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BACKGROUND: Evidence for indoor airborne transmission of SARS-CoV-2 is accumulating.
OBJECTIVES: We assessed of the risk of illness due to airborne SARS-CoV-2 particles from breathing, speaking, singing, coughing, and sneezing in
indoor environments.
METHODS: A risk assessment model, AirCoV2, for exposure to SARS-CoV-2 particles in aerosol droplets was developed. Previously published data
on droplets expelled by breathing, speaking, singing, coughing, and sneezing by an infected person were used as inputs. Scenarios encompassed virus
concentration, exposure time, and ventilation. Newly collected data of virus RNA copies in mucus from patients are presented.
RESULTS: The expelled volume of aerosols was highest for a sneeze, followed by a cough, singing, speaking, and breathing. After 20 min of exposure,
at 107 RNA copies/mL in mucus, all mean illness risks were largely estimated to be below 0.001, except for the “high” sneeze scenario. At virus con-
centrations above 108 RNA copies/mL, and after 2 h of exposure, in the high and “low” sneeze scenarios, the high cough scenario and the singing
scenario, risks exceeded 0.01 and may become very high, whereas the low coughing scenario, the high and low speaking scenarios and the breathing
scenario remained below 0.1. After 2 h of exposure, singing became the second highest risk scenario. One air exchange per hour reduced risk of ill-
ness by about a factor of 2. Six air exchanges per hour reduced risks of illness by a factor of 8–13 for the sneeze and cough scenarios and by a factor
of 4–9 for the other scenarios.
DISCUSSION: The large variation in the volume of expelled aerosols is discussed. The model calculations indicated that SARS-CoV-2 transmission via
aerosols outside of the 1:5-m social distancing norm can occur. Virus concentrations in aerosols and/or the amount of expelled aerosol droplets need to
be high for substantial transmission via this route. AirCoV2 is made available as interactive computational tool. https://doi.org/10.1289/EHP7886

Introduction
The fate of droplets in the air is mostly determined by their size;
larger droplets deposit quickly, whereas smaller droplets can stay
airborne for longer periods, in so-called aerosols (a suspension of
droplets in air). Aerosols can arise from “violent expiratory
events” such as coughing and sneezing (Bourouiba et al. 2014),
but also from breathing and speech (Asadi et al. 2019; Leung et al.
2020). A dry cough is a predominant symptom of coronavirus
(CoV) disease 2019 (COVID-19) (Wang et al. 2020). The WHO
defines a cut-off of 5 lm to distinguish airborne (<5 lm) from
droplet (>5 lm) transmission (WHO 2014, 2020). The existence
of a cut-off is contested; other organizations use different termi-
nology and cut-off values (Kohanski et al. 2020; Tellier et al.
2019). Infectious particles <5 lm can penetrate more deeply into
the lungs (Milton 2020), whereas larger particles most likely
affect the upper airways (Gralton et al. 2011; Tellier et al. 2019).
Although it is true that the large majority of the volume of fluids
expelled during, for example, coughing and sneezing, is in drop-
lets that deposit quickly and ballistically, this does not imply that
airborne transmission is highly unlikely (Nicas et al. 2005).
Furthermore, research suggests that the cut-off size of droplets
(aerodynamic diameter) that deposit quickly is larger than 5 lm

and not static but dependent on a number of factors, such as rela-
tive humidity (RH) (Liu et al. 2017). In the absence of turbu-
lence, droplets with an initial diameter larger than 80 lm will be
deposited on the floor from an initial height of 2 m at a distance
away from the mouth of ∼ 1 m (Liu et al. 2017). The droplet
with an initial diameter of 60 lm can reach about 4 m, with a
size of 0.32 times its initial diameter at an RH of 0%, whereas it
can travel a distance of 1:85 m at an RH of 90% due to its larger
droplet size of 0.43 its initial diameter (Liu et al. 2017). In the
case of turbulence, even initially larger particles could likely
travel even farther. Therefore, airborne and droplet transmissions
occur on a continuum, and airborne transmission can potentially
occur in the size fraction of all particles less than ∼ 60 lm
(Gralton et al. 2011; Kohanski et al. 2020; Tellier et al. 2019).

Droplets and aerosols can harbor pathogens such as bacteria,
e.g., Coxiella burnettii, and viruses such as influenza viruses
(Milton et al. 2013; Stein et al. 2005). Evidence exists for airborne
(bioaerosol) transmission of multiple viral respiratory diseases,
including SARS, MERS, and influenza (Adhikari et al. 2019;
Kulkarni et al. 2016; Weber and Stilianakis 2008; Yu et al. 2004;
Zhang et al. 2013). Airborne transmission has also been suggested
as probable for SARS-CoV-2 (Anderson et al. 2020; Asadi et al.
2020; Chia et al. 2020; Correia et al. 2020; Li et al. 2020;Morawska
and Cao 2020; Richard et al. 2020; Setti et al. 2020; Shen et al.
2020; Stadnytskyi et al. 2020;Wang and Du 2020; Yao et al. 2020),
although other studies contest this and suggest airborne transmission
does not take place (Xu et al. 2020).

SARS-CoV-2 has been observed to be remarkably stable in
aerosols generated under laboratory conditions (Fears et al.
2020), with little decline in infectivity after 16 h of aerosol sus-
pension. Similarly, van Doremalen et al. (2020) also found that
SARS-CoV-2 remained viable for hours in experimentally gener-
ated aerosols (reduction in infectious virus particles from 3,100
to 500 per liter of air in 3 h).

