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ABSTRACT

The spread of SARS-CoV-2 by contact (direct or indirect) is widely accepted, but the relative importance of
airborne transmission is still controversial. Probability of outdoor airborne transmission depends on several
parameters, still rather uncertain: virus-laden aerosol concentrations, viability and lifetime, minimum dose
necessary to transmit the disease. In this work, an estimate of outdoor concentrations in northern Italy (region
Lombardia) was performed using a simple box model approach, based on an estimate of respiratory emissions,
with a specific focus for the cities of Milan and Bergamo (Italy). In addition, the probability of interaction of
virus-laden aerosol with pre-existing particles of different sizes was investigated. Results indicate very low (<1
RNA copy/m?) average outdoor concentrations in public area, excluding crowded zones, even in the worst case
scenario and assuming a number of infects up to 25% of population. On average, assuming a number of infects
equal to 10% of the population, the time necessary to inspire a quantum (i.e. the dose of airborne droplet nuclei
required to cause infection in 63% of susceptible persons) would be 31.5 days in Milan (range 2.7-91 days) and
51.2 days in Bergamo (range 4.4-149 days). Therefore, the probability of airborne transmission due to respi-
ratory aerosol is very low in outdoor conditions, even if it could be more relevant for community indoor envi-
ronments, in which further studies are necessary to investigate the potential risks. We theoretically examined if
atmospheric particles can scavenge virus aerosol, through inertial impact, interception, and Brownian diffusion.
The probability was very low. In addition, the probability of coagulation of virus-laden aerosol with pre-existing
atmospheric particles resulted negligible for accumulation and coarse mode particles, but virus-laden aerosol
could act as sink of ultrafine particles (around 0.01 pm in diameter). However, this will not change significantly
the dynamics behaviour of the virus particle or its permanence time in atmosphere.

1. Introduction

Viral respiratory infections are an important cause of morbidity and
mortality worldwide. They may range from asymptomatic to acute

The COVID-19 is the disease associated to the SARS-CoV-2 virus, that
was initially reported in Wuhan (China), and successively it spread all
over the world and was declared Public Health Emergency of Interna-
tional Concern by the World Health Organization (WHO). COVID-19
produces an acute respiratory disease and the main clinical manifesta-
tions are fever, cough, and dyspnoea. The spread of SARS-CoV-2 by
contact (direct or indirect through contaminated surfaces) is widely
accepted (WHO, 2020), but the relative importance of airborne trans-
mission is controversial (Asadi et al., 2020; Bontempi 2020; Domingo
et al., 2020; Jiang et al., 2020; Klompas et al., 2020; Morawksa et al.,
2020; Prather et al., 2020; Zhang et al., 2020).

* Corresponding author.
E-mail address: d.contini@isac.cnr.it (D. Contini).

https://doi.org/10.1016/j.envres.2020.110603

diseases, in some cases life-threatening. Breathing, talking, coughing or
sneezing release droplets, which can contain viral particles, in case of
infected individuals. Airborne transmission of disease could occur by
means of large droplets (>5 pm) released during respiration, coughing,
and sneezing by contagious persons, or by solid residuals (called droplet
nuclei or aerosol) of small droplets (<5 pm). Generally large droplets
settle faster than they evaporate, contaminating the immediate vicinity
of the infected individuals. In contrast, small droplets evaporate faster
than they settle, leaving a residual which might contain virus aggre-
gates, proteins, and mineral salts (Bourouiba, 2020; Asadi et al., 2020).
They have a longer permanence time in atmosphere and can be
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transported and dispersed, by winds, over longer distances compared to
large droplets.

Probability of airborne transmission depends on several parameters,
still rather uncertain, such as virus-laden aerosol concentrations,
viability and lifetime, and minimum dose necessary to transmit the
disease (Contini and Costabile, 2020; Buonanno et al., 2020). This
probability could be significantly different in outdoor and indoor com-
munity environments (such as hospitals, quarantine areas, commercial
centres and so on) because there could be more intense sources (number
of infected individuals) and negligible dispersion and transport condi-
tions. In addition, the influence of meteorological parameters, such as
UV radiation, that could deteriorate the virus reducing its lifetime in
atmosphere (Ratnesar-Shumate, 2020) is significantly different when
indoors and outdoors are compared. The analysis of Nishiura et al.
(2020) in eleven COVID-19 clusters in Japan showed that the odds that a
primary case transmitted COVID-19 in a closed environment was 18.7
times greater compared to an open-air environment. The analysis of
Arav et al. (2020) showed that indoor airborne transmission in
pre-symptomatic cases has a minor role compared to other transmission
mechanisms.

