this size range the curve represent-
ing the relation between the particle size and efficiency
of their retention in the lungs goes down, tending to its
minimum, and larger particles are not subject to coag-
ulation. The point is that the relative fraction of fine
particles trapped in the lungs, depending on their geo-
metric size, is nonmonotonic and reaches a minimum
at a particle size of about 0.1 μm [18]. Therefore, air
pollution cannot contribute to virus infection by
increasing the efficiency of viral particles deposition in
the lungs. This conclusion was originally obtained for
outdoor air, but in the absence of data on ventilation
and air filtration in rooms, Dobricic et al. [17] propose
to extend it to indoor air. However, this is inconsistent
with the results of a number of epidemiological studies
on the relationship between fine particles with a diam-
eter of less than 10 μm and the number of infected dis-
cussed below.

Statistical relationship between air pollution and
infection. In 120 cities in China, a generalized linear
regression modeling the daily number of new cases of
COVID-19 infection was applied for the period from
January 23 to February 29, 2020, in which the explan-
atory variables were the daily pollution levels averaged
over the previous 14 days, by priority, i.e., the most
common, substances (fine particles, sulfur dioxide,
carbon monoxide, nitrogen dioxide and ozone). This
impact is interpreted as “short-term.” During this
period, a positive correlation was observed between
the incidence of the disease and the exposure levels of
these substances, except for sulfur dioxide and carbon
monoxide. The increase in the impacting concentra-
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tions of these substances for every 10 μg/m3 was sig-
nificantly associated with the rise in the number of
confirmed cases of COVID-19 infection: when
exposed to PM2.5 by 2.24% (95% CI: 1.02–3.46); to
PM10 by 1.76% (95% CI: 0.89–2.63); to NO2 by 6.94%
(95% CI: 2.38–11.51) and when exposed to O3 by
4.76% (95% CI: 1.99–7.52) [19].

A more detailed study of the impact made by pol-
luted air on the number of infected people was carried
out in Italy, where two samples were compared: espe-
cially polluted cities, in which the standard for the
content of PM10 or ozone in the air was exceeded for
more than 100 days a year, and cleaner cities [20]. The
European Union Air Quality Directive 2008/50/EU
has established binding standards for these substances
in the air throughout the EU. According to this legis-
lative act, the daily PM10 standard is 50 μg/m3, and
this standard can be exceeded for no more than
35 days a year, and the concentration of ground-level
ozone averaged over 8-hour periods should not exceed
120 μg/m3; this standard can be exceeded for no more
than 25 days in three years of observations [21]. In the
abovementioned study [20], the regression reflecting
the dependence of the logarithm of coronavirus inci-
dence at a certain date on the logarithm of population
density for a sample of 55 centers of administrative ter-
ritories was calculated, since the rate of virus transmis-
sion from person to person can depend on this indica-
tor. The change in the slope of the regression line for
the sample of “dirty” cities compared to “clean” cities
indicates a possible role of air pollution in the trans-
mission of the virus. The results of this analysis
showed that for the group of clean cities, where the
content of fine particulate matter with a size of less
than 10 μm (PM10) or ozone exceeded the standard
level, less than 100 days a year, a 1% increase in popu-
lation density led to an increase in the number of
infected equal to 0.25%; for a sample of dirty cities,
where standards were exceeded for more than 100 days
a year, a 1% increase in population density led to an
increase in the number of infected people already by
0.85%.

Moreover, findings on the dependence of the num-
ber of infected on air pollution and population density
made it possible to compare the relative contributions
of these variables to the development of the coronavi-
rus epidemic. The dimensionless two-factor log-log
model is described by the regression equation (1)

(1)

where log[E(yt)] is the natural logarithm of the
expected number of infections on a given date in a year
t, and the indices “1” and “2” stand for the air pollu-
tion and population density, respectively. The index
t – 1 for independent variables means a one-year lag

( )[ ] −= α + β + β1 1; –1 2 2; 1log log log ,t t tE y x x
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between cause and effect. More precisely, the quanti-
tative measure of pollution x1 was the number of days
in 2018 with an excess of the daily standard for the
content of PM10 or ozone in the air. The population
density x2 in the studied cities varied from 20 to 8 thou-
sand people/sq. km. The estimated values of the
regression coefficients differed both in magnitude and
in statistical significance: β1 = 1.27, p < 0.001; β2 =
0.31, p < 0.05. This indicates that atmospheric air pol-
lution has a stronger effect on the transmission of the
virus than population density. Another important
conclusion from this study is that by varying the calen-
dar date, on which the number of infected yt is taken,
it is possible to study the indirect effect of quarantine
on the increase in the number of infected residents.