There is much discussion about the potential for airborne
transmission of SARS-CoV-2. The World Health Organization
has changed its standpoint during the course of 2020 from main-
taining that COVID-19 is not airborne to acknowledging that
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airborne spread occurs but mainly under specific circumstances
(particularly during spending prolonged periods of time in
indoor, crowded, inadequately ventilated spaces) (WHO 2020).

The aim of this study was to assess the risk of illness due to
airborne SARS-CoV-2 particles from breathing, speaking, sing-
ing, coughing and sneezing in an indoor environment. Figure 1
shows a schematic overview of the processes modeled in this
study. The risk assessment entailed estimating the numbers of
SARS-CoV-2 particles in aerosol droplets expelled during
breathing, speaking, singing, coughing, and sneezing by an
infected person in an unventilated indoor environment and subse-
quent inhalation by one or more persons in that environment.
Estimates were included on the infectiousness of the virus (dose–
response). Literature and laboratory data on SARS-CoV-2 virus
concentrations from nasopharyngeal and oropharyngeal swab
samples (hereafter, nasal and throat), numbers of expelled aerosol
droplets and their size distributions were used as input for the
model calculations. This study focused on modeling airborne
transmission and thus did not model larger droplet transmission,
e.g., the probability of coming into contact with large droplets
that fall directly on mucosa or surfaces. Only the long-range air-
borne route, i.e., transmission of SARS-CoV-2 via aerosols out-
side the 1.5-m social distance, was considered.

Methods

Scenarios
Table 1 shows the scenarios that were applied. In all scenarios,
an infectious, (a)symptomatic person entered a room of dimen-
sions 10× 5× 2m3 =100m3, which could be a large living room,
a small meeting room, or a bus. The infectious person expelled
virus particles through continuous breathing, speaking, or singing
or through one cough or one sneeze. The person spent either 20
min or 2 h in the room. For the latter duration, a ventilation sce-
nario was included: no ventilation, or replacing the room air vol-
ume once per hour or every 10 min (100m3=h and 600m3=h,
respectively). It was assumed that the virus particles that are

contained in aerosol droplets were evenly distributed in the rooms
within a few minutes (Lindsley et al. 2012).

One reason for using different scenarios for expelling virus
was because of inconsistencies in the literature regarding the
number and size distribution of the aerosol droplets from speak-
ing, singing, coughing, and sneezing. For speaking, two scenar-
ios, “low” and “high,” included the data from size distributions in
Asadi (2019), in the setting of reading an English passage aloud
at intermediate loudness [85 decibels (dB)] and Duguid (1946),
considering speaking loudly. For singing, the number distribution
of aerosol droplets was taken from Mürbe et al. (2020), and the
size distribution of aerosol droplets was taken from Alsved et al.
(2020). Two scenarios encompassed the data from size distribu-
tions for coughing, denoted as low and high from Lindsley et al.
(2012) and Duguid (1946), respectively. Likewise, two scenarios,
low and high, encompassed the data from the size distributions in
a sneeze as reported by Gerone et al. (1966) and Duguid (1946),
respectively. In the selection of data from literature, studies
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Figure 1. Overview of the processes modeled in this study.

Table 1. Selected scenarios for which aerosol exposure was quantified in a
room of 100m3.

Expelling of virus by one infected person

Abbreviation Source Reference of size distribution data

Breathe Breathing Fabian et al. (2011)
Speak-Lo Speaking Asadi (2019)
Speak-Hi Speaking Duguid (1946)
Sing Singing Alsved et al. (2020) and

Mürbe et al. (2020)
Cough-Lo One cough Lindsley et al. (2012)
Cough-Hi One cough Duguid (1946)
Sneeze-Lo One sneeze Gerone et al. (1966)
Sneeze-Hi One sneeze Duguid (1946)

Note: Lo and Hi denote low and high aerosol volume relative to each other; Fabian et al.
(2011) concerned human rhinovirus-infected subjects, Gerone (1966) concerned cox-
sackievirus-infected subjects, Lindsley et al. (2012) concerned influenza virus-infected
subjects, and all other studies listed in Table 1 concerned studies on healthy individuals.
More details on the data used in this study can be found in Supplementary Material S1,
specifically Table S1.
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concerning bacterial infections were not included. Size distribu-
tion data for breathing were based on the study by Fabian et al.
(2011). Fabian et al. (2011) concerned human rhinovirus-infected
subjects, Gerone (1966) concerned coxsackievirus–infected sub-
jects, Lindsley et al. (2012) concerned influenza virus–infected
subjects, and all other studies listed in Table 1 concerned studies
on healthy individuals. The scenarios encompassed exposure of
one or more uninfected persons as:

• One exposed person in the room of 100 m3 for 20 min, no
ventilation.

• Ten exposed persons in the room for 2 h; no ventilation.
• Ten exposed persons in the room for 2 h; ventilation rate
100 m3=h equals 1 air exchange per hour.