Some studies (Conticini et al., 2020; Setti et al., 2020a, 2020b)
suggested that outdoor airborne transmission could have played an
important role during COVID-19 outbreak in northern Italy in winter
2020. The mechanism hypothesized is that virus-laden aerosol could
interact with atmospheric particles creating clusters with pre-existing
particles acting as carriers enhancing the persistence of the virus in at-
mosphere. This lead to the suggestion that atmospheric particulate
matter concentrations is a kind of proxy to track virus dispersion in the
atmosphere. There are not, up to now, specific data on the interaction of
SARS-CoV-2 with pre-existing particles. However, it is known that at-
mospheric aerosols could contain biological material (bacteria and vi-
ruses) in certain conditions (Verreault et al., 2008; Deprés et al., 2012)
and that the interaction between viruses and atmospheric particles could
influence (increasing or decreasing) their infectivity (Groulx et al.,
2018). Concentration and size distribution of both virus-laden aerosol
and pre-existing particles strongly influence the probability of
interaction.

Measurements of SARS-CoV-2 concentration in air (in both outdoor
and indoor conditions) are relatively limited and some contrasting re-
sults were observed. In Liu et al. (2020) outdoor air samples collected in
public areas in Wuhan (China) during the COVID-19 pandemic gave
negative results, when tested for the presence of SARS-CoV-2 RNA with
the exclusion of some specific crowded areas. Similar results were ob-
tained from the measurements reported in Hu et al. (2020). Outdoor air
samples collected in northern Italy (in the city of Bergamo) during the
COVID-19 outbreak were positive to the presence of SARS-CoV-2 RNA in
23% of the measurement days, but no determination of concentration
was provided (Setti et al., 2020a). Outdoor air samples simultaneously
collected in Venice (northern Italy) and in Lecce (southern Italy) in May
2020 tested negative for the presence of SARS-CoV-2 RNA (Chirizzi
et al., 2020). In indoor conditions, larger concentrations of virus-laden
aerosols, compared to outdoor environments, were measured in some
hospitals and quarantine areas (Hu et al., 2020; Liu et al., 2020; San-
tarpia et al., 2020). However, other studies reported negative results for
indoor SARS-CoV-2 RNA detection even near COVID-19 confirmed pa-
tients (Faridi et al., 2020; Ong et al., 2020). In none of these studies was
possible to ascertain the viability of collected viral particles.

This demonstrates that further studies, also using multidisciplinary
approaches (Bontempi et al., 2020), are needed to investigate the role of
virus airborne transmission in the spread of COVID-19. This work pre-
sents a study, using simple box models, of the average concentration of
virus-laden aerosol due to respiratory emissions, in outdoor air in
Lombardia region (northern Italy, severely hit by COVID-19) during
winter 2020. In addition, the probability of interactions of virus-laden
aerosol with pre-existing particles, an aspect previously not addressed
in published papers, is investigated.
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2. Characterisation of emissions

Sneezing, coughing, and respiration lead to release of large droplets
and smaller aerosols. Conventionally, a distinctive size of 5 pm is used
(Anderson et al., 2020) to separate droplets and aerosols. These emis-
sions are saliva and secretions expelled (atomisation) from the upper
airway, through the mouth or the nose (Morawska et al., 2009; Han
et al., 2013; Bourouiba et al., 2014; Asadi et al., 2019; Bake et al., 2019;
Hsiao et al., 2020; Martano, 2020). Large droplets tend to be removed
quickly by dry deposition processes, and this is the reason of the sug-
gested physical distance to minimise the risk of short distance contagion.
Instead, small aerosols have a relevant fraction in the size range of the
accumulation mode and they, or the droplet nuclei after evaporation
(Asadi et al., 2020), could remain in suspension in air for longer time
span compared to large droplets (Stadnytskyi et al., 2020).

