
HAL Id: hal-04103712
https://hal.science/hal-04103712

Submitted on 23 May 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Relation between PM2.5 pollution and Covid-19
mortality in Western Europe for the 2020–2022 period

Jean-Baptiste Renard, Jeremy Surcin, Isabella Annesi-maesano, Gilles
Delaunay, Eric Poincelet, Gilles Dixsaut

To cite this version:
Jean-Baptiste Renard, Jeremy Surcin, Isabella Annesi-maesano, Gilles Delaunay, Eric Poincelet, et
al.. Relation between PM2.5 pollution and Covid-19 mortality in Western Europe for the 2020–2022
period. Science of the Total Environment, 2022, 848, pp.157579. �10.1016/j.scitotenv.2022.157579�.
�hal-04103712�

https://hal.science/hal-04103712
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Science of the Total Environment 848 (2022) 157579

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Relation between PM2.5 pollution and Covid-19 mortality in Western
Europe for the 2020–2022 period
Jean-Baptiste Renard a,⁎, Jeremy Surcin b, Isabella Annesi-Maesano c, Gilles Delaunay b,
Eric Poincelet b, Gilles Dixsaut d
a LPC2E-CNRS, Orléans, France
b Pollutrack, Paris, France
c Institute Desbrest of Epidemiology and Public Health, University of Montpellier and INSERM, Montpellier, France
d Comité de Paris/Francilien Contre les Maladies Respiratoires, France
H I G H L I G H T S G R A P H I C A L A B S T R A C T
⁎ Corresponding author.
E-mail address: jean-baptiste.renard@cnrs-orleans.fr (J.-B

http://dx.doi.org/10.1016/j.scitotenv.2022.157579
Received 20 April 2022; Received in revised form 6 J
Available online 25 July 2022
0048-9697/© 2022 The Authors. Published by Elsevi
• Covid mortality increases when PM 2.5
pollution increases

• Same trends for 6 countries
A B S T R A C T
A R T I C L E I N F O
Editor: Pavlos Kassomenos, Director

Keywords:
Aerosols pollution covid-19 mortality
The ambient air pollution by particulate matter (PM) has strong negative effects on human health. Recent studies have
found correlations between pollution and mortality due to Covid-19. We present here an analysis of such correlation
for 32 locations in 6 countries of the Western Europe (France, Germany, Italy, Netherlands, Spain, United Kingdom),
for the 2020–2022 period. The data are weekly averaged, and the mortality values were normalized considering the
population of the locations. A correlation is qualitatively found for the time-series of PM2.5 pollution and Covid-19
mortality. The higher mortality values occurred during the pollutions peaks, as presented for the city of Paris
(France) and the Lombardy regions (Italia), one of the more polluted locations in Western Europe. An almost linear
trend with a factor 5.5± 1.0 increase inmortality when the pollution increases to ~45 μg.m−3 is found when consid-
ering all data. This leads to an increase of 10.5± 2.5 % of mortality per 1 μg.m−3. More precisely, the trend depends
on the period of the analysis and decreases with time (first spread of the pandemic in Spring 2020, mid-2020 – mid
2021 period where the pandemic was better managed, and vaccinal race after mid-2021). Finally, although the initial
conditions could differ from one country to another, the relative trend of increase was similar for the countries here
considered. Such results can have some implication on the management of the Covid-19 pandemic and other cardio-
pulmonary diseases during PM pollution events. They also show the importance of reducing the PM pollution in the
major cities.
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1. Introduction

Air pollution has a large range of negative impacts on human health
(WHO (World Health Organization), 2016; Schraufnagel et al., 2019;
Beelen et al., 2014), including respiratory and pulmonary infection, in-
creased cardiovascular risks (Miller, 2020; Robertson and Miller, 2018)
and perturbations of the immune system (Glencross et al., 2020) after
long-term exposure. The impacts are also demonstrated in short-term
acute effects (Horne et al., 2018; Seaton et al., 1995).