• Ten exposed persons in the room for 2 h; ventilation rate
600 m3=h equals 6 air exchanges per hour.
Exposure assessment was conducted with each of the follow-

ing virus concentration values in mucus: 103, 104, 105, 106, 107,
108, 109, and 1011 virus particles per milliliter. This range in vi-
rus concentrations as estimated from viral RNA detection reflects
those observed in nasal and throat swabs (see next section).

Risk Assessment
Virus concentration. Viral concentrations in throat and nasal
swabs that were sent from municipal health services and hospitals
to the National Institute for Public Health and the Environment
of the Netherlands (RIVM) for COVID-19 diagnosis, were ana-
lyzed by us using real-time reverse transcription polymerase
chain reaction (RT-PCR) as described in Corman et al. (2020).
Virus concentrations were determined for the first 729 SARS-
CoV-2 E-gen positive diagnostic samples. This analysis covered
variants that were prevalent before July 2020 and not the later so-
called United Kingdom (UK) variant SARS-CoV-2 VUI/VOC-
202012/01. Most of the swabs contained mucus from throat and
nose; those were considered here. Of those swabs, 100 lL was
diluted into 4 mL sampling buffer/virus transport medium prior
to analysis. For quantification, the RdRp gene fragment was
used. For conversion of Ct values to the log10 of the concentra-
tion in mucus, 20 control samples with 10–4,600 RNA
copies=lL were analyzed, and their Ct values and log10 concen-
trations were subjected to linear regression:

log10C= a0 + a1Ct, (1)

where a0 is the abscissa and a1 the slope (time dependence).
The concentration data were fitted to a left-censored lognor-

mal distribution using a Bayesian fit in RStan (R Development
Core Team 2019; Stan Development Team 2020), in which the
logarithm of the virus concentration was assumed to be normally
distributed and from the onset of symptoms to decrease in time
(Zou et al. 2020):

Log10c∼Nðl,rÞ, (2)

and

l= b0 + b1t, (3)

where c is the virus concentration [numbers per mL mucus] with
mean l, standard deviation (SD) r, coefficients b0 and b1, and
time t [days] from onset of symptoms.

Total volume of aerosol droplets. The total initial volume of
aerosol droplets per cough, sneeze, 20 min speaking, 20 min sing-
ing, and 20 min breathing was calculated from the number of aer-
osol droplets and their size distribution. Following Liu et al.
(2017), in collecting literature data of the size distribution of
expelled droplets by breathing, speaking, singing, coughing, and

sneezing, expelled droplets smaller than 60 lm were considered,
when measured directly in front of the mouth, assuming little
evaporation had happened. Liu et al. (2017) reported that the
droplet nuclei size at an RH of 90% (25°C) could be 30% larger
than the size of the same droplet at an RH of less than 67.3%
(25°C). In the case of a distance of about 0:5 m or more, the size
distribution of droplets of 20 lm or smaller was considered, and
for these droplets, their initial size distribution (at the point of
leaving the mouth) was estimated by multiplying their diameter
by a factor of three, to correct for evaporation (Liu et al. 2017).

For the total aerosol droplet volume by breathing, the data
reported by Fabian et al. (2011) were used. Fabian et al. (2011)
reported a box and whisker chart of the logarithm of the number
of aerosol droplets per liter of exhaled air for 6 aerosol droplet
size classes from 0:3 lm to >10 lm. For each size class, the av-
erage diameter was used; for >10 lm the value of 15 lm was
chosen. From the box and whisker chart, the mean and quantile
values were extracted by means of a plot digitizer to estimate the
mean and SD of the logarithm of the number of aerosol droplets
per liter of exhaled air for each of the six aerosol droplet size
classes. It was realized that a correlation between the numbers of
droplets expelled in the different size classes may exist that was
not apparent from this chart (e.g., a subject that expels above-
average droplets in one size class was perhaps likely to also expel
above-average droplets in other size classes). The total volume of
aerosol droplets per minute of exhaled air, vbr was calculated as
follows:

vbr ¼ 10Nðlbr,rbrÞ10−12
p
6

X6
i¼1

�
d3i ×10Nðli,riÞ

�
, (4)

where di is the diameter [micrometer (lm)] of aerosol droplets in
the i-th class of six aerosol droplet diameters, of which the loga-
rithm of their concentration in air is normally distributed with
mean li and SD ri. The volumes of each aerosol droplet size
were summed, then converted from cubic micrometers to millili-
ters by a scaling factor of 10−12, and multiplied by the tidal
breathing rate that is normally distributed on log-scale with mean
lbr and SD rbr (Table 2).

The log10 of the numbers of expelled aerosol droplets
nsp,si,co,sn during speaking, singing, coughing, or sneezing,
respectively, were assumed to be normally distributed:

nsp, si,co, sn = ½10Nðlsp, si,co, sn,rsp,si, co, snÞ + 0:5�: (5)

The addition of 0.5 within the b⬚c brackets denotes rounding
to the nearest integer values. Values of parameters lsp,si, co,sn and
rsp,si, co,sn are given in Table 2. Using data of Asadi et al. (2019),
for speaking, these needed numbers were scaled to the volume of
air a person exhales during speaking per minute using the values
for tidal breathing increased by 13.5% (Bunn and Mead 1971).
Duguid reported data for subjects counting from 1 to 100; it was
assumed this represented an observed speaking time of 1.5 min.
Values of parameters lsi and rsi represent the range of numbers
of aerosol droplets expelled by singing as reported by Mürbe et al.
(2020), and those of lco and rco represent the number of coughed
aerosol droplets as reported by Duguid (1945) and Lindsley et al.
(2012). Values of parameters lsn and rsn represent the range of
numbers of sneezed aerosol droplets as reported by Duguid
(1945) and Gerone et al. (1966).

