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Abstract
The Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2), which exploded in Wuhan (Hebei
Region, China) in late 2019, has recently spread around the World, causing pandemic effects on humans.
Italy, and especially its Northern regions around the Po Valley, has been facing severe effects in terms of
infected individuals and casualties (more than 31.000 deaths and 255.000 infected people by mid-May
2020). While the spread and effective impact of the virus is primarily related to the life styles and social
habits of the different human communities, environmental and meteorological factors also play a role.
Among these, pollution from PM2.5/PM10 particles, which may directly impact on the human respiratory
system or act as virus carrier, thus behaving as potential amplifying factors in the pandemic spread of
SARS-CoV-2. Enhanced levels of PM2.5/PM10 particles in Northern Italy were observed over the two
month period preceding the virus pandemic spread. Threshold levels for PM10 (<50 µg/m³) were
exceeded on 20-35 days over the period January-February 2020 in many areas in the Po Valley, where
major effects in terms of infections and casualties occurred, with levels in excess of 80 µg/m³
occasionally observed in the 1-3 weeks preceding the contagious activation around February 25th.
Threshold values for PM2.5 indicted in WHO air quality guidelines (<25 µg/m³) were exceeded on more
than 40 days over the period January-February 2020 in large portions of the Po Valley, with levels up to
70 µg/m³ observed in the weeks preceding the contagious activation. The evolution of particle matter
concentration levels throughout the month of February 2020 was carefully monitored and results are
reported in the paper.

In this paper PM10 particle measurements are compared with epidemiologic parameters data.
Speci�cally, a statistical analysis is carried out to correlate the infection rate, or incidence of the
pathology, the mortality rate and the case fatality rate with PM concentration levels. The study considers
epidemiologic data for all 110 Italian Provinces, as reported by the Italian Statistics Institute (ISTAT,
2020), over the period 20 February-31 March 2020. Corresponding PM10 concentration levels were
collected from the network of air quality monitoring stations run by different Regional and Provincial
Environment Agencies, covering the period 15-26 February 2020. The case fatality rate is found to be
highly correlated to the average PM10 concentration, with a correlation coe�cient of 0.89 and a slope of
the regression line of (6.7±0.3)×10-3 m³/µg, which implies a doubling (from 3 to 6 %) of the mortality rate
of infected patients for an average PM10 concentration increase from 22 to 27 μg/m³. Infection and
mortality rates are also found to be correlated with PM10 concentration levels, with correlation
coe�cients being 0.82 and 0.80, respectively, and the slopes of the regression lines indicating a doubling
(from 1 to 2 ‰) of the infection rate and a tripling (from 0.1 to 0.3 ‰) of the mortality rate for an
average PM10 concentration increase from 25 to 29 μg/m³. Epidemiologic parameters data were also
compared with population density data, but no clear evidence of a mutual correlation between these
quantities was found. Considerations on the exhaled particles' sizes and concentrations, their residence
times, transported viral dose and minimum infective dose, in combination with PM2.5/PM10 pollution
measurements and an analytical microphysical model, allowed assessing the potential role of airborne



Page 3/39

transmission through virus-transmitting PM particles, in addition to droplet transmission, in conveying
SARS-CoV-2 in the human respiratory system.

Introduction And Methods
PM2.5/PM10 are pollution particles with an aerodynamic radius of less than 2.5 and 10 mm, respectively,
which are often present in the air. These small particles can be either organic or inorganic and can be
present in both the solid and liquid phase. They are capable of adsorbing on their surface various
substances with toxic properties such as sulphates, nitrates, metals and volatile compounds.

Suspended PM2.5/PM10 particles have been demonstrated to have a signi�cant impact on human
health, the higher being their concentration, the greater being their health impact (among others, Dockery
et al., 1993; Pope et al., 1995; Brunekreef, 1997; Hoek et al., 2002). More speci�cally, atmospheric aerosols
have been demonstrated to play an important role in triggering pro- in�ammation and oxidation
mechanisms of the lungs. Prolonged exposure to PM2.5/PM10 has  been found to be linked to acute
respiratory in�ammation and immunological alterations (among others, Li et al., 2018, Losacco and
Perillo, 2018). Recent studies and �eld measurements have also demonstrated that aerosols can
represent an important vehicle for virus transmission (Sattar and  Ijaz 1987; Fabian et al. 2008; Tellier
2009).

In the present paper we report a statistical analysis correlating SARS-CoV-2/COVID-19 epidemiologic
parameters to PM10 particle concentration measurements. In a recent paper by Borro et al. (2020), the
variability of the infection rate, the mortality rate and the case fatality rate as a function of particle
concentration was estimated for PM2.5 particles only, recognizing a primary role of these smaller
particles in inducing an over-expression of the angiotensin conversion enzyme 2 (ACE-2) in the human
respiratory system (among others, see papers by Gemmati et al., 2020; Devaux et al., 2020; Bunyavanich
et al., 2020; Leung et al., 2020), and consequently in enhancing COVID-19 epidemiologic impact. In the
present paper we extend the analysis to PM10 particles.

Furthermore, in the study by Borro et al. (2020) particulate matter measurements from a single station for
each province were considered, while in the present study we consider measurements from all ground
stations present within each province territory, which allows to account for the natural variability of the
particulate loading within the single province territories, including urban, semi-urban and rural areas. In
fact, particulate concentration variability within each province territory may be large; this variability may
severely affect the correlation between epidemiologic parameters and atmospheric pollution and needs to
be properly accounted for. For this purpose, particulate concentration variability within each Province
territory is used in the present paper as a weighting factor in the statistical analysis correlating
epidemiologic factors with PM10 concentration levels.

The paper outline is the following. Section 2 shortly describes compositional, size and microphysical
properties of PM2.5/PM10 particles. Section 3 illustrates the possible interaction mechanisms of aerosol
particles with the human respiratory system. Section 4 provides an assessment of the potential role of
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airborne transmission. Section 5 illustrates the different datasets and sensors used in the study. Section
6 illustrates the achieved results in terms of the characterization of the evolution of PM2.5/PM10
concentration levels shortly before the pandemic outbreak; results in terms of correlations between
epidemiologic parameters and PM concentration levels are also illustrated in this section. Finally, section
7 provides a summary of all results and some perspectives on possible future continuations of this
research effort.

 

2.     PM2.5/PM10 particles: their origin,
composition, size and microphysical properties and
residence times
Most atmospheric PM2.5/PM10 sources in polluted environments are linked to human activities.
Generally, PM2.5 particles are formed from high temperature processes, such as vehicular exhaust, oil
and coal combustion processes (internal combustion engines, heating systems, industrial activities,
incinerators and thermoelectric power plants, biomass burning), industrial processes and chemical
reactions in the atmosphere (Harrison et al., 2003; Samara et al., 2003). In general, the higher the
combustion temperatures, the smaller are the emitted particles. These particles are harmful because of
their small sizes and their capability to adsorb toxic combustion residues, such as polycyclic
hydrocarbons, polychlorinated biphenyls, benzene, heavy metals and dioxins, which can potentially
accumulate in living organisms. PM10 particles are generally generated through attrition processes,
including mechanical abrasion of crustal material and re-suspension of road and soil dust, sea spray,
volcanic eruptions and brake and tire wear from vehicles (Allen et al., 2001). The above mentioned
sources are primary sources for PM2.5/PM10 particles. Black carbon, which is essentially soot, and soil
are the main components of these sources. PM2.5/PM10 concentration levels in urban areas drastically
increase in the autumn-winter period as a result of the intensi�cation of vehicular mobility and particle
emissions from heating systems, in particular those powered with wood biomasses. Furthermore, winter
meteorological conditions may favor an accumulation of PM particles because of occurrence of
favorable atmospheric conditions, such as thermal inversions, which prevent particle dispersion and can
cause particle accumulation in the lowest atmospheric levels.