Evidences of links between air pollution and viral infection were
already established for the 1918 Spanish Influenza Pandemic (Clay et al.,
2018) and for the 2002 SARS epidemy in south-east Asia (Cui et al.,
2003). Also, ambient air pollutionmay play an indirect role in the diffusion
of some virus carried by airborne particles (Cao et al., 2014; Yu et al., 2004)
and thus accelerate population exposure to the virus.

Different sources of transmission dynamics of Covid-19 (SARS-COV-2)
may be considered, as local meteorology, air pollution, population density,
medical conditions. Recent studies have shown a correlation between par-
ticulate matter (PM2.5 or PM10) pollution levels and known Covid-19
symptoms and mortality during the first phases of the pandemic (Rohrer
et al., 2020; Accarino et al., 2021; Coccia, 2020a; Conticini et al., 2020;
Frontera et al., 2020; Fronza et al., 2020; Gurta et al., 2021; Sidell et al.,
2022; Bourdrel et al., 2021). These symptoms are respiratory, cardiovascu-
lar and related to the immune system, formulating the hypothesis that air
pollution can be a facilitating factor for Covid-19 infection and morbid-
ity (Bourdrel et al., 2021; Mehmood et al., 2020; Zoran et al., 2020;
Gupta et al., 2021). In particular, Wu et al. (2020) have shown that
PM2.5 increase of 1 μg.m−3 can lead to at least 11 % of increase in
Covid-19 mortality in the United States; similar values were found in
England (Travaglio et al., 2021), in the Netherlands (Cole et al.,
2020), and in a meta-analysis on 35 observational studies (Zang et al.,
2022). Correlatively, the Covid-19 number of cases was found to be
lower during high speed winds, which dissipated the PM pollution
(Coccia, 2020b). Conversely, the absence of correlation between the
Covid-19 outbreaks and temperature or UV radiation (Yao et al.,
2020) lead to the conclusion that air pollution likely plays a much larger
role than some weather condition parameters.

A review on the correlations between Covid-19 epidemic and air pollu-
tion or meteorology was given by Srivastava (2021), based on the analysis
performed during the first phase of the pandemic. The authors concluded
that as far as local meteorology is concerned, temperature and humidity
are negatively correlated with the number of cases. On the other hand,
PM pollution generally increases when temperature decreases, mainly
linked to the winter heating, thus making difficult to decorrelate the
various parameters.

So far, few studies have investigated the link between particulate
matter (PM) and Covid-19 mortality at the European level (Annesi-
Maesano et al., 2022). To extend these previous findings in a represen-
tative way, we analyzed the relation between PM2.5 pollution and
Covid-19 mortality for 32 different geographical areas in Western
Europe between 2020 and 2022. Fine particulate matter of a diameter
of <2.5 μm, PM2.5 causes a major impact on human health as it can
permeate deeper inside the body (e.g. Chen et al., 2016). This is why
we considered PM2.5, for which the World Health Organization has
recommended in September 2021 a mean yearly value of <5 μg.m−3

and a daily value <15 μg.m−3. The chosen areas are representative of
the various levels of air pollution that can be encountered, both due to
the local and transported PM sources as well as to weather heterogene-
ity (PM pollution increases during anticyclonic conditions and low
boundary layers, e. g. Renard et al., 2020).

We first present the case of Paris (France), a high-density populated city
of 2.2 million inhabitants (20,640 inhabitants per km2) on a compact area
of 105 km2 as well as one of the most polluted cities in Western Europe
(Renard and Marchand, 2021) due to the predominance of diesel vehicles
and the vicinity of large intensive agriculture areas; then we extend our
analysis to the 31 other selected regions.
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2. Materials and methods

2.1. Data origins

We considered a large set of data coming from different populated loca-
tions inWestern Europe presenting low tohigh levels of air pollution. To dis-
tinguish between these levels, we propose a PM2.5 threshold at the 20 μg.
m−3. This threshold is based on the newWorld Health Organization recom-
mendations for daily exposition of PM2.5 below 15 μg.m−3 in ambient air,
on which we have added the measurements uncertainty of 5 μg.m−3.