For each study, the total volume of aerosol droplets per 20
min of speaking, per 20 min of singing, per cough, and per
sneeze, vsp,si,co,sn (milliliters) was calculated by summing
nsp,si,co,sn samples of the volumes of each aerosol diameter from
the aerosol diameter data set d as follows:
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vsp,si, co,sn =10−12
p
6

Xnsp,si,co,sn

i=1

d3: (6)

The size distributions of aerosol droplets expelled by speak-
ing were from Duguid (1946) and Asadi et al. (2019). Asadi et al.
counted particles of 0:5 to 20 lm, with highest counts approxi-
mately 1 lm, whereas Duguid reported underestimation of par-
ticles less than approximately 1 lm, with highest counts
approximately 2− 4 lm. The size distributions of aerosol drop-
lets expelled by singing were taken from Alsved et al. (2020).
The size distributions or aerosol droplets expelled by coughing
where taken from Lindsley et al. (2012) and Duguid (1946). Both
reported counts of particles for the various aerosol droplet diame-
ters. The size distributions or aerosol droplets expelled by sneez-
ing where taken from Gerone et al. (1966) and Duguid (1946).
Gerone et al. (1966) did not count particles larger than 15 lm,
and Duguid reported underestimation of particles less than about
1 lm.

See Supplementary Material for more detailed discussion on
data selection, the counted aerosol droplet diameter ranges,
method of counting, and subjects investigated in the selected
studies (section S1, “Selection of expelled particle number and
size distribution data”).

Numbers of expelled virus particles in a ventilated room.
Lindsley et al. (2012) showed that room air currents generated by
the coughing of the patient and breathing of the worker dispersed
the expelled cough particles throughout the room and that within
several minutes anyone in the room would be exposed to these
particles regardless of their location. Therefore, it was assumed
that the expelled aerosol droplets were evenly dispersed in the
room. Buonanno et al. (2020) and Nicas et al. (2005) also
assumed well-mixed air in the room.

A contagious person was assumed to continuously expel virus
particles by breathing, speaking, or singing in an indoor space.
Consequently, the number of virus particles that were contained

in aerosols in the indoor space were assumed to increase linearly
in time. In the scenarios with a single cough or sneeze at the start
of the exposure, virus particles were assumed to have also entered
the room at that moment. The number of expelled virus particles
contained in aerosols as a function of time t (min), n(t), then
decreased exponentially in time by inactivation, ventilation, and
inhalation. These processes can be described by the following
governing differential equation:

dn tð Þ
dt

= cakqe − kn tð Þ, (7)

and initial condition:

nð0Þ= cakve, (8)

where

k= l+
qv + qipi

vr
, (9)

and where ca is the virus concentration in mucus (number per
milliliter); k=27 is a correction factor for evaporation [follow-
ing Liu et al. (2017), the initial diameter of the aerosols reduce
about 3 times at RH of less than 67%; therefore, the volume of
the aerosols decreases 27 times, and the virus concentration in
the aerosol increases as much]; qe is the rate of aerosols
expelled by breathing, speaking, or singing (milliliter per mi-
nute); ve is the volume of expelled aerosols by a single cough or
sneeze (milliliter); vr is the room volume (liter); l=0:008 is the
virus inactivation rate coefficient [per minute, Schuit et al.
(2020)]; qv is the ventilation rate (liter per minute); qi is the
tidal inhalation rate (liter per minute); and pi is the number of
exposed persons.

The analytical solution of Equation 7 with the initial condition
in Equation 8 gives n(t):

Table 2. Parameter values.

Unit Equation Parameters Reference

Log10c from Ct Log10ð=mLÞ
Log10ð=mLÞ=Ct

1 a0 = 14:1
a1 = − 0:271

Own data

Log10c (throat and nasal) Log10ð=mLÞ
Log10ðN=mL=dayÞ
Log10ð=mLÞ

3 b0 = 7:53
b1 = − 0:058
r=1:28

Own data

Tidal breathing L/min 4 lbr =Log10ð6:8Þ
rbr =0:050

Fabian et al. (2011)

Log10vbr Log10mL 4 l1 = 1:5
r1 = 1:2
l2 = 0:70
r2 = 1:2
l3 = 1:0
r3 = 1:2
l4 = 0:70
r4 = 0:60
l5 = − 1:1
r5 = 0:070
l6 = − 1:3
r6 = 0:15

Fabian et al. (2011)

Log10nsp — 5 lsp =2:2
rsp =0:29

Duguid (1945); Asadi (2019)

Log10nsi — 5 lsp =5:0
rsp =0:28

Mürbe et al. (2020)

Log10nco — 5 lco =4:8
rco =0:35

Duguid (1945); Lindsley et al. (2012)

Log10nsn — 5 lsn =6:1
rsn =0:22

Duguid (1945); Gerone et al. (1966)

f — 14 f =1=80 Own data
r — 14 r=1=18 Haas (2020)

Note: —, dimensionless; min, minutes.
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n tð Þ= cak
k

qe + vek− qeð Þe−kt
� �

: (10)

Dose. It was assumed that the expelled aerosol droplets were
evenly dispersed in the room. The total number of expelled RNA
copies of the virus was computed as follows:

N∼Pois
ðT

0

ntdt

0
B@

1
CA¼Pois

cak
k2

� �
½ðqe−k veÞe−kTþqeðkT−1Þþkve�,

(11)

where T is the duration of exposure. The number N represents the
time-integrated numbers of expelled RNA copies of the virus and
therefore has the dimension of time, and not the number of
expelled RNA copies of the virus. Division of N as presented in
Equation 11 by the exposure time T provides the numbers of
expelled virus RNA copies.