A recent study on pollution in the Lombardy region (Northern Italy), an area where the maximum
permitted PM10 concentration threshold is frequently exceeded, revealed that the primary sources of
PM10 particles are wood biomass combustion (pellet or wood stoves), responsible for 45% of the
particles present in the air, diesel engines, contributing with 14%, while 13% results from particles
detaching from brake pads and tires (ARPA Lombardia, 2017). Another important source of PM2.5/PM10
particles in this region is represented by the degradation of road surface asphalt.
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Secondary aerosol formation, together with long-range atmosphere transport, represents an additional
important source for PM2.5/PM10 particles. Secondary components contribute to the formation of
PM2.5 particles through chemical reaction, coagulation and other mechanisms. Ammonia (NH3) and
inorganic acid gases emitted from agricultural activities, livestock and poultry operations and manure
treatment, handling and application, in combination with NOx and VOC compounds, can affect air quality
through the formation of secondary PM2.5/PM10 particles. High ammonia emissions, especially from
agriculture and livestock husbandry, take  place  over  extended areas in the Po Valley. Compared to the
winter season, photochemical formation of secondary aerosol intensi�es during spring with the
intensi�cation of solar radiation and the increase of surface temperatures, ultimately affecting air quality.

Composition analyses carried out on PM2.5/PM10 particles in different polluted regions of the globe
have revealed that the percentage of the PM2.5 particles formed through secondary aerosol formation
from secondary components (sulfates, nitrates, ammonium, organic carbon) varies anywhere from 30 to
90% (among others, Hodan et al., 2004, Kumar and Sunder Raman, 2016; Ram and Sarin, 2011; Rastogi et
al., 2016). More speci�cally, the percentage of PM2.5 particles formed from VOC precursors (among
others, formaldehyde - HCHO) is found to vary from 11% to 41%, and the percentage of PM2.5 formed
from NOx precursors varies from 4% to 37% (Hodan and Barnard, 2004).

The de�nition of PM2.5 and PM10 as pollution particles having an aerodynamic radius smaller than 2.5
and 10 mm, respectively, provides an upper size limit for particle dimensions, but does not provide any
information of particle size distribution. PM2.5 and PM10 measurements are typically carried out with
�ltration samplers equipped with size-selective inlets capable to discriminate particles smaller than 2.5
and 10 mm, respectively. Particle number, volume and mass concentration varies as a function of the
radius and a comprehensive evaluation on the potential impact of these particles on human health
requires an accurate assessment of their size distributions. While information on particle size distribution
cannot be inferred from �lter based samples, several literature papers indicate PM mass distributions in
urban background conditions having a predominance of �ne particle (PM2.5) mass, whereas industrial
areas are typically dominated by the coarse fraction (PM2.5-10) (among others, Taiwo et al., 2014;
Pandol� et al., 2011), with particle size distributions often found to be bimodal (Seinfeld and Pandis,
1998; Verrilli et al., 2010).

The potential effects of suspended PM particles on human health is strongly dependent on their life time,
or residence time, in the air. Atmospheric residence time of PM particles is primarily dependent on their
sizes and on atmospheric conditions. Vecchi et al. (2007) reported a residence time for atmospheric
PM10 particles in Milan of 10-12 h, while �ner aerosols’ residence time was estimated to be in the range
18–38 h (Vecchi et al., 2005).
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3.     Considerations on inhaled aerosol particles
and their potential interaction with the human
respiratory system
Suspended aerosol particles have been demonstrated to have a signi�cant impact on human health, the
higher being their concentration, the greater being their health effect (among others, Dockery et al., 1993;
Pope et al., 1995; Brunekreef, 1997; Hoek et al., 2002). More speci�cally, atmospheric aerosols were
demonstrated to play an important role in triggering pro-in�ammation and oxidation processes in the
lungs. Prolonged exposure to PM2.5/PM10 has been found to induce acute respiratory in�ammation and
immunological alterations (among others, Gemmati et al., 2020; Leung et al., 2020). A mortality analysis
carried out by Cui et al. (2003) for the previous coronavirus SARS (SARS-CoV-1) in China pointed out that
patients in regions with moderated air pollution levels were more likely to die than those living in regions
with low air pollution levels.

High concentrations of PM particles have been documented to lead to an over-expression of the viral
receptor ACE-2 in the human respiratory system (among others, see papers by Borro et al., 2020; Gemmati
et al., 2020; Devaux et al., 2020; Bunyavanich et al., 2020; Leung et al., 2020). It was speculated that the
presence of an elevated number of viral receptors in the host cells may increase the susceptibility to
SARS-CoV-2 infection. Thus, pollution-induced over-expression of ACE-2 on human airways may favor
SARS-CoV-2 infectivity.

Recent studies and �eld measurements have also demonstrated that aerosols represent an important
vehicle for virus transmission (Sattar and Ijaz 1987; Fabian et al. 2008; Tellier 2009). In order for virus
transmission through aerosols to occur, with PM particles acting as virus carriers, particles must carry a
su�cient amount of the infectious virus and the virus must survive and remain infectious in the carrier
particle for a su�ciently long time before it reaches a susceptible host cell and initiate infection. In
general, airborne infectious viruses are di�cult to monitor due to their extremely low concentration in air
and because of the inadequacy and lack of accuracy of currently used air samplers. Despite these
di�culties, the presence of SARS-CoV-2 was successfully detected on PM10 particles in a polluted area in
Northern Italy in the period 21 February – 13 March 2020 (Setti et al., 2020), i.e. at the time of the
pandemic outbreak. Measurements of PM10 particles reported by these authors were carried out with a
low-volume gravimetric air sampler using quartz �ber �lters. In this work the presence of SARS-CoV-2 viral
RNA was revealed through the detection of the highly speci�c “RtDR gene” on 8 �lters out of 34 samples
in outdoor PM10 pollution samples. However, these measurements did not allow to assess whether the
virus amount was su�ciently high to induce infection. At present, there is no clear and univocal
assessment of the aerosol viral load and the minimum infectious dose which is necessary in order for
COVID-19 to be transmitted, although previous studies focusing on other viral respiratory pathologies
indicated that very low virus loads can initiate infection (Nicas et al., 2005).
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The primary vehicle of virus transmission is represented by droplet transmission. This is because, in case
of coughing or sneezing, small liquid droplets, which may contain an infective amount of virus, are
sprayed from the nose or the mouth. In order to avoid risks of infection through sneezing and coughing,
the World Health Organization has advised to maintain at least one meter distance between individuals
(WHO, 2020a). However, this recommendation does not take into account the potential role of
atmospheric particles as virus carriers, i.e. airborne transmission.