Sneezing, mainly associated to symptomatic individuals, produces
relevant number of large droplets. In Han et al. (2013) sneezing tests
from human participants were performed and two size distributions
including unimodal (aerosol geometric mean: 360.1 pm) and bimodal
(aerosol geometric mean: 74.4 pm) were observed. Coughing is mainly
associated to symptomatic individuals; however, it could also involve
occasional coughs from asymptomatic individuals. Lindsley et al. (2012)
showed that the amount of particles emitted in a cough varies widely
from patient to patient in a range between 900 and 300,000 parti-
cles/cough with an average of 75,400 particle/cough (standard devia-
tion 97,300) in patients with influenza and an average of 52,200
particles/cough (standard deviation 98,600) after recovery from influ-
enza. In general, 63% of droplets emitted during coughing are in the
respirable size range (Lindsley et al., 2012). Respiration and speaking,
that are relevant also for asymptomatic individuals, are a source of fine
aerosol (Morawska et al., 2009; Asadi et al., 2019), even if the intensity
of the source is more limited compared to singing, shouting, coughing or
sneezing. In Asadi et al. (2019), measurements during breathing showed
a typical emissions from mouth and nose, in normal and fast breathing,
lower than 3000 particles/h, with geometric mean diameter around 0.8
pm. Emissions during speaking and vocalisations are larger, between
3000 and 36,000 particles/h, with a geometric mean diameter (around
1 pm). Furthermore, emission intensity increases during loud speaking
compared to whispering (Morawska et al., 2009; Asadi et al., 2019).

Respiratory droplets and aerosols released by infected individuals
could contain viral particles. There are limited experimental evidences
for the SARS-CoV-2, however, viral RNA in respiratory droplets and
aerosols was observed for other respiratory viruses including other
coronavirus (Milton et al., 2013; Yan et al., 2018; Leung et al., 2020).
Milton et al. (2013) found a median emission of about 1200 RNA
copies/h in respiration of influenza infected individuals, at one day from
the onset of the disease, in aerosols (<5 pm) and about 50 copies/h in
the coarse fraction (>5 pm) with a decrease in the successive days.
Leung et al. (2020) found emissions, in the aerosol size fraction (<5 pm),
in the range 4-4000 copies/h for other coronaviruses (NL63, OC43,
229E, and HKU1), 4-2000 copies/h for influenza, and 4-1200 copies/h
for rhinovirus.

Another important aspect is the fraction of these respiratory virus-
laden particles that are effectively viable and able to transmit the
contagion. There are no information regarding SARS-CoV-2. However,
the study of Yan et al. (2018) for the influenza virus found a small but
statistically significant correlation among viable virus counting and
RNA copies concentration in respiratory aerosols. The only study rela-
tive to the lifetime of SARS-CoV-2 in air is from van Doremalen et al.
(2020) that found a half-life of about 1 h and that the virus can remain
viable in air for about 3 h in laboratory controlled conditions. In outdoor
conditions, the effective lifetime could depend from meteorological
conditions, like temperature, humidity, and solar radiation that could
degrade the virus (Ratnesar-Shumate et al., 2020).

The emissions of viral RNA copies can be estimated following the
approach proposed in Buonanno et al. (2020): using mass balance



F. Belosi et al.

between the viral load in mouth (sputum) and the volume of particles
emitted during respiration and speaking. Specifically, the emission rate
(E) is evaluated as:

4
E:CVIRZNjVj (1)
j=1

J

where Iy is the inspiration rate, Cy the viral load in the mouth (in
sputum), N; the particle number concentration in the size range j, and V;
the volume of particle in the same size range. We considered four aerosol
size ranges, as done in Morawska et al. (2009), and reported in Table 1.
These were differentiated for diurnal and nocturnal hours. In diurnal
hours, the particle concentrations are the average between unmodulated
vocalization and voiced counting as done in Buonanno et al. (2020),
instead, in nocturnal hours the particle concentrations refer to breathing
activity.

The inhalation rates, averaged between females and males, are equal
to 0.49 (resting), 0.54 (standing), 1.38 (light exercise), 2.35 (moderate
exercise), and 3.30 m3/h (heavy exercise) (Adams, 1993). For nocturnal
hours the value at rest (0.49 m/h) was used, while, for diurnal hours the
values of light exercise 1.38 m®/h was used. The average of the two
conditions (i.e. the daily average considering 12 h at rest and 12 h of
activity) was 0.94 m3/h. In order to develop a worst case scenario (WCS
from now on), an increased inhalation rate (1.08 mS3/h) obtained
considering 8 h per day at rest and 16 h per day of activity was also used.