Next, the dose D (RNA copies) was computed as:

D=N
vinh
vr

, (12)

where vr is the volume of the room (liters), and vinh is the inhaled
volume of an exposed person per minute using the same tidal
breath rate as in Equation (4).

Risk of illness. From characterizing a SARS-CoV-2 isolate
(hCoV-19/Netherlands/Zuid-Holland_10003/2020), it was found
that 3:13× 109 RdRp copies/mL corresponded to 5:62× 107

CCID50=mL (CCID50 =Cell Culture Infectious Dose that infects
50% of the cells). Using these data, the fraction f of RNA virus
copies that were able to infect a cell can be estimated:

f = Log 2
5:62× 107

3:13× 109
= 1=80: (13)

In other words, 80 RdRp genome copies correspond to 1
plaque-forming unit (pfu).

Haas (2020) recommended to use the dose–response data for
human coronavirus 229E as representative for SARS-CoV-2. For
human coronavirus 229E, it was found that each pfu has a proba-
bility of r=1=18 of causing illness.

This implies, then, that, on average, 1
fr =1,440 RdRp copies

are needed to cause illness.
Finally, the risk of illness, Pill, was computed using the expo-

nential dose response model:

Pill =1− e−frD: (14)

Computation. All volumes of aerosol droplets, the dose, and
risk of illness were computed by drawing 10,000 Monte Carlo
samples. All computations were conducted using Mathematica
(version 12.0.0; Wolfram Research Inc.).

Additionally, all equations were implemented into a computa-
tional tool named AirCoV2 (see Supplementary Material, section
S3. Computational tool AirCoV2) with interactive inputs for
dimensions of the room, ventilation, duration of the exposure,
number of exposed persons, and fractions f and r.

Results

Parameter Values
Table 2 shows the parameter values as obtained for the different
equations. None of the particle size distributions could be described
properly by a lognormal, gamma, or normal distribution as indicated
by an Anderson–Darling test. Therefore, Monte Carlo simulation
entailed direct random sampling from the size distribution data.

Exhaled Volumes of Aerosolized Droplets
The total volume of expelled aerosolized droplets as calculated for
the different scenarios for breathing, speaking, singing, coughing,
and sneezing (Equations 3 and 5) is shown in Figure 2. Variation
was observed both within and between scenarios. For sneezing there
was about one order of magnitude difference between the low and
high scenarios (mean from 5,300 to 40,000 picoliters per sneeze).
For coughing there were about two orders of magnitude difference
between the low and high scenarios (mean from 47 to 4,900 pL per
cough). For 20 min of singing, the mean volume was 4,300 pL. For
speaking, the two scenarios were similar (mean from 260 to 360 pL
per 20 min). The breathing scenario varied about seven orders of
magnitude (mean 44, range from 0.004 to 18,000 pL per 20 min);
the speaking and coughing scenarios varied about three orders of
magnitude and the singing and sneezing scenarios varied about two
orders of magnitude. The total aerosol volume from speaking loudly
for 20 min was in between that of the low and high scenarios from
one cough and that of singing was similar to that of a cough.

Viral Concentration Data from Swabs
The values of coefficients a0 and a1 (Equation 1) and b0 and b1
(Equation 2) are listed in Table 2. Observed SARS-CoV-2 concen-
trations in mucus spanned a wide range, from 102 to 1011 copies/
mL (corresponding to a range of Ct values from 40 to 10.5). A
decrease in concentration from the onset of symptoms was observed.
This implies that the probability that a contagious person at the onset
of symptoms is expelling at least 106, 107, 108, 109, 1010, or 1011

RNA copies/mL is 88%, 66%, 36%, 13%, 2.7%, and 0.34%, respec-
tively. This information is also included in the caption of Figure 4.

Numbers of Expelled Virus Particles and Dose
Figure 3 shows the numbers of SARS-CoV-2 RNA copies that
were estimated to be expelled during 20 min by a contagious per-
son, assuming 108 RNA copies/mL in the mucus. The average
numbers were 1,100; 6,600; 9,100; 11,000; 3,500; 25,000;
26,000; and 2× 106 RNA copies for breathing, speaking-lo,
speaking-hi, singing, coughing-lo, coughing-hi, sneezing-lo, and
sneezing-hi, respectively. In the 100-m3 room, the concentration
of RNA copies therefore ranged from about 10−4 to 1 per liter of
air. At lower virus concentrations (e.g., <104 copies/mL in the

0.001 1 1000 106

Breathe

Speak–Lo

Speak–Hi

Sing

Cough–Lo

Cough–Hi

Sneeze–Lo

Sneeze–Hi

Total aerosol droplet volume (pL)