To better address this point, it is to be pointed out that coughs and sneezes are capable to primarily
spread droplets of saliva and mucus (droplet transmission), these particles being assumed to be typically
larger than 5 mm. More speci�cally, Xie et al. (2007) determined that droplets emitted during coughing
with sizes in the range 60–100 μm would fall to the ground within 2 m, while smaller size droplets
produced during sneezing can travel more than 6 m away. However, particles smaller than 5 mm are also
exhaled during coughing and sneezing (Lindsley et al., 2010; Fabian et al., 2011). Additionally, as
previously anticipated, airborne transmission is also possible, which relies on tinier particles, possibly
produced by talking or even breathing (Duguid 1946; Papineni and Rosenthal 1997). These latter particles
have a longer atmospheric residence time and can travel further. Airborne transmission is more likely to
characterize symptomless infected patients. At present, there are no studies in the open scienti�c
literature speci�cally reporting on the analysis of cough and breath samplings from patients infected with
SARS-CoV-2/COVID-19, but SARS-CoV- 2 has been detected in the air indoor samples in hospitals (Liu et
al., 2020; Santarpia et al., 2020). The World Health Organization has recently acknowledged the emerging
evidence that SARS- CoV-2/COVID-19 can be spread by tiny particles suspended in the air, thus
recognizing that the inhalation of aerosol particles containing a su�cient virus quantity can cause
infection within the recipient (WHO, 2020b).

Exhaled breath particles produced by humans have sizes and numbers which depend on their respiratory
patterns (Morawska et al., 2009). Sizes and concentrations of particles exhaled during talking or
breathing have been measured by a variety of authors. More speci�cally, Wan et al. (2014) reported sizes
smaller than 5 µm, with 80% of them in the range from 0.3 to 1.0 µm. Fairchild and Stampfer (1987)
observed particles between 0.1 and 3 μm exhaled during nose and mouth breathing, and reported a
geometric mean concentration of 230 particles per liter during tidal breathing, with more than 98% of the
measured particles having sizes smaller than 1 μm. Papineni et al. (1997) measured particles with sizes
between 0.3 and 8.0 μm exhaled during mouth and nose breathing and found that more than 84% of
these particles were smaller than 1 μm. In this regard it is to be speci�ed that the sizes of viruses are
much smaller, typically ranging from 70 to 90 nm (Kim et al., 2020). Morawska et al. (2009)
demonstrated that vocalization emits up to an order of magnitude more aerosol particles than breathing,
with the number of produced aerosols increasing with increasing speaking volume (Asadi et al. (2019).
Furthermore, suspended microscopic aerosol particles may also consist of residual solid components of
evaporated respiratory droplets, which  are even tinier and may remain suspended longer (Asadi et al.,
2020). Gralton et al. (2013), while focusing on in�uenza virus, respiratory syncytial virus and human
metapneumovirus and rhinoviruses, determined that, when breathing, 58% of their infected patients
produced large particles (>5 mm) containing viral RNA, while 80% produced small particles (<5 mm)
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carrying viral RNA. The same authors determines that, when coughing, 57% of their infected patients
produced large particles containing viral RNA, while 82% produced small particles containing viral RNA.

In the evaluation of the potential role of atmospheric aerosols as virus carriers, the capability of
atmospheric particles to incorporate small potentially infectious droplets produced during breathing or
speaking viruses has to be properly assessed. The primary process allowing atmospheric particles
(PM2.5/PM10) to incorporate tiny infectious droplets (1mm or smaller) is represented by coagulation. In
a coagulation process two particles collide and eventually adhere, or coalesce, with three fundamental
mechanisms potentially determining particles’ collisions: i.e. Brownian diffusion, turbulent �uctuations
and particle differential vertical velocity. As a result of coagulation, a larger particle is created from two
smaller particles. Consequently, coagulation leads to a reduction in the number of particles and an
increase in their sizes (Smoluchowski, 1916, 1918). Eventually, small particles emitted during breathing or
speaking, each one carrying a limited virus infective amount, may colloid and coalesce with suspended
PM particles, eventually leading to PM particles carrying a su�cient virus amount for the infection to be
transmitted. Infected PM particles can remain suspended in the air for hours and travel over much longer
distances than the large particles emitted during coughing or sneezing, ultimately entering the human
respiratory system.

The effectiveness of airborne transmission strongly depends on SARS-CoV-2 infectious dose. The
infectious dose represents the virus amount needed to initiate an infection. Depending on the virus,
people need to be exposed to as little as 10 virus particles – for example, for in�uenza viruses – or as
many as thousands for other human viruses to get infected (Lakdawala and Gaglia, 2020). However, the
number of SARS-CoV-2 viruses needed to trigger COVID-19 infection is not known yet and represents an
important topic for scienti�c investigation. The intense worldwide pandemic outbreak of COVID-19 clearly
testi�es that SARS-CoV-2 is very contagious, but this may indicate either that a limited number of viruses
are needed for infection (low infectious dose) or that infected people release a lot of viruses in the
external environment.

The incorporation of viruses by atmospheric particles through coagulation is a process with a high
e�ciency variability. SARS-CoV-2 stability in aerosols was recently estimated by van Doremalen et al.
(2020), who determined virus decay rates using a Bayesian regression model. Results from these authors
indicate that SARS-CoV-2 remains viable in aerosols for a duration of ~ 3 hours. To obtain a better
comprehension of the potential role of aerosols in virus transmission, the relationship between virus
infectivity and particle size has to be carefully studied (Gralton et al. 2011). Few studies are available on
this topic. For example, Scott and Sydiskis 1976) reported the presence of a lower infectious dose in
smaller size particles (2 μm) than in larger particles (10 μm). Thus, PM10 particles can act as a more
e�cient carrier than PM2.5 particles. Furthermore, particle size may also affect virus survivability. In this
regard, Tyrrell (1967) demonstrated that rhinovirus survives better in coarse particles (>4 μm) than in
smaller particles (0–4 μm), while Appert et al. (2012) found that adenovirus infectivity is better preserved
in coarse particles compared with �ne particles.
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4.      Assessment of the potential role of airborne
transmission
An analytical model was developed in order to better understand the potential role of airborne
transmission in conveying SARS-CoV-2 in the human respiratory system through PM particles. A proper
simulation of this process requires speci�c information on exhaled particles' sizes and concentrations,
their residence time, particle collection e�ciency (i.e. the combined effect of collision and coagulation
e�ciencies in the formation of virus-transmitting PM particles) based on a quantitative assessment of
the role of Brownian diffusion, turbulent �uctuations and gravitational and drag forces, as well as
transported viral dose and minimum infective dose. Only part of this information is available in the open
international literature speci�cally for SARS-CoV-2. However, for the purpose of obtaining an approximate
assessment of the role of airborne transmission, missing speci�c information on the above quantities for
SARS-CoV-2 is replaced with analogous information from other viral pathologies. Obviously, this leads to
results affected by a large degree of uncertainty. The developed analytical model assumes/considers
that:

particle pollution conditions are present, with PM concentration levels of 60 µg/m³for both PM2.5
and PM10 particles (this value having been overpassed on average 8 and 6 times, respectively,
during the month of February 2020 in all metropolitan cities in Lombardia, see following section 1).