Locationswith similar lowPM levels, such as for the south of Italy, are not
considered here since they will not add a significant statistical value. Thus,
we have focused on 32 locations (Table 1, the name of the regions is given
in their original language), which are representative of the various levels of
pollution that can be encountered inWestern Europe. These levels are depen-
dent on the sources, on the wind conditions, and on the geographical
conditions. Our aim is not to discuss the origin of these pollution levels, but
to consider them as a possible input parameter for the Covid-19 mortality.
According to the national administrative division, these locations can be re-
gions, departments or cities. The population given in Table 1 are needed
for the normalization process of the Covid-19 mortality data conducted in
part Section 2.2.

The PM pollution data are available all over Europe, from each national
air quality monitoring networks. The measuring stations provide reference
data for the PM10 (particles smaller than 10 μm) and sometimes for the
PM2.5 (particles smaller than 2.5 μm). Because of their initial and opera-
tional cost, only few stations are available per cities or regions.

Usually, daily PM2.5 mass-concentrations pollution data can be
accessed through various websites, associated with fixed monitoring
stations dedicated to air quality monitoring. However, PM2.5 data can be
obtained also using other methods. For example, the Pollutrack networks
conduct measurements in several cities of Europe using mobile light optical
aerosol counters operated on the roof tops of hundreds of electric vehicles,
which provide a better spatial coverage of the cities (Renard andMarchand,
2021).

For the purpose of the present paper, we have averaged all the PM2.5
daily measurements available in a given region. Although such measure-
ments provide a mean estimate of PM2.5 pollution, they could not repre-
sent the spatial heterogeneity of PM2.5 content. For example, there are
only 5 PM2.5 measurement stations available inside the Paris city
(France), two of them being in the beltway that circles Paris. Thus, when
possible, we prefer to consider the measurements obtained since 2020
with the Pollutrack mobile PM2.5 sensors. As an example, the daily
PM2.5 mass-concentrations in Paris obtained by the air quality network
managed by Airparif (data available at https://www.airparif.asso.fr/) and
those obtained by Pollutrack network are presented in Fig. 1 for the
2020–2022 period. The mean difference between the two set of data is of
2.0 μg.m−3 (Pollutrack being slightly above Airparif, a logical outcome
since measurements are performed directly in traffic lanes) with a standard
deviation of 5.3 μg.m−3. Given all air pollution measurement technologies
experience uncertainties of several μm (Allen et al., 1997), these results
show very good alignment between Pollutrack and Airparif data. The
Pollutrackmeasurements are always above the Airparif air quality network
measurements during pollution peaks, which could indicate a better ability
to detect themwhen considering their spatial heterogeneity. The variability
of PM2.5 sources and low number of fixed stations for the air quality
networks could induce several μg.m−3 of uncertainties. Considering the
standard deviation calculated above, it seems reasonable to assume a
total error of 5 μg.m−3 for all mass-concentrations measurements.

Data on the mortality due to the Covid-19 pandemic could be found at
the national health agencies, and some others from independent organiza-
tions (herein we use data from the John Hopkins University). The principal
problem with Covid-19 data relates to the consistency and speed at which
they are collected and reported. Offsets of several days could occur depend-
ing on the efficiency and continuity of the data reporting from the local
authorities, which can bias the statistics when compared to other data. In

https://www.airparif.asso.fr/


Table 1
Name of the regions, departments and cities considered for the study (DE: Germany; ES: Spain; FR: France; GB: Great Britain; IT: Italy; NL: Netherlands), and population,
source of PM pollution data and level of pollution peaks.

Location (country) Population (106 inhabitants) Source of PM2.5 data Level of pollution
peaks