Figure 2. Box-and-whisker chart of the total aerosol droplet volumes (pL)
that are expelled in each scenario (Table 1), showing median values, quar-
tiles (boxes) and minimum and maximum values (whiskers). Volumes in pL/
20 min for breathing, singing, and speaking and in pL per cough and per
sneeze; Lo and Hi denote low and high aerosol volume relative to each
other. The numbers are based on the case of a virus-expelling person with a
concentration of 108 RNA copies/mL in the mucus. See numerical values of
the total aerosol droplet volumes in pL in Table S2. Note: pL, picoliters.
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mucus), there was a large probability that no viruses were
expelled, especially during breathing and speaking. The corre-
sponding dose of RNA copies per exposed person was four
orders of magnitude lower due to dilution (Equation 11).
Variations in the numbers between and within breathing, speak-
ing, singing, coughing, and singing were of similar orders of
magnitude as those of the aerosol volumes.

Risk of Illness
Figure 4 summarizes the risks of illness for all scenarios. Note that
the figure shows the mean risks, and these probabilities vary one to
two orders of magnitude. In the 20-min scenario (Figure 4, top left),

at 107 RNA copies/mL, all mean illness risks were largely below
0.001, except the high sneeze scenario, and at 108 RNA copies/mL,
all mean illness risks were below 0.01, except the high sneeze sce-
nario. At even higher virus concentrations, in both sneeze scenarios,
the high cough scenario and the singing scenario, illness risks
exceeded 0.01 and may become very high, whereas the low cough-
ing scenario, both speaking scenarios and the breathing scenario
largely remained below a risk of 0.1. Next, in the 2-h scenario with-
out ventilation (Figure 4, top right), the number of expelled virus
particles from one sneeze and one cough were the same as in the
20-min scenario, but, because of longer exposure, risks increased by
about a factor of four. In the 2-h scenario without ventilation, more
virus particles were expelled by singing, speaking, and breathing;
consequently, risks in the singing, speaking, and breathing scenarios
were higher by a factor of 20–30. In the 2-h scenario, singing
became the second-highest risk scenario. At a concentration of 108

RNA copies/mL, the mean risk of illness in the singing scenario
equaled 0.13. Adding one air exchange per hour to the scenarios
(Figure 4, bottom left) reduced risk of illness for all scenarios by
about a factor of 2. Compared with no ventilation, six air exchanges
per hour (Figure 4, bottom right) reduced risk of illness by a factor
of 8–13 for the sneeze and cough scenarios and by a factor 4–9 for
the singing, speaking, and breathing scenarios. Figure S1 in section
S3 of Supplementary Material shows a screenshot of the computa-
tional tool AirCoV2 for the 2-h scenario with six air exchanges per
hour. The numbers of expelled RNA copies in the room are depicted
as functions of time. It shows that for the singing, speaking, and
breathing scenarios, an equilibrium was reached after about 20 min,
and that for the sneezing and coughing scenarios, the initial high
concentrations of virus RNA copies in the air were reduced by two
to three orders inmagnitude, but this took about 1 h.

Discussion
The probability of illness per person per event due to exposure to
SARS-CoV-2 particles contained in aerosol droplets that were
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Figure 3. Box-and-whisker chart of the numbers of SARS-CoV-2 RNA cop-
ies expelled after 20 min of breathing, speaking, or singing, and after one
cough or one sneeze, showing median values, quartiles (boxes) and mini-
mum and maximum values (whiskers); Lo and Hi denote low and high aero-
sol volume relative to each other. The numbers are based on the case of a
virus-expelling person with a concentration of 108 RNA copies/mL in the
mucus. See numerical values in Table S3.
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expelled by one infected person was estimated in various scenar-
ios wherein the infected person was expelling virus by breathing,
speaking, coughing, or sneezing. Important assumptions were
that the expelled initial aerosol droplets have the same virus con-
centration as measured in mucus from nasal and throat swab sam-
ples and that the numbers of virus particles in mucus were evenly
distributed. Moreover, it was assumed that the expelled aerosol
droplets were evenly distributed in the air of the room.

The observed log10 of SARS-CoV-2 concentrations in swab
samples at the onset of symptoms could be described with a
normal distribution with parameters l=7:53 and r=1:28. The
corresponding median and 95th-percentile concentrations were
3× 107 and 6× 1010 RNA copies/mL. From the onset of symp-
toms, the concentrations decreased with time, which is in agree-
ment with the findings of van Kampen et al. (2020), Wölfel
et al. (2020) and Zou et al. (2020). Jones et al. (2020),
Kleiboeker et al. (2020), van Kampen et al. (2020), Wölfel et al.
(2020), and Zou et al. (2020), all reported median virus concen-
trations of about 106 RNA copies/mL in a range of about
101 − 1010 RNA copies/mL, when not accounting for the days
since onset of symptoms.