SARS-CoV-2 may remain viable in aerosols for a ~ 3 hours, with a reduction in infectious titer from
105 to 102.7 TCID50 per liter of air (van Doremalen et al., 2020);

small particles exhaled during breathing or speaking (with sizes typically smaller than 5 mm, 87% of
which on average being smaller than 1 μm, Fairchild and Stampfer, 1987; Wan et al, 2014; Papineni
et al., 1997) and coughing may colloid and coalesce with suspended PM2.5/PM10 particles (with
sizes smaller than 2.5 and 10 mm, respectively).

the number of particles exhaled on tidal breathing by human rhinovirus (HRV)-infected subjects was
estimated to be as large as 7200 particles per liter (Fabian et al., 2011), while number of particles
exhaled by mechanically ventilated patients affected by pneumonia 4644 was estimated to be as
large as (Wan et al., 2014).

3-h pulmonary ventilation  corresponds  to  a  volume  which  is  the tidal  volume  (typically ~ 500
ml, Carroll, 2007) times the respiratory rate (typically ~ 12 breaths/min, Carroll, 2007) i.e. 2160
breaths/3 h = 1080 l/3h.

Air expelled during 3-h coughing corresponds to is the typical single coughing volume (2.5 l) times
the coughing rate (typically ~ 1 cough/min).

particles expelled during coughing in the case of in�uenza were estimated to be 35 % with an
aerodynamic diameter larger than 4 mm in, 23 % with diameters between 1 and 4 mm and 42 % with
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diameters smaller than 1 mm (Lindsley et al., 2010).

the number of particles produced on coughing by in�uenza infected patients was estimated to be
29,600 particles and 16,800 after recovery (Lindsley et al., 2012).

the velocity of particles produced on breathing was estimated to be 1-7 m s-1 (Tsuda et al., 2013),
while the velocity of particles produced on coughing was estimated to be 10-30 m s-1 (Bourouiba,
2020).

Particles are subject to three major classes of motion: uniform motion (primary associated with the
gravitational and drag forces), diffusive motion (Brownian diffusion) and the motion of the air mass
in which the particle is embedded (wind, turbulence, convective air currents, ).

As a result of gravitational settling, in combination with drag, particles reach a characteristic
constant velocity vt, called terminal settling velocity; the characteristic time τ required for a particle to

reach its terminal settling velocity varies as a function of the particle size, being 8×10-5 s for PM2.5
particles and 1.2×10-3 s for PM10 particles (Seinfeld and Pandis,1998).

For t >> τ, the particle attains its terminal settling velocity which can be determined with the following
expression:

with rp being the particle radius, ρ being the particle density (1.27-1.78×103 kg m-3 for black carbon,

1.8-2.1×103 kg m-3 for soot), g being the gravity acceleration (9.8 m s-1), Cc being the Slip Correction
Factor (with values varying around 1 in the considered particle size range, Seinfeld and Pandis,
1998) and m being the viscosity of air (1.8×10-5 kg m-1s-1). The above expression is applicable to
motions characterized by Reynold numbers Re < 0.1 or particles smaller than about 20 μm (Seinfeld
and Pandis,1998)

PM2.5/PM10 particles have larger terminal settling velocities than particles exhaled while
breathing, speaking and part of those emitted when coughing. As a result of this differential
velocity PM2.5/PM10 particles eventually collide with exhaled particles.

Collision e�ciency associated with differential sedimentation velocities is ~ 1 because of the
size difference between the colliding particles and the size of the collector droplet (PM2.5 and
PM10); the collision e�ciency is de�ned as the square of the ratio of the largest initial horizontal
separation x of the falling droplet centers to the radius R of the larger droplet, i.e. ecoll=(x/R )2

(Phan-Cong. and Dinh-Van, 1973).

Coagulation e�ciency has been studied for a variety of aerosol particles (among others,
Dimmick et al., 1975). In the present study an estimate of this e�ciency was obtained through
an analytical model (Park et al., 1999; Otto et al., 1999) simulating the role of coagulation
associated with Brownian diffusion and turbulent �uctuations, and accounting for the
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differential sedimentation velocities of colliding particles, assuming liquid water to be the
predominant component of exhaled particles and PM2.5/PM10 particles being assumed to be
primarily carbonaceous/soot particles (density=1.8-2.1×103 kg m-3), with a high a�nity to water,
i.e. a high hygroscopicity (Liu et al., 2013; Henning et al., 2012).

The dynamical regime is de�ned through the Knudsen number of the particles:

where λ is the mean free path of the suspending gas and d is the diameter of the particle (Baron and
Willeke, 2001). The free molecular regime characterizes particles small compared to the mean free
path of the suspending gas (Kn >> 1, De Carlo, 2004). In this regime, particles tend to follow ballistic
streamlines. Particles in the continuum regime (Kn

<< 1, De Carlo, 2004) are large compared to the mean free path of the suspending gas, with this gas
acting as a continuous �uid �owing round the particle. Noting that the mean free path for air is about
0.07 µm (Jennings, 1988), the motion of the suspended particles considered in this study follows the
equations governing the continuum regime.

The collision frequency for aerosol particles in continuum regime is given the expression (Morris,
2002; Friedlander, 1977):

with na and nb being the concentrations of the two classes of particles a and b, and β(a,b) being the
coagulation frequency in the continuum regime. The coagulation frequency can be determined
through the expression (Morris, 2002):

with ra/b being the radii of the two colliding particles and Da+Db being the effective diffusion
coe�cient between particles. The diffusion coe�cients Da/b can be determined through the Stokes-
Einstein relation (Seinfeld and Pandis, 1998):
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with k being the Boltzmann constant (1.38 J K-1), Cc being the Slip Correction Factor (Seinfeld and

Pandis,1998) and μ being the viscosity of air (1.8×10-5 kg m-1s-1). In air at 293 K and 1 atm,
D=1.29×10-10 for 0.1- μm radius particles, D=5.05×10-12 for 1- μm radius particles, D=4.92×10-12 for
2.5- μm radius particles, D=1.20×10-12 for 10- μm radius particles.

Based on the above analytical expressions, which describe the different microphysical
processes involving PM2.5/PM10 particles and the small particles emitted during breathing,
speaking or coughing, it is possible to determine the number of coalescence events associated
with Brownian diffusion and turbulent �uctuations, which was estimated to be ~

5 for each PM2.5 particle and ~ 20 for each PM10 particle, while the number  of  coalescence events
associated with the uniform vertical motion caused by gravitational and drag forces, and the
consequent differential sedimentation velocities of smaller and larger particles, is estimated to be ~
5 for each PM2.5 particle and ~ 150 for each PM10 particle. Furthermore, the overall number of
coalescence events of smaller particles emitted during breathing, speaking or coughing over
PM2.5/PM10 particles is estimated to be 1.4-7.0×106.

The minimum infectious dose of viable SARS-CoV-2 required to cause infection is not known
yet, but it was studied for other respiratory viruses. Different parameters are used to quantify
this viral One of the most frequently used is the TCID50 (Median Tissue Culture Infectious
Dose), which quanti�es the virus concentration needed to infect 50% of the cells of the
inoculated culture (Ward et al. 1984).