Baden-Württemberg (DE) 11.1 Air quality network Low
Berlin (DE) 4.4 Air quality network Low
Brandenburg (DE) 2.4 Air quality network Low
Hamburg (DE) 1.9 Air quality network Low
Hessen (DE) 6.3 Air quality network Low
Nordrhein-Westfalen (DE) 17.9 Air quality network Low
Schleswig-Holstein (DE) 2.9 Air quality network Low
Comunidad de Madrid (ES) 6.6 Pollutrack High
Bas Rhin (FR) 1.1 Air quality network Low
Bouche du Rhone (FR) 2.0 Pollutrack Low
Gironde (FR) 1.6 Air quality network High
Haute Garonne (FR) 1.4 Air quality network Low
Nord (FR) 2.6 Pollutrack High
Paris (FR) 2.2 Pollutrack High
Rhone (FR) 1.9 Air quality network High
Seine Saint-Denis (FR) 1.7 Air quality network High
London (GB) 14.4 Air quality network Low
North East (GB) 2.7 Air quality network Low
North West(GB) 7.3 Air quality network Low
South West (GB) 5.6 Air quality network Low
West Midlands (GB) 2.9 Air quality network Low
Yorkshire and the Humber (GB) 5.5 Air quality network Low
Emilia-Romagna (IT) 4.5 Air quality network High
Friuli Venezia Giulia (IT) 1.2 Air quality network High
Lazio (IT) 5.9 Air quality network High
Lombardia (IT) 10.1 Air quality network High
Piemonte (IT) 4.4 Air quality network High
Toscana (IT) 3.7 Air quality network High
Gelderland (NL) 2.1 Air quality network Low
Noord-Brabant (NL) 2.5 Air quality network Low
Noord-Holland (NL) 2.8 Air quality network Low
Zuid-Holland (NL) 3.7 Pollutrack High
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particular, the Spanish data are highly variable from one day to another
even during the higher part of the crisis and thus only the Madrid region
data can be used for the present work.

2.2. Data analysis procedures

To limit the scatter of the daily PM pollution values and of Covid-19
mortality values, all the daily data are averaged over one week; thus, we
mainly focus on mid and long-lasting pollution episodes.

To be able to search for a relation between PM pollution and Covid-19
mortality trends for the various regions and countries, it is necessary to
normalize the Covid-19 data; thus, the mortality values were divided by
the population of the region (Table 1). The Covid-19 regional data are
Fig. 1. Comparison between Airparif air quality network data and Pollutrack daily
data for the 2020–2022 period in the city of Paris (France).
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established for the whole population, including larger and smaller cities
that can locally encounter different levels of PM pollution and viral trans-
mission due the variability of the population density. As a consequence,
the weekly mean values could differ from one region to another even if
the pollution levels are similar. It is then necessary to consider a large num-
ber of data coming from different regions having different mean levels of
pollution and Covid-19 mortality to search for the correlation between
these two parameters.

Two analyses are conducted. The first one compares the weekly time
evolution of PM2.5 pollution and Covid-19 mortality per millions. The sec-
ond analysis consists of considering all weekly PM2.5 mass-concentrations
and Covid-19 mortality and to tentatively derive an average evolution
between them. These analyses must consider the various lockdowns
imposed in 2020 across several countries to limit the spread of the Covid-
19, thus reducing the intensity of the PM sources and the strength of
pollution events (e. g. Chauhan and Singh, 2020: Petit et al., 2021). This
fact could partly bias the analysis of the correlation between Covid-19
mortality and pollution events, although the main trigger of the pollution
variability is the wind conditions (e. g Renard et al., 2020).

3. Results

3.1. Time-evolutions between 2020 and 2022: the case of Paris (France)

North Italy (Piedmont Lombardy, Emilia-Romagna) encountered the
highest pollution levels of Western Europe during the 2020–2022 period,
with weekly maximum PM2.5 values close to 50 μg.m−3 in the
2020–2021 winter associated with a high Covid-19 mortality (Conticini
et al., 2020). Another highly polluted location in Western Europe was the
city of Paris (France), also associated with a high Covid-19 mortality.

Paris is a compact city, which allows us to perform a more accurate
analysis than using values coming from a region with different locations
having different population densities. Herein we use the mean of the



Fig. 3. Time-evolution of the PM2.5 pollution and of the mortality for the
2020–2022 period in Lombardy (Italy); the PM2.5 error is of about ±2.5 μg.m−3.
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Pollutrack PM2.5 values obtained inside Paris with a good spatial resolu-
tion. We use also the values of the Covid-19 mortality available for the
city only.