The calculated range of viral concentrations in the air (from
10−4 to 1 RNA copies per liter of air, as shown above) did
encompass the values of observed airborne SARS-CoV-2 con-
centrations in hospital rooms with SARS-CoV-2 patients (Chia
et al. 2020; Guo et al. 2020; Liu et al. 2020; Ong et al. 2020;
Santarpia et al. 2020b). Chia et al. (2020) observed total airborne
SARS-CoV-2 concentrations ranging from 1.8 to 3.4 RNA copies
per liter of air. About half of the RNA was found in droplets sized
1–4 lm, and the other half in particles sized >4 lm. Santarpia
et al. (2020b) similarly observed 0.98–8.7 copies per liter of air
in hallway air samplers, and higher concentrations of 5.4–67 cop-
ies per liter of air with personal air samplers. From one of the
samples, it was indicated that it contained culturable SARS-CoV-
2. Santarpia et al. (2020a) collected aerosol samples with par-
ticles sizes of >4:1 lm, 1− 4 lm, and <1 lm from around six
patients, and detected culturable SARS-CoV-2 virus in three
samples of <1 lm aerosol. The findings of both studies by
Santarpia et al. suggest that not only RNA in inactivated virus
was emitted to the air, but also infectious virus. Liu et al. (2020)
measured air in COVID-19 patient areas, staff areas, and public
areas in two Wuhan, China, hospitals. In all three areas, positive
samples were found with low concentrations, ranging from 10−3

to 10−1 RNA copies/L for patient areas, 10−3 to 4 × 10−2 for staff
areas, and 10−3 to 10−2 for public areas. Highest SARS-CoV-2
concentrations were detected in droplet size ranges of 0:25–1 lm
and >2:5 lm. Guo et al. (2020) similarly found air samples posi-
tive for SARS-CoV-2 RNA both in patient isolation wards and
the doctor’s office in a hospital. In contrast, Faridi et al. (2020)
and Ong et al. (2020) were unable to detect SARS-CoV-2 RNA
in the air in hospital wards. Ong et al. measured in well-
ventilated airborne infection isolation rooms and their anterooms
(12 air changes per hour). Although air samples were negative,
the air outlet fan was found positive for SARS-CoV-2 RNA.

The assumption that expelled aerosol droplets are evenly dis-
tributed in the air of the room implies that there is an immediate
dilution of the expelled virus concentration, which lowers its con-
centration in the air but also spreads the virus. Obviously, dilu-
tion will not really occur instantaneously; it highly depends on
the movement of the air in the room. An exposed person directly
in front of the infected person, or in a flow path of the contami-
nated air, may inhale a much larger dose than average. Clearly,
air ventilation is very important. It may be surmised that in out-
door spaces exposure probability will be much less, due to much
more dispersion and dilution.

For virus inactivation, an inactivation rate coefficient of
0.008/h was applied (Schuit et al. 2020), which implies that virus
numbers decreased by 1.6% over a period of 2 h, which is
negligible.

For a characterized SARS-CoV-2 isolate, it was found that 56
RdRp genome copies represented 1 CCID50 (f = log 2=56= 1=80).
This was the lowest number of genome copies found to produce
culturable virus, and, therefore, a conservative estimate. On the
one hand, van Kampen et al. (2020) found only a cytopathic effect
on Vero cells if the swab sample from patients containedmore than
7 log10 RNA copies/mL, which is a totally different order of magni-
tude. On the other hand, Lednicky et al. (2020) collected aerosols
containing SARS-CoV-2 in a room housing COVID-19 patients
using air samplers that operated with a water vapor condensation
mechanism and, therefore, collected virus particles without dam-
aging them, and found on average 0.6 CCID50=RNA copy. The
data of Fears et al. (2020) show an average of 0.003 in range from
0.0008 to 0.02 CCID50=RNA copy.

In the current study, the recommendation of Haas (2020) was
followed for using the dose response data for human coronavirus
229E, i.e., r=1=18. When combining f and r, the result is
1/1,440. Popa et al. (2020) reported that based on a transmission
network with 39 transmission events that the number of viral
genomes needed to initiate infection was on average about 1,000
(1–5,000), which matches really well. The location of infection,
in relation to the size of the droplets might be of importance with
respect to illness outcomes. Droplets <5 lm can penetrate more
deeply into the lungs, where SARS-CoV-2 can infect airway epi-
thelia (Gralton et al. 2011; Milton 2020). SARS-CoV-2 entry fac-
tors were also found to be highly expressed in nasal epithelia,
meaning that infection can likely establish there as well (Sungnak
et al. 2020). Logically, SARS-CoV-2 prevalence in the popula-
tion can influence the probability that an infected person is pres-
ent in a bus or room, this probability was not accounted for in the
model. Similarly, immunity in the population can influence the
probability that susceptible persons are present.

The current study was entirely focused on estimating proba-
bilities of exposure to SARS-CoV-2 in aerosolized droplets that
are small enough to be distributed in the air farther than 1:5 m.
From this study, the relative importance of aerosol and droplet
transmission cannot be determined. To put this in perspective,
Duguid (1946) also captured droplets with an initial diameter of
>60 lm from study subjects when they were speaking, coughing,
or sneezing, of which the total volume could be 3–5 orders of
magnitude higher than the total volume of the smaller droplets
<60 lm. However, for droplet transmission, different factors
govern the probability of exposure, such as the probability of ex-
pelling droplets directly onto the mucosa of another person, hand
hygiene, hand–mouth contact, virus transfer rates, etc. It should
be noted that although transmission at short distances is com-
monly thought to be droplet transmission, Chen et al. (2020)
found that the short-range airborne route actually dominates at
most distances during both talking and coughing. Chen et al.
studied airborne transmission in general, not specifically SARS-
CoV-2 or another virus.