The infectious titer capable to determine a TCID50 level of infectivity was estimated for the
Coronavirus to be equal to 1.6×106 infectious particles (Stepp et al., 2010).

No literature information is available on the ratio of total to infectious particles for SARS- CoV-
2/COVID-19. However, considering that the number of small particles coalescencing on
PM2.5/PM10 particles is estimated to be in the range 1.4-7.0×106 and the Coronavirus
infectious titer was measured to be 1.6×106 particles, if the ratio of total to infectiousparticles is
5 or smaller, chances are high that airborne transmission may effectively contribute to the
infectious spread.

All in all, the results from the analytical expressions representing the different microphysical
processes involving suspended particles, in combination with measurements of PM2.5/PM10
particle pollution and virological and epidemiologic information and results from literature papers,
allow establishing the important potential role of airborne transmission in conveying a contagious
virus amount in the respiratory system, this being primarily associated with small particles emitted
during breathing, speaking, and partially also during coughing, each one carrying a limited virus
infective amount, which may colloid and coalesce with suspended particles, eventually leading to
PM particles carrying a su�cient virus amount for the infection to be transmitted.
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5.     Air quality datasets
Reported PM10 measurements considered in this paper for comparison with epidemiologic
parameters are from the Italian ground-based network of air quality monitoring stations which is run
by different Regional and Provincial Environment Agencies. Filter based samplers of PM2.5/PM10
particles, equipped with size-selective inlets capable to discriminate particles smaller than 2.5 and 10
mm, respectively, represent the primary approach to monitor atmospheric particulate matter in the
ground network of air quality monitoring stations.

The effective impact of PM2.5/PM10 particles on COVID-19 infection outbreak strongly depends on
particles persistency in the air, i.e. on the duration of the exposure of the human respiratory system
throughout the day. However, in most cases gravimetric measurements are based on the analysis of
�lters collecting particulate material throughout the duration of the day, and, consequently, lack
temporal resolution. Thus, ground PM measurements are scarcely usable when particle
concentration variability during the day or at speci�c times of the day needs to be inferred.
Alternative measurement techniques or datasets have then to be considered to eventually assess the
actual duration of pollution exposure of the human respiratory system throughout the day.
Particularly effective in this direction is the use of PM2.5/PM10 data from near-real-time ECMWF-
CAMS analysis, which are provided with hourly resolution and grid size of 10 × 10 km. The CAMS
near-real-time reanalysis, used in this research effort, is the most recent global reanalysis data set of
atmospheric composition and air quality produced by the Copernicus Atmosphere Monitoring Service
(CAMS) of the European Centre for Medium-Range Weather Forecasts (ECMWF). Particulate matter
data expressed in terms of Absorbing Aerosol Index may also be inferred from the satellite sensor
TROPOMI on-board Copernicous Sentinel-5P. Absorbing Aerosol Index from Sentinel-5P TROPOMI
are also used in the present research effort. Sentinel-5 Precursor (5P) mission is the �rst Copernicus
mission dedicated to monitoring our atmosphere. The mission, launched in October 2017, consists
of one satellite carrying the TROPOspheric Monitoring Instrument (TROPOMI) instrument. TROPOMI
is a nadir-viewing, imaging spectrometer covering wavelength bands between the ultraviolet and the
shortwave infrared. The satellite is located on a near-polar, sun-synchronous orbit, with high
inclination (approximately 98.7°) at an altitude of approximately 824 km. The satellite performs 14
orbits per day, 227 orbits per cycle, and its orbital cycle, i.e. the time taken for the satellite to pass
over the same geographical point on the ground, is 16 days. TROPOMI is a passive grating imaging
spectrometer, in non-scanning nadir viewing con�guration, with swath width of 2,600 km and a
spatial sampling of 7x7 km2. The spectrometer has 2 bands in the UV, 2 in the VIS, 2 in the NIR and 2
in the SWIR. Data from TROPOMI, with nadir overpasses at 13:30 local time (ascending node
crossing time), are provided with a grid size of
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3.5 × 3.5 km. TROPOMI can measure geo-located total and tropospheric columns of O3, NO2, SO2,
CO, HCHO and CH4, while cloud and aerosol information are provided in terms of absorbing aerosol
index and aerosol layer height. Observations of NO2 and HCHO from TROPOMI are reported and
discuss in this paper in order to assess their contribution to PM2.5/PM10 levels through secondary
aerosol formation processes.

Results
6.1 Evolution of PM2.5/PM10 concentration levels throughout the month of February 2020

Figure 1 shows PM2.5/PM10 concentrations at 00:00 UTC on 17 February 2020, as provided by the near-
real-time ECMWF-CAMS analysis. The �gure covers an area extending over the latitudinal range 36-48° N
and the longitudinal range 5-20° E, which encompasses the Italian peninsula together with portions of the
surrounding nations. The �gure clearly reveals the presence of enhanced PM2.5 and PM10 concentration
levels over large portions of the Po Valley, with levels up to 70 and 50 µg/m³, respectively, observed in
Lombardy region. These values are largely exceeding the limits of 25 µg/m³ for PM2.5 and 50 µg/m³ for
PM10 de�ned by the WHO Air quality guideline (WHO, 2005). This �gure provides a snapshot of the
highly polluted conditions present in the Po Valley shortly before (1-2 weeks) the pandemic outbreak.
While PM10 concentrations are typically higher than PM2.5 concentrations, a temporary reverse situation
is found in mid-late February over large portions of the Po Valley, with PM2.5 concentrations
systematically exceeding corresponding PM10 concentrations by up to 20 µg/m³. Figure 2 shows
PM2.5/PM10 concentrations at 00:00 UTC on 29 February 2020, again from the near-real-time ECMWF-
CAMS analysis. This �gure provides a snap-shot of pollution situation few days after the shut-down of all
vehicular and industrial activities associated with the lock-down in Northern Italy on 25 February 2020.
PM2.5/PM10 concentration levels are found to have dropped abruptly, with levels not exceeding 15-20
µg/m³ for both species.

Figure 3 illustrates the Absorbing Aerosol Index at 12:30 UTC on 17 February 2020, as inferred from the
satellite sensor TROPOMI on-board the Copernicous Sentinel-5P. Data cover the same area considered in
�gures 1 and 2. The Absorbing Aerosol Index is a qualitative index indicating the presence of elevated
aerosol layers with signi�cant absorption. The calculation of the Absorbing Aerosol Index exploits the
wavelength dependence of Rayleigh scattering in the UV spectral region. The Absorbing Aerosol Index
allows to track the evolution of episodic aerosol plumes primarily from PM2.5/PM10 pollution, dust
outbreaks and biomass burning. The �gure clearly reveals the presence of a thick aerosol loading in the
Po Valley, with a geographical pattern very similar to the one found in �gure 1. Figure 4 illustrates the NO2

concentration levels from TROPOMI again at 12:30 UTC on 17 February 2020 for the same area
considered in �gures 1-3. The �gure reveals the presence of peak NO2 values over the metropolitan area