Fig. 2 illustrates the time-evolution of the PM2.5 pollution and the num-
ber of deaths per million. Globally the mortality trend follows the PM
pollution trend. Three periods can be established. The first one is between
the sudden beginning of the pandemic in March 2020 and mid-2020; a
significant pollution event occurred as the epidemic strongly progressed.
The second period covers the mid-2020 to mid-2021 range, when better
therapeutic strategies were adopted. Several significant pollution events
occurred during the 2020–2021 winter. The last period begins at mid-
2021, which corresponds to the vaccination race; also, several pollution
events occurred in the 2021–2022 winter. The mean level of mortality
decreases from one period to the following one; nevertheless, the same
trend is observed, as the mortality is always higher during pollution events
than outside them.

Thefirst lockdown in spring 2020was almost total, with the cessation of
all but essential activities, which has reduced the PM2.5 pollution (Petit
et al., 2021). Thus, the decrease in Covid-19 mortality could be due to the
direct effect of the lockdown but also to the induced pollution decrease.
The analysis can be conducted more easily during the second period.
Increases and peaks of mortality occurred during each of the pollution
peaks above 20 μg.m−3. Two partial lockdowns occurred during this
period, where the activities were more or less reduced. The first one
could explain the sudden decrease of mortality at the end of 2020. After,
the mortality starts again to increase during each pollution event. A strong
decrease of themortality occurred inMay 2021, just after the second partial
lockdown that occurred in April 2021, but it seems more correlated to the
sudden decrease of the pollution level. Finally, the mortality starts again
to increase at the end of 2021 during the second pollution events of that
period.

The PM2.5 pollution is globally higher in winter than in summer,
mainly because of the combination of heating and traffic; also the Covid-
19 mortality is also higher in winter. Nevertheless, no significant correla-
tion has been found between the short-time variations in temperature and
the short-time evolution of the Covid-19 mortality.
3.2. The case-differences for the various locations in Western Europe

As for the case of Paris, in Piedmont, Lombardy and Emilia Romagna in
the 3 considered periods the increases and the decreases of Covid-19
mortality were correlated to the pollution level trends in the mid-2020
mid-2021 period (Fig. 3). Similar correlations were obtained for all the
regions classified with high pollution levels in Table 1, with increases of
mortality during the main winter PM2.5 pollution events.
Fig. 2. Time-evolution of the PM2.5 pollution and of the mortality for the
2020–2022 period in Paris (France); the PM2.5 error is of about ±2.5 μg.m−3.
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Many of the Western European regions have low or moderate PM
pollution events due to their geographical locations, their mean weather
conditions, and their pollution regulatory law. Among them, the North
Rhine-Westphalia region (Germany) is one of the best examples, with a
mean pollution trend that remains almost constant over the year and
always below 20 μg.m−3 (Fig. 4) despite large cities and many industrial
activities. The Covid-19 mortality per millions inhabitant remains low
compared to Paris and Lombardy. The same conclusion is obtained for all
the regions classified with low pollution levels in Table 1.

3.3. Evolution of COVID-19 mortality with PM2.5 pollution

The same trends are qualitatively detected for all regions: the higher the
PM pollution, the higher the Covid-19 mortality per million inhabitants.
Because of the mass-concentrations measurements uncertainties, the possi-
ble time-delay in Covid-19 data reporting, and the natural delay between
the pollution peaks and their consequence on human health, we can expect
scattered data when plotting the PM2.5 pollution level vs. Covid-19 death
per million inhabitant (Fig. 5a). To tentatively surface trends and to partly
compensate for the various sources of errors, the raw data are averaged
within steps of 5 to 10 μg.m−3 to ensure a statistic rigor (depending on
the number of data available in a given mass-concentration range). The
error bars are calculated by considering the standard error of the mean.

The raw data inside each bin of PM2.5 mass concentrations follows a
log-normal distribution. Instead of averaging them, we can consider the
Fig. 4. Time-evolution of the PM2.5 pollution and of the mortality for the
2020–2022 period in North Rhine - Westphalia (Nordrhein-Westfalen, Germany);
the PM2.5 error is of about ±2.5 μg.m−3.