Recent research studies investigated values of viral load in the mouth
of COVID-19 confirmed patients finding highly variability, also related
to the number of days from the onset of the disease. Wolfel et al. (2020)
found an average viral load in sputum (Cy) of 7 x 10° copies/mL, with a
maximum of 2.35 x 10° copies/mL in COVID-19 patients. Rothe et al.
(2020) investigate one case of transmission from an asymptomatic in-
dividual, finding a high viral load in sputum of 108 copies/mL, con-
firming that asymptomatic individuals could be a potential source. A
study on 82 SARS-CoV-2 infected individuals (Pan et al., 2020) found
highly variable viral load in sputum with several cases having values
between 108 copies/mL and 10° copies/mL and one case arriving up to
10! copies/mL. Therefore, in this work, we consider a median value of
Cy equal to 10° copies/mL.

With the assumptions discussed, the probability that a 10 ym droplet,
prior to dehydration, contains one RNA copy is about 52% and this
probability decrease to about 0.05% for a 1 pm droplet. The average
estimated emission is 3613 RNA copies/h per infected individual. With
the WCS assumptions, the estimated emission is 4770 RNA copies/h.

3. Estimate of outdoor concentrations using a box model

We used a simple box model approach to estimate average outdoor
atmospheric concentrations of RNA copies of SARS-CoV-2 in the Region
Lombardia as function of the number of infected individuals and using
the average emissions estimated in Section 2. This model could give
information regarding long-term averages and the effect of mixing
height and ventilation (wind speed). Sophisticated models are available
for analysis of pollutant transport and dispersion with high spatial and
temporal resolution. However, they need, as input, data on emissions
with high details on spatial and temporal resolutions. These details are
not available for virus-laden aerosol emissions released during respira-
tion and speaking, for this reason we choose to apply a simple box

Table 1
Particle concentrations (cm~3) for different size ranges separated for diurnal and
nocturnal hours.

Diam.0.8pym  Diam.1.8pm  Diam.3.5pm  Diam.5.5pm
Diurnal hours 0.4935 0.1035 0.073 0.035
Nocturnal 0.084 0.009 0.003 0.002

hours
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model. The box model is based on a large square of 150 km by 150 km
covering almost all region Lombardia (Fig. 1) and having a height equal
to the average mixing layer height. The mixing layer over the city of
Milan (the largest city of Lombardia) was analysed in Ferrero et al.
(2010) for the period 2005-2008 showing values, in winter, between 50
m and 500 m with typical median values around 250 m. The vertical
profiles of particulate matter showed that 70% (for PM;) and 80% (for
PM;() of particles were inside the mixing layer with rather uniform
profiles. The analysis of the mixing layer height in Milan, done using
measurements taken with the Sonic Detection and Ranging (SODAR)
approach (Argentini et al., 1999), showed similar figures for the mixing
layer height generally between 200 m and 300 m. Data provided by Arpa
Lombardia, at the Milano Linate airport for the period February—April
2020, showed a median value of the mixing height of 240 m in February
and an increase in March and April. Therefore, for the modelling pur-
poses, we assumed an average mixing layer height of 250 m containing
75% of the RNA copies as a uniform profile. For the sake of simplicity
and as precaution, coagulation and deposition processes were neglected.

Wind velocity near the ground (at 10 m height) in the area near
Milan could be relatively small. Average winter value of 0.84 m/s was
observed in Ferrero et al. (2010) and values between 0.5 m/s and 2.5
m/s were observed in Silibello et al. (2008). The analysis of the data
from three meteorological stations in Milan, managed by the Regional
Environmental Agency (Arpa Lombardia), gave a median wind velocity
near the ground of 1.1 m/s in the period February-April 2020. There-
fore, for the model, we assumed an average wind velocity of 2.2 m/s at a
height of 125 m above the ground (i.e. in the middle of the mixing layer).
This was obtained using the typical factor 2 for the ratio between the
wind velocity at 125 m and that at 10 m in long-term average wind
velocity profile in suburban areas (Contini et al., 2009). For the worst
case scenario, we used a lower mixing height (60 m), about the mini-
mum values (range 50 m-70 m) observed over Milan (Ferrero et al.,
2010) in winter period, and a lower wind velocity of 1.2 m/s. The latter
obtained as the first quartile (25th percentile) of the wind velocities
measured at the different stations (0.9 m/s) multiplied by a factor 1.36
for the ratio between the middle of the mixing height (30 m) and the
measurement height (10 m). A best case scenario (BCS from now on) was
also analysed. This refers to better dispersion conditions compared to
average or to WCS values. Specifically, in this case the mixing height
selected was 400 m corresponding to the third quartile (75th percentile)
of the measurements at the Milano Linate airport in February and
roughly around the maximum values measured in Ferrero et al. (2010)
and in Argentini et al. (1999). The wind speed selected was 4 m/s chosen
as the third quartile of the wind velocities measured at the different
stations (1.7 m/s) multiplied by a factor 2.35 for the ratio between the
middle of the mixing height (200 m) and the measurement height (10
m).