of Milan (5x10-4 mol m-2), but high values, in excess of 1.5-2x10-4 mol m-2, are observed over large
portions of the Po Valley. Peak values, but of much lower amplitude (~ 1.5x10-4 mol m-2), are found over
the metropolitan areas of Rome and Napoli. These measurements testify the important potential
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contribution of secondary aerosol formation in the observed PM2.5/PM10 pollution event. Figure 5
illustrates the HCHO, or formaldehyde, concentration levels from TROPOMI at the same time and over the
same geographical area considered in �gures 1-3. Values around 2.5x10-4 mol m-2 are found in the upper
portion of the Po Valley, where PM2.5/PM10 concentration levels are found to be higher, thus further
supporting the hypothesis of the important potential role played by secondary aerosol formation.   In  
this   regard,   it   is   to   be   speci�ed   that   atmospheric   formaldehyde   is          a product of isoprene
oxidation (Palmer et al., 2003) and isoprene emitted by vegetation is an important precursor of secondary
organic aerosols (Marais et al., 2016). Due to the low signal-to- noise ratios which characterizes
Absorbing Aerosol Index and NO2/HCHO concentration measurements, data in �gure 3-5 are obtained as
7-day averages centered on the reference day, i.e. on 17 February 2020, thus including the data from 14 to
20 February 2020.

Measurements from the ground-based network of air quality monitoring stations reveal that threshold
levels for PM10 (<50 µg/m³) were exceeded on 20-35 days over the period January- February 2020 in
many areas in the Po Valley, with levels in excess of 80 µg/m³ occasionally observed in the 1-3 weeks
preceding the contagious activation around 25 February 2020. Threshold values for PM2.5 indicted in
WHO air quality guidelines (<25 µg/m³) were exceeded on more than 40 days over the period January-
February 2020 in large portions of the Po Valley, with levels up to 70 µg/m³ observed in the weeks
preceding the contagious activation. More speci�cally, �gure 6 illustrates the variability of PM2.5 and
PM10 concentration levels over the month of February 2020 for several metropolitan cities in Lombardia
(Bergamo, Brescia, Cremona, Milano, Monza and Pavia) as obtained from near-real-time ECMWF-CAMS
analysis. Several locations, when available, are considered for each city. The �gure reveals the high
PM2.5/PM10 peak values observed during the month of February 2020 in all considered cities, with
values in excess of 60 µg/m³ observed 3 to 14 and 3 to 9 times for PM2.5 and PM10 particles,
respectively. This �gure also reveals that three major particulate matter pollution outbreaks took place
during the month of February 2020: a �rst one, covering the period 06-11 February, a second one, covering
the period 15-19 February, and a third one, covering the period 20-26 February.

Figure 7 illustrates the measurements of PM2.5 and PM10 concentration levels during the month of
February 2020 from three ground-based stations, one in Bergamo (via Meucci, 45°41'24" N, 09°38'28" E)
and two in Brescia (via Broletto, 45°32'23" N, 10°13'24" E; Villaggio Sereno, 45°31'04" N, 10°10'41" E) as
obtained from the network of air quality monitoring stations run by different Regional and Provincial
Environment Agencies. These are compared with the corresponding data from the hourly near-real-time
ECMWF-CAMS analysis. ECMWF-CAMS analysis well reproduces PM2.5/PM10 concentration values
measured by the ground-based stations, thus revealing its speci�c capability to capture the high
resolution variability of PM2.5/PM10 concentration levels within each single day in this period. This
comparison clearly highlights that very high peak concentration values (up to ~80 µg/m³) are
occasionally observed at speci�c times of the day, such peaks being not detected by daily-averaged
ground station measurements.
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In the present research effort, for the purpose of comparing PM10 measurements with epidemiologic
parameters, we focused our attention on the high PM10 pollution levels experienced over the 12 days
period from 15 to 26 February 2020, when very high and persistent PM10 concentration values were
observed over a major portion of the Po Valley.

6.2  Correlations between epidemiologic parameters
and PM concentration levels
The effective impact of PM2.5/PM10 particles on SARS-CoV-2/COVID-19 infection outbreak is expected
to be strongly dependent on particles persistency in the air, i.e. on the duration of the effective exposure to
particle pollution of the human respiratory system throughout the weeks preceding the pandemic onset.
In a previous paper by Borro et al. (2020) the variability of the infection rate, the mortality rate and the
case fatality rate as a function of particle concentration was estimated for PM2.5 particles only,
recognizing a primary role of these particles in inducing an over-expression of ACE-2 in the human
respiratory system (among others, see papers by Gemmati et al., 2020; Devaux et al., 2020; Bunyavanich
et al., 2020; Leung et al., 2020). In the present section we extend the analysis to PM10 particles, thus
assessing the incidence of this additional pollution source on epidemiologic parameters. Speci�cally,
PM10 concentration measurements over the period 15-26 February 2020 are compared with
epidemiologic data for all 110 Italian Provinces, as reported by the Italian Statistics Institute (ISTAT,
2020), over the period 20 February- 31 March 2020. Actually, the epidemiologic data report from ISTAT
includes only 107 Provinces, as in fact four Provinces in Southern Sardinia (Carbonia-Iglesias, Ogliastra,
Olbia-Tempio and Medio Campidano) are grouped together as “Sud Sardegna”.

Three are the epidemiologic parameters considered in this study: the infection rate, or incidence of the
pathology, quantifying the pathology appearance frequency in a particular population (Shields and
Twycross, 2003), which is de�ned as the number of infected people in a Province normalized to the
Province population; the mortality rate for the pathology (Gülmezoglu et al., 2004), quantifying the
frequency of occurrence of death in a de�ned population, which is de�ned as the number of deaths in a
Province normalized to the Province population; and the case fatality rate (Harrington, 2020), quantifying
the proportion of deaths from a speci�ed pathology compared to the total number of people diagnosed
with the pathology, which is de�ned as number of reported deaths in a Province normalized to the
number of reported cases.

A statistical analysis is carried out to correlate the infection rate, or incidence of the pathology, the
mortality rate and the case fatality rate with PM10 concentration levels. In the previous study by Borro et
al. (2020), PM2.5 pollution levels from a single station within each Province territory were considered. The
present study considers PM10 concentration measurements from all ground stations available within
each Province territory, which allows accounting for the natural variability of the particulate matter
pollution within the single Province territories, including both urban, semi-urban and rural areas. In fact,
particulate concentration variability within single Province territories is an important aspect to be properly
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accounted for when correlating epidemiologic parameters with atmospheric pollution. For this purpose,
particulate concentration variability within the single Province territories has been used as a weighting
factor in the statistical analysis carried out to correlate epidemiologic parameters with PM10
concentration levels. Speci�cally, we computed the average PM10 concentration value over the period 15-
26 February for each station within each Province territory. The mean and standard deviation of the
average values of the different stations within each Province territory are used in the statistical analysis
to be compared with the epidemiologic parameters.

Figure 8 illustrates a scatter plot comparing the mean and standard deviation values of PM10
concentration for the 110 Italian Provinces over the period 15-26 February 2020 with simultaneous mean
PM2.5 concentration values. A linear �t was applied to the data points in the �gure, using a linear
regression function with the form Y= A+B×X, with the weight given by the error bars, and obtaining the
following results: A=8.1±0.5 µg/m³, B=1.04±0.02, correlation coe�cient = 0.96 and p-value<0.0001.
These results reveal a very high correlation between PM10 and PM2.5 concentration values in most
Provinces, which testi�es the simultaneous presence of both particle types in these Provinces.
Speci�cally, based on the above reported numbers, mean PM10 concentration values are on average
higher than corresponding PM2.5 values by ~ 8 µg/m³, with the concentration growth rates being almost
identical for PM2.5 and PM10 particles (4 % higher for PM10 particles with respect to PM2.5).