Fig. 5. Evolution of the PM2.5 pollution vs. of the Covid-19 mortality considering all the data together (a) and the data for 3 different periods (b, c, d); individual data and
mean values are presented.
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highest value of the mode that corresponds to the most frequent mortality
number. In this case, the resulting value is of about 30 ± 15 % lower
than the average value, but all the trends are maintained. Since similar
conclusions can be derived from these two methods, we will consider in
the following the results coming from the averaging method. The Pearson
correlation coefficient is not the best way to determine the correlation
between pollution andmortality, since the mortality seems to have a cumu-
lative effect with a timescale different from that of pollution. It is why we
prefer to consider the mean of the mortality values or the values of highest
probability

Fig. 5a illustrates the correlation between the pollution and Covid-19
mortality. To better evaluate the trends, it is necessary to separate
the data in respect with the 3 temporal periods presented above,
which are related to the health management of the pandemic. Despite
the more or less severe lockdowns conducted in the various countries,
the mortality increases when PM pollution also increases (Fig. 5b).
During the second period, on which the higher values of pollution
were encountered, the increase is significantly lower (Fig. 5c), but
remains continuous for increasing pollution. Finally, due to the vaccina-
tion program, the effect of the pollution is lowered in the third period,
although mortality continues to demonstrate increases with increasing
pollution.
5

Fig. 5 also shows that the dispersion of the individual measurements
strongly decreases for PM 2.5 mass-concentrations above about 20 μg.
m−3. This value was chosen to be the threshold between low pollution
and high pollution cities in Table 1.

Tests have been conducted by shifting the raw time-series of mortality
values compared to the time-series of the pollution values, by a step of
one week from −5 months to +5 months. The data is then averaged in
the same mass-concentration intervals as above. The highest amplitude
from the first meanmortality value (low pollution) to the last meanmortal-
ity value (high pollution) is obtained for no data shift. Positively or nega-
tively increasing the shift reduces the amplitude and almost a flat trend is
obtained for a shift of the order of 3 months (that roughly corresponds to
the duration of the winter pollution event). This result seems to indicate
that the correlation is not fortuitous, and that the incidence of the pollution
on the Covid-19 mortality seems to be below one week.

The mean values curves are divided by their first value to make
direct comparison between them (Fig. 6). An almost linear trend with a
factor 5.5 ± 1.0 increase in mortality when the pollution increases to
~45 μg.m−3 is found when considering all data. This leads to an increase
of 10.5 ± 2.5 % of mortality per 1 μg.m−3 increase, in good agreement
with the Wu et al. (2020) value for the US. In fact, the trend varies depend-
ing on the stage of the pandemic evolution. During the first phase (rapid



Fig. 6. Evolution the Covid-19mortality vs. the PM2.5 pollution divided by the first
value of each curve, for all data and for the 3 periods; the PM2.5 error is of about±
2.5 μg.m−3.
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spread), the mortality increase was of 20± 5.0% per 1 μg.m−3 increase. It
was also of 10.5± 2.0 % per 1 μg.m−3 increase during the 2020.5–2021.5
period, and drops to 4.5 ± 1.5 % per 1 μg.m−3 increase in line with the
rapid vaccine rollout.

We have considered above the data from all the countries studied. The
mean value can be calculated with an acceptable accuracy if at least 10
individual data are available in the consideredmass-concentration interval.
Since the local authorities have managed the health crisis differently, we
can expect different evolution of mortalities vs. PM2.5 pollution for the
different countries. Fig. 7a shows that indeed the first mortality value for
low PM mass-concentrations (<5 μg.m−3) differs from one country to
another, the highest being for England and the lowest being for the
Netherlands. To determine the trend of the relative evolution of mortality
with the PM pollution, and thus to decorrelate the effect due to the pollu-
tion to other effects, all the curves are divided by their first value. The
variability in the initial conditions can be interpreted as the variousmedical
conditions of the population and the local management of the pandemic.
All the curves are almost superimposed (Fig. 7b), indicating that whatever
the initial conditions are, the consequence of the PM pollution on Covid-19
mortality increase is globally similar for all the Western Europe countries.