Estimated average concentrations are reported in Fig. 2 as function
of the number of infected individuals (including asymptomatic) for the
entire region Lombardia (about 23,844 km? and 10 million inhabitants).
These results have been used as boundary condition for the application
of two other box models (Fig. 1): one of 10 km by 10 km covering the
earth of the Milan town (about 1.4 million inhabitants); the second with
an extension of 2 km by 2 km centred above the town of Bergamo (about
120,000 inhabitants) in which there was an epidemic outbreak. The
results are reported in Fig. 3, again including the average, the WCS, and
the BCS results. To put in perspective these results, it is useful to consider
the officially counted cases furnished by the Italian Ministry of Health
(www.salute.gov.it). It must be said that the numbers could be under-
estimated because they are related to the capacity of performing nasal/
mouth swabs and to the absence of systematic testing on asymptomatic
individuals. In the region Lombardia, the maximum number of active
cases (i.e. the currently positive individuals) was 37,305 achieved on
May 04, 2020. At the same date, the total number of cases in the region
was 78,105. Data was not available at city level but total number of cases
is available for each Italian province. The total number of cases in the
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Fig. 1. Map of the region Lombardia with indication of the box model domain. In yellow the area of the city of Milan with the second box domain and in red the
location of the city of Bergamo with the third box domain. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 2. Estimated average outdoor concentration as function of the number of
infected individuals for the Region Lombardia. WCS is the worst case scenario
calculated with larger emissions and lower wind speed and mixing height
compared to average. BCS is the best case scenario calculated with larger wind
speed and mixing height compared to average.

province of Milan at May 04, 2020 was 20,254 and in the province of
Bergamo 11,538 cases were counted on the same date.

Estimated outdoor average concentrations are relatively small; this is
in agreement with the few measurements available. Aerosols samples
were collected in Wuhan (China) in February 2020 and found no
detectable concentration of SARS-CoV-2 (<3 copies/mS) with the
exclusion of crowded sites, in which concentrations up to 11 copies/m>
were observed. In the preprint of Hu et al. (2020), aerosol samples were

collected in Wuhan (China) in outdoor public areas and in different
hospitals (indoor), and no virus copies were found in outdoor samples in
residential and public areas. In a recent work (Setti et al., 2020a), it is
reported that traces of viral RNA were observed in 8 cases out of 34
(about 23% of positive cases) in PMj( daily samples collected in Ber-
gamo (Northern Italy) during the spread of COVID-19 in the period
between February and March 2020 even if concentrations were not
quantified.

According to the data reported in Fig. 3, considering the average
inspiration rate discussed in the previous Section and a number of
infected individuals equal to 10% of the population (about 140,000
people for Milan and 12,000 people for Bergamo), it would be necessary,
on average, 38 h in Milan (range calculated from BCS and WCS sce-
narios: 3.2-109 h) and 61 h in Bergamo (range 5.3-179 h) to inspire a
single virus particle. Furthermore, it must be considered that a single
virus particle could be not sufficient to transmit the infection. It can be
used the concept of quantum, defined as the dose of airborne droplet
nuclei required to cause infection in 63% of susceptible individuals. The
conversion factor C; defined as the ratio between one infectious quan-
tum and the infectious dose expressed in viral RNA copies is not defined
for SARS-CoV-2 in current scientific literature. However, referring to
SARS-CoV-1, that has similar characteristics (van Doremalen et al.,
2020), Watanabe et al. (2010) estimated the SARS-CoV-1 infectious
doses received by residents in Hong Kong, corresponding to a C; between
0.01 and 0.1 (Li et al., 2005; Yu et al., 2004). An average value equal to
0.05 was used for this work, as done in Buonanno et al. (2020). In the
conditions stated above, the average time necessary to inspire a quan-
tum would be 31.5 days in Milan (range calculated using BCS and WCS
scenarios: 2.7-91 days) and 51.2 days in Bergamo (range 4.4-149 days).
Therefore, the possibility to have airborne transmission in outdoor is
low, almost negligible, if crowded areas and large gatherings of people
are avoided.
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Fig. 3. Estimated average outdoor concentration as function of the number of infected individuals for the Milan and Bergamo cities. WCS is the worst case scenario
calculated with larger emissions and lower wind speed and mixing height compared to average. BCS is the best case scenario calculated with larger wind speed and

mixing height compared to average.