The second, nonlinear model (2) simulating the
dependence of the number of infected people on air
pollution with a quadratic term made it possible to
estimate at what level of pollution xt a break-point in
this dependence can be expected

(2)

Having solved the optimization problem on the
position of the minimum of the regression parabola
describing the change in the number of infected yt in
different cities depending on the air pollution, the
authors of the study came to the following conclusion:
for cities in northern Italy of comparable population
with similar weather conditions (cities are located in
mountain basins with weak wind and poor conditions
for dispersing pollution), the influence of pollutants
on the spread of infection will be significantly less if
the PM10 or ozone standard is exceeded less than 48
days a year. This work shows how, given an array of
publicly available baseline data on the number of peo-
ple infected in different cities, one can obtain signifi-
cant conclusions about the underlying causes of the
spread of the epidemic using regression analysis. The
difficulty, however, lies in choosing the “correct”
sample of cities for such an analysis, based on the sim-
ilarities or differences in local meteorological condi-
tions. Certainly, this approach would be very interest-
ing for analyzing the situation in Russia with its greater
variety of landscape and meteorological conditions.

The authors of another study, based on the same
data from 71 capitals of the Italian provinces, drew
attention not only to the level of air pollution but also
to the factor reflecting the duration of exposure to pol-
lution. In order to characterize the long-term exposure
to air pollution, a variable was investigated equal to the
number of years in the last decade (2010–2019) when
the daily PM10 standard (50 μg/m3) was exceeded for
more than 35 days a year, i.e., more than 10% of days.
This figure is specified in the European Union Direc-
tive 2008/50/EU [21]. This variable proved to be pos-
itively correlated with the number of confirmed cases

( ) ( )− −= α + β + β 2
1 1 2 1 .t t tE y x x
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of COVID-19 in various cities. This means that in cit-
ies where the population has been exposed to polluted
atmospheric air for a long time (more than 35 days a
year for several years), the number of people infected
with coronavirus is higher [22]. This study also devel-
oped two more models for the incidence of COVID-19.
The first assessed the impact made by annual average
concentrations of nitrogen dioxide and fine particu-
late matter over the last four years before the pan-
demic; and in the second, the impact was expressed in
the number of days exceeding the standards for the
content of PM10 and ozone (which is a precursor for
photochemical synthesis of NO2 in the ambient air)
for the three years preceding the epidemic. These two
models also showed a positive correlation between the
concentrations of pollutants and the number of people
infected. The reason for this is the combined cytokine
effect of two powerful health risk factors. The authors
explain the correlations by the overexpression of
proinflammatory cytokines and chemokines (i.e., an
excessive immune response to the inflammation
focus) in the presence of atmospheric air pollution.

Air pollution and mortality from coronavirus. The
study of the association between air pollution and
mortality began in China as early as in 2003 during the
last SARS-CoV-1 epidemic, and it also proved the
relationship between the level of air pollution and
mortality [23]. The first spatial study of the link
between air pollution and the mortality rate from
COVID-19 was carried out in the United States [24].
The geographical unit of study was taken to be 3080
counties providing residence to 98% of the entire
American population. The dependent variable was the
number of deaths from COVID-19 accumulated by
April 4, 2020, per 100 thousand people; the indepen-
dent variable was the average long-term concentration
of PM2.5 for 2000–2016. The spatial distribution for
the concentration of this substance is calculated based
on satellite observations of the optical density of the
atmosphere on a coordinate grid 0.01° × 0.01°. The
work uses a negative binomial mortality model, which
is more general than the commonly used Poisson
model, since it takes into account the excess variance
of a random variable. This model allows us to abandon
the assumption of the independence of outcomes (the
number of deaths). The choice of the model is due to
the fact that the authors use not the number of deaths
per unit of time but the cumulative (accumulated)
mortality. Importantly, the mortality model took into
account potential confounding factors: county popu-
lation density, number of hospital beds, number of
people tested, winter and summer temperatures and
humidity, socioeconomic and behavioral factors
including obesity and smoking, and potential correla-
tion of effects between counties within the same state.
ECONOMIC DEVELOPMENT  Vol. 32  No. 4  2021
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The results of this study also show that previously
documented effects of PM2.5 coincide with factors that
increase the risk of death from COVID-19: heart and
lung disease, nonfatal heart attacks, heart rhythm dis-
turbances, asthma, decreased lung function, respira-
tory symptoms like pneumonia and respiratory tract
inflammations, cough, and respiratory stress [25].
This confirms that increased atmospheric air pollu-
tion can aggravate the severity of coronavirus disease
outcomes for those infected.