Coming to the results from the statistical analysis correlating epidemiologic parameters with PM10
concentration levels, the upper panel of �gure 9 compares the “case fatality rate” in the period 20
February-31 March 2020 with the corresponding average PM10 concentration values in the period 15-26
February 2020 for all 110 Italian Provinces. A linear �t was applied to the data, using a linear regression
function with the form Y= A+B×X , with the weight given by error bars, and obtaining the following results:
A=(17.9±0.3) μg/m³, B=(150.0±2.7) m³/µg, with the correlation coe�cient being equal to 0.89. The p-
value is smaller than 0.0001, which indicates less than 0.01 % probability that no statistically signi�cant
relationship is present between the two compared quantities. The slope of the regression line of the “case
fatality rate” vs. PM10 concentration is (6.7±0.3)×10-3 m³/µg, which implies a doubling (from 3 to 6 %) of
the mortality rate of infected patients for an average PM10 concentration increase from 22 to 27 μg/m³.

The middle panel of �gure 9 compares the “incidence of the pathology” in the period 20 February- 31
March 2020 with the corresponding average PM10 concentration values in the period 15-26 February
2020 for the 110 Italian Provinces. The best-�t statistical analysis carried out to correlate these two
parameters indicates a regression line with A=(21.1±0.3) μg/m³ and B= =(4040±98) m³/µg, a correlation
coe�cient equal to 0.82 and p-value<0.0001. The slope of the regression line of the “incidence of the
pathology” vs. PM10 concentration is (2.48±0.6)×10-4 m³/µg,  which implies a doubling (from 1 to 2 ‰)
of the incidence of the pathology for an average PM10 concentration increase from 25 to 29 μg/m³.

The lower panel of �gure 9 compares illustrates the “mortality rate” in the period 20 February-31 March
2020 with the corresponding average PM10 concentration values in the period 15-26 February 2020 for
the 110 Italian Provinces. The linear regression analysis leads the following results: A=(23.9±0.3) μg/m³
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and B= =(18312±454) m³/µg, a correlation coe�cient equal to 0.80 and p-value<0.0001. The slope of the
regression line of the “mortality rate” vs. PM10 concentration is (5.46±0.14)×10-5 m³/µg, which implies a
tripling (from 0.1 to 0.3 ‰) of the mortality rate for an average PM10 concentration increase from 25 to
29 μg/m³.

It is to be speci�ed that results illustrated in the present paper reveal the presence of much higher
correlation coe�cients between the epidemiologic parameters and PM10 concentration levels than those
reported in the paper by Borro et al. (2020) (0.89 against 0.7 for the “case fatality rate” versus PM
concentration levels, 0.80 against 0.65 for the mortality rate versus PM concentration levels and

0.82 against 0.67 for the incidence of the pathology versus PM concentration levels). The higher values
found in the present correlation analyses between epidemiologic parameters and PM concentration levels
are to be attributed to several motivations. First, the present correlation analyses are considering PM10
particles instead of PM2.5 particles. Secondly, the present analyses are considering PM concentration
levels, properly accounting for their variability within the single Province territories, using this variability
as a weighting factor in the regression analysis. This implies that, in the best �t analysis, data points
characterized by a higher variability of PM concentration levels are considered with a lower weight. This
approach is certainly very effective in properly �ltering potential biases associated with the use of a
single pollution monitoring station in each Province territory, especially in those cases when PM pollution
levels sensitively vary within the Province territory. Correlation coe�cient values in the range 0.80-0.89
testify a high statistical signi�cance. In this regard, it is to be underlined that the correlation coe�cient
quanti�es the strength and direction of the linear relationship between two variable quantities, with the
reliability of the linear model depending on the number observed data points. Thus, both the correlation
coe�cient value and the number data points need to be properly accounted for in the assessment of the
signi�cance of the results. In general, the larger is the number data points, the lower is the acceptable
correlation coe�cient.

It is also to be underlined that correlation results between the different epidemiologic parameters and PM
concentration levels are strongly dependent on the considered elapsed time lag between the pollution
events and the time interval considered for the assessment of the epidemiologic parameters, as well as
on the duration of the considered pollution time window. In general, the consideration of a possible time
gap between population exposure to enhanced PM concentration levels and the onset of the infection,
and the eventual death of patients, ensures that the pollution exposition period is long enough to induce a
biological response in human tissues. A sensitivity study was carried out considering different time gaps
and pollution integration times. In the sensitivity analysis there was no possibility to also vary the time
window considered for the epidemiologic parameters as in fact these were provided by the Italian
Statistics Institute uniquely for the period 20 February-31 March 2020 (ISTAT, 2020). Speci�cally, we
considered three different time windows for particle pollution: 01-26 February 2020, 01-19 February 2020
and 15-26 February 2020. The �rst time window allows including all three major pollution outbreaks in
February 2020 identi�ed in �gure 6, i.e. 06-11 February, 15-19 February and 20-26 February. The second
time window includes the �rst two pollution outbreak events, while the third time window includes the last
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two pollution outbreak events. Results reveal a maximum correlation when comparing the epidemiologic
parameters in the period 20 February-31 March 2020 versus the corresponding average PM concentration
values observed in the period 15-26 February 2020 (for example, the statistical analysis correlating the
“case fatality rate” to PM concentration levels leads to a correlation coe�cient equal to 0.89 when
considering PM10 concentration measurements over the period 15-26 February 2020, equal to 0.72 when
considering PM10 concentration measurements over the period 01-26 February 2020 and 070 when
considering PM10 concentration measurements over the period 01-19 February 2020.

The revealed positive correlation between epidemiologic factors and PM10 concentration levels identi�ed
in this paper does not imply a direct and univocal cause-effect relation, but PM pollution is certainly one
of the several factors that in�uenced the pandemic outbreak in Northern Italy in the period February-
March 2020. In principle, some other circumstance could have caused both epidemiologic factors and
PM10 concentration levels to change.

We also investigated the role of population density, which was quanti�ed to be far less important than
PM pollution. Figure 9 shows the linear regression analysis correlating population density with the
incidence of the pathology (upper panel), the mortality rate (middle panel) and the case fatality rate
(lower panel) in the period 20 February-31 March 2020. This analysis is again extended over  all 110
Italian Provinces. Speci�cally, the statistical analysis correlating the incidence of the pathology with
population density reveals a totally missing correlation, with a correlation coe�cient of 0.045 (�gure 9,
upper panel). The p-value is equal to 0.65, which indicates 65 % probability that no statistically signi�cant
relationship is present between the two compared quantities. The statistical analysis correlating the
mortality rate with population density reveals a very low correlation, with a correlation coe�cient of 0.19
and a p-value equal to 0.051 (�gure 9, middle panel). Finally, the correlating the case fatality rate with
population density reveals an almost totally missing correlation, with a correlation coe�cient of 0.093
and a p-value equal to 0.34 (�gure 9, lower panel).