The situation is different in specific community indoor environments
in which there is the possibility to have several infected individuals in
restricted spaces. In these environments, the transport and dispersion,
and consequently the dilution of airborne viral particles is more limited
so that concentrations could be larger. In addition, the indoor environ-
mental conditions (temperature, humidity, and absence of solar radia-
tion) could be more suitable for virus survival compared to outdoors.
Santarpia et al. (2020) observed the presence of viral RNA in the air in
isolation rooms where patients with SARS-CoV-2 were treated. The
analysis by Liu et al. (2020) of aerosol samples in two hospitals in
Wuhan (China), during COVID-19 outbreak, showed high concentra-
tions in patient care areas (up to 19 copies/m? in toilet facility) as well as
in medical staff areas (18-42 copies/m3). Liu et al. (2020) also per-
formed size-segregated analysis of indoor virus in air showing that a
relevant fraction of these virus-laden aerosols was in the fine size range
(0.2-1 pm) that could remain in air for a longer time compared to the
coarse fractions, thus being more suitable for airborne transmission.
Faridi et al. (2020) collected ten air samples in the major hospital in Iran
but detection of SARS-CoV-2 in air inside patient rooms was unsuc-
cessful. In Hong Kong (Cheng et al., 2020) air samples taken near the
mouth of an established COVID-19 patients tested negative for the
presence of SARS-CoV-2, although the statistics was very limited. In
Singapore, in an isolation area (with 12 air changes per hour) that
housed three COVID-19 patients, samples were collected from surfaces
and in the air (for 2 days). The air samples were negative even if traces of
SARS-CoV-2 were found on the surfaces (Ong et al., 2020). Therefore,
there are contrasting results that could likely arise also from the
different measurement conditions and the different methodological
approaches used. However, community indoor environments could
represent a larger risk compared to outdoor (Contini and Costabile,
2020; Buonanno et al., 2020) and further studies are necessary to
ascertain this aspect. It is advisable to use masks and frequent ventila-
tion in these indoor environments to minimise risks.

In Setti et al. (2020b) it is hypothesized that the presence of
SARS-CoV-2 RNA in outdoor air samples could represent a potential
early indicator of COVID-19 diffusion. According to the results pre-
sented here, to have a probability of 50% of collecting a RNA copy in a
standard 24 h air sample (55 m3), it would be necessary a number of
infected individuals, including asymptomatic, equal to about 45,000 in
the city of Milan (3.2% of the population) and to about 6300 in the city
of Bergamo (5.2% of population). Sporadically, RNA copies could be
detected on filters for periods with low dispersion conditions as those of
the worst case scenario. Therefore, it is doubtful that this approach could
be efficiently used as an early indicator of COVID-19 diffusion or an
early indicator of a recrudescence of the pandemic.

4. Interaction of virus-laden aerosol with pre-existing
atmospheric particles

Johnson et al. (2011) showed that droplets size distribution emitted
via coughing, sneezing, speaking and breathing are multimodal, with
modes diameters around 200 pm and 2 pm. The small droplets evaporate
rapidly leaving droplet residuals (virions) consisting of virus aggregates,
proteins and mineral salts. At 50% relative humidity (RH), a 10 pm pure
water droplet evaporates in about 0.15 s (Hinds, 1999). Xie et al. (2007)
numerically calculated the evaporation and dispersion of respiratory
droplets with a salinity of 0.9% w/v at ambient air temperature and
different RH. A 20 pm droplet evaporates in less than 1 s. Redrow et al.
(2011) carried out simulations on sputum droplets and numerical results
indicate that a 10 pm sputum droplet will evaporate to become a droplet
nucleus (3.5 pm) in 0.55 s at 80% RH and in 0.3 s at 50% RH. These
virions have low sedimentation velocities and can remain suspended in
atmosphere and, eventually, interact with pre-existing atmospheric
particulate matter (PM). Setti et al. (2020a) suggested that SARS-CoV-2
RNA can be present on outdoor PM and in conditions of atmospheric
stability and high concentrations of PM, SARS-CoV-2 could create
clusters with outdoor PM and, by reducing their diffusion coefficient,
enhance the persistence of the virus in the atmosphere. However, this
preliminary result must be confirmed. We theoretically examined if at-
mospheric particles can scavenge virions.