In addition to fundamental research, links between
the level of air pollution in cities and mortality from
coronavirus have been proven in Italy, India, and
China. Thus, in Italy, 33% of deaths from COVID-19
were accompanied by at least one concomitant disease
statistically significantly associated with air pollution
[26]. Multiplying this 33% by the attributive share of
air pollution in the development of such diseases,
equal to 20%—this is the result obtained in Europe for
the incidence of chronic obstructive pulmonary dis-
ease, coronary heart disease, diabetes, and lung cancer
[27]—we find that at least 6.6% of deaths from
COVID-19 are caused by ambient air pollution. Using
the same approach, it is determined that in the coun-
tries of Southeast Asia with a high level of air pollu-
tion, for example, in China, up to 11% of deaths from
the described viral infection can be associated with air
pollution [17].

A study of the nine most polluted Asian megacities
(Delhi, Islamabad, Jakarta, and others) also showed a
statistically significant relationship between the aver-
age long-term (for 2007–2016) PM2.5 concentration
and the COVID-19 mortality rate [28]. Mortality was
calculated as the ratio of the number of deaths from
COVID-19 to the number of infected in each city. The
average mortality rate for these cities as of July 2, 2020,
was 2.3%. Average PM2.5 concentrations in the ambi-
ent air of these cities varied from 45 μg/m3 in Jakarta
to 143 μg/m3 in Delhi and 173 μg/m3 in Kanpur, with
an average of 85 μg/m3, which is much higher than in
European and Russian cities. For comparison: in
Moscow, the average annual concentration of PM2.5 in
2019, according to Mosecomonitoring, was 16 μg/m3,
but in Krasnoyarsk, Novokuznetsk, Chelyabinsk and
other cities with large metallurgical enterprises, the
level of pollution is higher.

A. Gupta et al. (2020) applied a linear regression of
the mortality rate by the decimal logarithm of the
PM2.5 concentration and obtained a high statistical
significance of the regression coefficient: with each
doubling of the concentration, the lethality increases
by (1.7 ± 0.3)%; p < 0.01. The authors explain the
dependence by the weakening of the immune system
under systematic exposure to atmospheric air pollu-
tion. At the same time, the authors discommend using
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the obtained dependence to predict the mortality rate
outside the specified concentration range. A similar
regression for PM10 levels in the same cities did not
show a statistically significant relationship, which
confirms the predominant effect of the finest PM2.5
fraction on mortality.

Mortality from COVID-19 depends on the level of
air pollution not only with fine particles, but also with
nitrogen dioxide (NO2). This substance causes death
of epithelial cells in the lungs, inflammation of the air-
ways; it is a significant risk factor for the development
of COPD, CHD, hypertension, diabetes, and other
diseases. The presence of such diseases in infected
individuals is confirmed by the fact that 74% of those
who died from COVID-19 had hypertension, 34% had
diabetes, and 30% had coronary heart disease. The
relationship between mortality from COVID-19 and
NO2 concentrations not only in the surface air but also
in the troposphere has been confirmed. In Italy,
Spain, France, and Germany, using spatial correlation
methods, the effect of tropospheric NO2 levels on
mortality from COVID-19 has been estimated [29].
Four provinces of Northern Italy and Madrid in Spain
together account for 78% of COVID-19 deaths in
these four countries, and the same five regions have
the highest tropospheric NO2 levels combined with
poor dispersion conditions (downdrafts). The author
explains this result by the fact that long-term exposure
to nitrogen dioxide increases the risks of the most
common comorbidities in deaths from COVID-19.
The ranking of the number of deaths from COVID-19
(as of March 19, 2020) in all regions of Italy, Spain,
France and Germany by tropospheric NO2 levels
shows that 83% of all deaths occur in regions with lev-
els of more than 100 μmol/sq. m, 15.5% with levels
from 50 to 100 μmol/sq. m, and only 1.5% with levels
below 50 μmol/sq. m.

Conclusions. Studies of the relationships between
the level of air pollution, tropospheric nitrogen diox-
ide content, and mortality from COVID-19 in 2020
have shown that these factors lead to a statistically sig-
nificant increase in morbidity and mortality from
coronavirus but many aspects of these relationships
have not yet been clarified. Modern epidemiological
models of mortality should take into account, among
other things, such significant risk factors at the
regional level as the capacity of the bedspace, the
number of infectious disease specialists, the availabil-
ity of primary medical services, emergency medical
care, pharmacies and other resources of the health
care system, which for Russia is partially shown in the
article by V. Stepanov [30]. The use of statistical mod-
els for cross-country comparisons between the devel-
opment processes of the COVID-19 epidemic is
impossible without taking into account socioeco-
 Vol. 32  No. 4  2021
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nomic indicators, including per capita income, differ-
ences in the collection and processing of statistical
information on morbidity and mortality; features of
the epidemiological and economic policies of different
countries during a pandemic at various stages of its
development. New intercenter studies are needed
based on agreed protocols and the development of
modern statistical models that allow assessing the con-
tributions of various risk factors, including atmo-
spheric air pollution in areas of population with differ-
ent socioeconomic status, to the dynamics of infection
and disease outcomes, taking into account the specif-
ics of different regions and countries of the world.
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