The same analysis is conducted for the two categories of regions presented
in Table 1 (“low” pollution regions and “high” pollution regions). After aver-
aging the individual data, similar trends in the 0–25 μg.m−3 range are found
Fig. 7. Evolution the Covid-19 mortality vs. the PM2.5 pollution divided by the first v
2.5 μg.m−3.
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for the two categories, which could indicate that the relation between PM
pollution and Covid-19 mortality do not depend on the locations.

4. Discussion

Our results confirm previous works on the link between PM pollution
and Covid-19 Mortality (e.g. Coccia, 2020a) and the absence of direct
links with weather parameters (Yao et al., 2020). The mean percentage of
the Covid-19 mortality increases in Western Europe, of the order of 10 %
per μg.m−3, in agreement with the Wu et al. (2020) value for the US.
Nevertheless, our analysis shows that this value decreases with the medical
and societal improved management of the pandemic, although the PM2.5
pollution effect still remain after the vaccination program. The example of
Paris has shown that each peak of pollution higher than about 20 μg.m−3

that lasts more than one week are followed by a local increase of Covid-
19 mortality. This PM2.5 threshold is very close to the new World Health
Organization recommendations for daily exposition of PM2.5 below
15 μg.m−3 in ambient air.

To interpret our results, we propose that the inhalation of PM2.5
constitutes an irritant factor for all the airways, favoring the penetration
of all airborne viruses and bacteria (WHO (World Health Organization),
2016). The systemic circulation of particles in the blood stream constitutes
an additional irritant factor for the vascular walls that explains the relation-
ship between particulate pollution and cardiovascular pathologies
(in particular pulmonary embolism), both in the short term and in the
long term. Thus, PM2.5 particulate pollution can explain a greater sensitiv-
ity of people to airborne viruses, but also a greater severity of these pathol-
ogies, the mortality of which is primarily pulmonary, by disseminated
pulmonary micro embolisms.

During the Covid-19 pandemic, air pollution by fine and ultra-fine
particulate matter increases permeability in the airway by reducing tight
junctions proteins, which facilitates the virus penetration (Bourdrel et al.,
2021). Also, cardiopulmonary and metabolic diseases are well-known
comorbidities of Covid-19. These facts can explain the Covid-19 mortality
increase during strong pollution events and the time-delay of the order of
few days only.

Finally, the principal mode by which people are infected with the
Covid-19 is through airborne transmission not only indoors but likely also
outdoors. Indeed, Kayalar et al. (2021) supports the hypothesis that
Covid-19 may be transported by ambient particles. However, further data
are needed to confirm these analyses.

Our study can help to better manage the Covid-19 threat by control
measures (Coccia, 2021), for example by establishing factors that can
alue of each curve, for all data and for the 3 periods; the PM2.5 error is of about±
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describe the pandemic propagation (Coccia, 2022) and predict its evolution
during the following winters. Also, it is necessary to decrease the PM pollu-
tion in the major cities by political decisions on the reduction of the wood
burning and the traffic. Finally, strong reductions of industrial activities
and transport may be proposed during the period of high PM2.5 pollution
to limit the Covid-19 mortality (and the other cardiopulmonary diseases).
5. Conclusion

This study shows that the PM2.5 pollution could induce an increase in
Covid-19 mortality inWestern Europe. This increase depends on the period
of the pandemic and on the medical and societal managements. Further in-
vestigations in other countries and continents are required to determine
whether these results are specific to Western Europe or can be generalized
worldwide to locations that have encountered high pollution events.
Analysis as the one conducted for Paris should be conducted for other com-
pact and populated cities, to confirm that sudden increases of Covid-19
mortality could be associated with weekly pollution events above 20 μg.
m−3. Also, all the medical processes on how PM inhalation increases the
Covid-19 lethality must be established, as already done for others virus
and pandemics.

This study has confirmed that the PM2.5 pollution is of major impor-
tance for human health. Although the direct health effect of the pollution
has been well established, it shows that PM2.5 have also a strong indirect
effect on the Covid-19 mortality through inhalation and irritating factors.
This effect seems to be local and is dependent on the pollutionmanagement
by local (and national) authorities. In consequence, the PM pollution must
be considered as an important factor in the Covid-19 progression and may
be included in the societal management of the pandemic.
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