4.1. Selected atmospheric particles and virions number concentrations
and sizes

We estimate the atmospheric particles number concentration in
winter in Bergamo, one of the most relevant COVID-19 outbreak in
northern Italy, through the air quality measurements carried out by the
Regional Protection Agency (ARPA-Lombardia). In winter 2020, the
highest PMyo (94 pg/m>) and PMy s (70 pg/m>) concentrations were
measured in Bergamo at Via Garibaldi and Via Meucci air quality
monitoring stations, respectively (Supplement information S1 shows
daily PM;( and PM3 5 concentrations). Unfortunately, the PM; fraction
were not available for that period. However, Vecchi et al. (2008)
measured in winter (December 2003-March 2004) a PM;/PMj 5 ratio of
0.6-0.9 and PM;/PM ratio of 0.4-0.6 in three cities (Milano, Genoa,
and Florence) with an average PM; value Of 48.8 ug/m® in Milan, which
would give an average estimate of PMy5 of 65 pg/m° (average ratio
PM;/PM; 5 of 0.75) and a PM; of 94 ug/m3 (average ratio PM;/PM; of
0.5). Therefore, the obtained concentration values are in agreement
with the highest measured concentrations obtained by ARPA in the 2020
winter period.

Rodriguez et al. (2007) obtained the particle number concentration
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in the ultrafine size range in Milan in the period November
2003-December 2003 with a Differential Mobility Analyzer connected
to a Condensation Particle Counter. They found, in the ultrafine mode
(N10-N100), about 1.5 x 10'° #/m® and about 5.5 x 10° #/m? in the
accumulation mode (N;09—Nggo) in agreement with results from Lonati
et al. (2011) obtained during the cold season. The particle number
concentration in the coarse fraction is obtained by adapting particle size
distributions collected by an OPC (Grimm 107, Envirocheck model) in
the urban area of Milan during 2011 and 2012 in winter and summer
months (Cugerone et al., 2018) (see Fig. S2). Table 2 shows the esti-
mated particle number concentrations in the three size modes: ultrafine,
accumulation, and coarse. The last column gives the size intervals
considered in each mode.

We consider the following sizes representative of the virions: 200 pm
(large droplets), 2 pm (dry evaporated residuals) and 0.1 pm (single
virus aerosol). Liu et al. (2020) detected peaks both in sub-micrometric
and super-micrometric regions of virus particle concentrations in
Wuhan (China). We also assume a number concentration of viral parti-
cles in the atmosphere of 10 copies/m® in each mode, which was the
maximum concentration observed in crowded public areas in Wuhan
(Liu et al., 2020).

4.2. Collision process

We theoretically examined if PM atmospheric particles can scavenge
virus aerosol, through inertial impact, interception, and Brownian
diffusion. We calculated the scavenging coefficients of a 10 pm settling
particle by using Fuchs’ formula (Fuchs, 1964) for the interception and
Brownian diffusion scavenging efficiencies, and Park et al. (2005)
formulation for impaction. The probability of the virions to be scav-
enged due to coarse PMj settling particles resulted negligible because
the total scavenging kernel was very low. In addition, the volume swept
by falling atmospheric coarse particles will contain a limited number of
virions particles, thereby lowering the probability of collisions to a
negligible value even in the unrealistic condition of a fall of 1000 m.
Detailed information is provided in Supplemental Information S2.