The reported statistical results do not completely exclude a correlation between the above mentioned
epidemiologic parameters and population density: they only underline that there are so many outliers in
the analysis to make this correlation meaningless. More speci�cally, the different panels of �gure 9 reveal
the presence of data points with very scattered distributions. These distributions imply that outliers are
present in the analysis, i.e. there is a certain number of provinces with low population density and high
values of the epidemiologic parameters and a certain number of provinces with high population density
and low values of the epidemiologic parameters, these data points severely compromising the regression
analysis. For example, Provinces as Napoli, Monza and Trieste are characterized by quite high population
densities, but have low values of the epidemiologic parameters and were only poorly affected by COVID-
19. Analogously, Provinces as Cremona, Lodi and Piacenza are characterized by low population densities,
but were severely affected by COVID-19. Obviously, few outliers were also present in the statistical
analysis correlating the epidemiologic parameters with PM10 concentration levels (for example, the
Province of Aosta in Valle d’Aosta, where a large number of hospitalizations refer to patients coming from
other areas of the Italian territory as a result of their short-term mobility associated with winter skiing
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holidays). However, these outliers were very few and their presence only slightly affected the results of the
regression analysis.

Conclusions

Summary and �nal remarks
The devastating impact in terms of number of infected people and deaths associated with the COVID-19
pandemic in the early portion of 2020 was the result of a variety of contributory causes and
circumstances. While the spread and effective impact of the SARS-CoV-2 virus was primarily related to
the life styles and social habits of the different human communities and the presence of speci�c hotbeds
generated by infected people returning from travels abroad, environmental and meteorological factors
have possibly also played a role.

In the present paper we have illustrated the evolution of PM2.5/PM10 concentration levels throughout the
month of February 2020, identifying in the central part of the month the presence of enhanced PM2.5 and
PM10 concentration levels over large portions of the Po Valley, with levels up to 70 and 50 µg/m³,
respectively, observed in Lombardy region. A marked reduction of pollution levels was observed in the
part of the month, few days after the shut-down of all vehicular and industrial activities associated with
the lock-down in Northern Italy on 25 February 2020, with PM2.5/PM10 concentration levels abruptly
dropped to levels not exceeding 15-20 µg/m³ for both species.

A simulation based on the use of an analytical microphysical model capable to simulate the different
coagulation processes (Brownian diffusion, turbulent �uctuations and gravitational and drag forces)
taking place in the formation of virus-transmitting PM particles, in combination with PM2.5/PM10
pollution measurements and speci�c literature information on exhaled particles' sizes and
concentrations, their residence time, transported viral dose and minimum infective dose, allowed getting a
preliminary assessment of the potential role of airborne transmission through virus-transmitting PM
particles in conveying SARS-CoV-2 in the human respiratory system.

In the paper we have also reported results from a statistical analysis correlating the infection rate, or
incidence of the pathology, the mortality rate and the case fatality rate with PM concentration levels,
which reveals a high correlation of these epidemiologic parameters with PM10 concentration levels
(correlation coe�cients in the range 0.80-0.89), with the case fatality rate doubling (from 3 to 6 %) for an
average PM10 concentration increase from 22 to 27 μg/m³ and the infection rate doubling (from 1 to 2
‰) and the mortality rate a tripling (from 0.1 to 0.3 ‰) for average PM10 concentration increase from
25 to 29 μg/m³.

Correlations between epidemiologic factors and PM concentration levels do not imply a relation of cause-
effect between the onset of the pandemic and PM pollution. The reported correlation has to  be
interpreted in a mathematical sense, that is it testi�es a co-occurrence of low/high values of COVID-19
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epidemiologic parameters and low/high pollution levels. In the interpretation of the meaning of the high
correlation coe�cient values obtained in the present study, the possible occurrence of spurious
correlations due to indirect causes or remote mechanisms has to be carefully accounted for (among
others, Bolton, 1994). Nevertheless, results from this paper clearly testify that PM pollution is one of the
several factors, certainly an important one, which affects COVID-19 incidence. A more quantitative
assessment of the contributing role of PM pollution on early 2020 COVID-19 outbreak in Northern Italy
implies further dedicated studies, possibly using additional experimental data, with statistics representing
one of the several needed tools to be used in the investigation. The experimental/modelling evidence
reported in this paper certainly calls for additional studies, possibly focusing on the quantitative
assessment of all possible contributing causes based on dedicated sensitivity analyses.
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Figure 1

PM2.5 (upper panel) and PM10 (lower panel) concentration levels at 00:00 UTC on 17 February 2020
from near-real-time ECMWF-CAMS analysis over an area extending over the latitudinal interval 36-48° N
and the longitudinal interval 5-20° E.



Page 31/39

Figure 2

PM2.5 (upper panel) and PM10 (lower panel) concentration levels at 00:00 UTC on 29 February 2020
from near-real-time ECMWF-CAMS analysis over an area extending over the latitudinal interval 36-48° N
and the longitudinal interval 5-20° E.
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Figure 3

Aerosol index at 12:30 UTC on 17 February 2020 from Copernicous Sentinel-5P TROPOMI data over an
area extending over the latitudinal interval 36-48° N and the longitudinal interval 5-20° E.
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Figure 4

NO2 concentration levels at 12:30 UTC on 17 February 2020 from Copernicous Sentinel- 5P TROPOMI
data over an area extending over the latitudinal interval 36-48° N and the longitudinal interval 5-20° E.
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Figure 5

HCHO (formaldehyde) concentration levels at 12:30 UTC on 17 February 2020 from Copernicous Sentinel-
5P TROPOMI data over an area extending over the latitudinal interval 36-48° N and the longitudinal
interval 5-20° E.
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Figure 6

Near-real-time ECMWF-CAMS analysis of PM2.5 (upper panel) and PM2.5 (lower panel) concentration
levels over the month of February 2020 for several metropolitan cities in Lombardia (Bergamo, Brescia,
Cremona, Milano, Monza and Pavia). One to three locations are considered for each city.
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Figure 7

PM2.5 (upper panel) and PM10 (lower panel) concentration levels over month of February 2020 as
measured by the three ground stations, one in Bergamo (via Meucci, 45°41'24" N, 09°38'28" E) and two in
Brescia (via Broletto, 45°32'23" N, 10°13'24" E; Villaggio Sereno, 45°31'04" N, 10°10'41" E), together with
the data from near-real-time ECMWF-CAMS analysis.
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Figure 8

Scatter plot of mean PM10 vs PM2.5 concentration values over the period 15-26 February 2020.
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Figure 9

Linear regression analysis correlating the average PM10 concentration values in the period 15-26
February 2020 with the incidence of the pathology (upper panel), the mortality rate (middle panel) and the
case fatality rate (lower panel) in the period 20 February-31 March 2020. The statistical analysis is
extended over all 110 Italian Provinces.



Page 39/39

Figure 10

Linear regression analysis correlating population density with the incidence of the pathology (upper
panel), the mortality rate (middle panel) and the case fatality rate (lower panel) in the period 20 February-
31 March 2020. The statistical analysis is extended over all 110 Italian Provinces.