Attachment of virions to PM;, particles could also be possible by
thermal coagulation (governed by Brownian diffusion) or by kinematic
coagulation (governed by external forces). We will consider only ther-
mal coagulation. The dry residual droplets of the second mode (2 pm)
could be a sink for PM aerosols from the accumulation and ultrafine
modes, because of thermal coagulation. The rate of collision of an at-
mospheric particle of size d; with a fixed particle of size d; (the dry re-
sidual droplet, which is supposed to have a negligible Brownian
displacement) in the stationary case, is given by (Friedlander, 2000):

F=2zD(d; +d;)N, @

where F is the number of particles colliding per second, Ny is the PM
aerosol number concentration, d; is the PM aerosol size (assumed 0.1 pm
for accumulation mode and 0.01 pm for ultrafine mode), d; is the droplet
residual (2 pm) and D is the PM diffusion coefficient (5.2 108 m?/s and
6.8 107% m?/s for particle size of 0.01 pm and 0.1 pm respectively —
Hinds (1999)). Results show a collision rate of about 5 x 10~° collisions
per second in the accumulation mode and 1072 in the ultrafine mode. It
would take more than one day for a collision to take place between a
virion and an atmospheric aerosol particle in the accumulation mode,

Table 2
Atmospheric particle number concentrations for different size ranges: ultrafine,
accumulation and coarse modes.

Mode Urban particle number concentration (m™3) Size range
Ultrafine 2 x 101° 0.01-0.1 pm
Accumulation 6 x 10° 0.1-0.8 pm
Coarse 3 x 10° 1-3 pm
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and only about 100 s for an ultrafine particle (0.01 pm). However, in this
case the added mass to the virion would be negligible, as well as the
changes in its size.

Finally, we consider the monodisperse coagulation of a single virus
particle (0.1 pm) in the accumulation mode. For a monodisperse aerosol,
the rate of change in number concentration is given by the Smo-
luchowski equation (Supplemental Information S2). The coagulation
kernel of a 0.1 pm monodisperse aerosol is about 7.2 x 107® m3/s,
considering also the Fuchs correction (Hinds, 1999). Figure S4 (sup-
plementary material) shows the particle size increase as a function of
time. Even after 8000 s the particle diameter increase would be only
1.2% without consequences in the dynamic behaviour of virus-laden
aerosol in the atmosphere.

Therefore, scavenging and thermal coagulation processes have
negligible effect in the attachment of virions to atmospheric aerosol
particles in the considered conditions. Other processes, like electrostatic
attractive forces or turbulent coagulation, not taken into account in this
study, could eventually be responsible for inclusion of virions into at-
mospheric particles.

5. Conclusions

Average outdoor SARS-CoV-2 virus-laden aerosol concentrations,
due to respiratory emissions of infected individuals in the Lombardia
region (Northern Italy, Po valley pollution hot-spot), were investigated
as function of the number of infected individuals (including asymp-
tomatic). This was done using three simple box models: one covering all
region, the second centred on the city of Milan, and the third centred on
the city of Bergamo, where a COVID-19 outbreak was observed in March
2020. Emissions were estimated using a mass balance model for respi-
ratory droplets and aerosols and the typical values of viral load observed
in sputum. Calculations were done for average conditions and for best
and worst case scenarios using different dispersion and ventilation as-
sumptions compared to the average.

Outdoor concentrations in public area, excluding crowds, were very
low, < 1 RNA copy/m?, even in the worst case scenario and assuming a
number of infects up to 25% of local population. In average terms,
assuming a number of infects equal to 10% of the population, the time
necessary to inspire a quantum would be 31.5 days in Milan (range
calculated using BCS and WCS scenarios: 2.7-91 days) and 51.2 days in
Bergamo (range 4.4-149 days). Therefore, the probability of airborne
transmission due to respiratory aerosol is very low in outdoor conditions
excluding public crowded areas. This transmission mechanism could be
more relevant for indoor community environments, in which further
studies are necessary to investigate the potential risks. Therefore, it is
advisable to mitigate the risk for vulnerable people via frequent venti-
lation, air exchanges, and disinfection of exposed surfaces including
those of air conditioning systems.

The probability of the viral particles to be scavenged from atmo-
spheric aerosol particles, due to inertial, interception and Brownian
capture mechanisms, was negligible. The probability of coagulation of
virus-laden aerosol with pre-existing particles was very low for accu-
mulation and coarse mode particles, even considering the maximum
RNA copies concentrations observed in crowded public areas, and large
concentrations of pre-existing particles typically observed in winter
conditions in the Lombardia area. The virus-laden aerosol particles
eventually present in atmosphere are dry residual of evaporated droplets
(i.e. droplet nuclei) rather than agglomerate with pre-existing particles.
There is a small, but not negligible, probability that virus-laden aerosol
could act as sink of ultrafine particles (around 0.01 pm in diameter).
However, this will not change significantly the dynamics of the virus
particles or their permanence time in atmosphere.
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