The highest numbers of viruses were expelled in aerosol drop-
lets from a sneeze, followed by the high coughing scenario.
Symptoms can start acutely, and the highest virus loads were
found in naso-pharyngeal swabs the day before and during first
days with symptoms (Kimball et al. 2020; Pan et al. 2020; Zou
et al. 2020). Therefore, an occasional sneeze or cough could eas-
ily occur before a person with COVID-19 realizes that he or she
should have stayed at home. As coughing is a predominant symp-
tom of COVID-19 (Wang et al. 2020), it can be envisioned that
the scenario of a single cough is not realistic, and a person may
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cough many times in a row. This would render coughing perhaps
more important than sneezing. Furthermore, singing, speaking
loudly, and breathing heavily because of intense activity may
expel as many virus particles as coughing. High SARS-CoV-2 ill-
ness rates resulting from choir practices have been reported
(Hamner et al. 2020). Singing is reportedly associated with tuber-
culosis outbreaks (Mangura et al. 1998), and Loudon and Roberts
(1968) found the number of airborne droplet nuclei after singing
to be higher than after talking and nearly as high as after cough-
ing. Other studies also suggested that airborne transmission of in-
fectious diseases is possible without coughing or sneezing simply
from exhaled breath from individuals who barely show any
symptoms (Asadi et al. 2019; Yan et al. 2018).

The observed droplet size distribution peak was different in
studies measuring specifically in smaller size ranges (0:5–20 lm)
(Asadi et al. 2019; Fabian et al. 2011) from that in studies meas-
uring in larger size ranges for both airborne and larger droplets
(2− 1,000 lm). Studies measuring in the small range generally
reported the peak (highest numbers of particles) was ∼ 1 lm,
whereas studies measuring in the larger range reported the peak
was ∼ 15 lm (Chao et al. 2009; Duguid 1946). Difference in the
sensitivity of the equipment for certain size classes might account
for this discrepancy.

The aerosol droplet volume for breathing showed a much
higher variation than did the other aerosol volumes (Figure 2). This
finding may well be explained by the fact that the data on the size
distribution of the expelled aerosols by breathing included
between-person variation (Equation 3), whereas the data on the
size distribution by speaking, singing, coughing, and sneezing
were reported average values (Equation 5). This also suggests that
the variation in aerosol volume from speaking, singing, coughing,
and sneezingwasmuch larger than depicted in Figure 2.

Various factors may potentially influence superspreading. A
person producing high levels of virus in the (upper) respiratory
system can be thought of as a superreplicator. If a superreplicator
is average or above average in droplet and aerosol production, he
or she may be a supershedder, not only producing high load of vi-
rus but also excreting high viral loads in transmittable form. If a
supershedder does not follow the mitigation protocols (stay at
home when sick, practice proper coughing and sneezing hygiene,
etc.), a supershedder can become a superspreader, someone caus-
ing many more infections than anticipated based on the average
R0. For many infectious diseases, it is thought that superspreaders
drive a large part of the transmission in the population; for
SARS-CoV-1 the 20% most infectious individuals were estimated
to have caused 80%–90% of the transmission (Galvani and May
2005; Lloyd-Smith et al. 2005), and this estimate has been sug-
gested also for SARS-CoV-2 (Endo et al. 2020). The current risk
assessment underpins the idea of superspreading events via aero-
sols. High virus concentrations in mucus of infected individuals
appear to be necessary for high risks. For the new UK-originated
variant SARS-CoV-2 VOC-202012/01, a 4-fold higher load in
clinical materials is estimated based on PCR Ct data (New and
Emerging Respiratory Virus Threats Advisory Group 2020),
which would imply doses that are four times higher. The expo-
sure assessment of this study demonstrated that viral RNA copy
concentrations in mucus above 108 permL may easily give rise to
very high exposure probabilities, even during breathing and
speaking. SARS-CoV-2 superspreaders might be pre- or asymp-
tomatic. Kimball et al. (2020) reported no significant difference
in observed viral concentrations (Ct values) in throat and nose
swabs among symptomatic, presymptomatic, and asymptomatic
individuals. One of the subjects in the study by Zou et al. (2020)
was asymptomatic and shed viral numbers that were similar to
symptomatic subjects. In the 2-h scenario without ventilation

(Figure 4, top right), the estimated risks indicated that for a risk
of illness of 0.5, either the virus concentration in mucus should
be 5× 108 RNA copies/mL and/or the number of aerosols pro-
duced by singing was more than average. Note also that the vol-
ume of aerosol droplets produced by singing may span two
orders of magnitude.

The aim of this study was to assess exposure to airborne
SARS-CoV-2 particles from breathing, speaking, singing,
coughing, and sneezing in an indoor environment. Key findings
are:

1. Data on size, distribution, and amounts of aerosol droplets
generated by breathing, speaking, singing, coughing, and
sneezing that are small enough to stay afloat in the air and
be dispersed in indoor spaces vary widely. Despite these
variations, there is ample evidence that indoor dispersion
of aerosol droplets occurs. Generally, higher counts of
smaller aerosol droplets, up to the submicron level, could
be detected in more recent studies (Asadi et al. 2019;
Fabian et al. 2011) as compared to older studies (Duguid
1946; Gerone et al. 1966). Several studies have measured
SARS-CoV-2 in the air, four of which showed infectious
virus particles (Fears et al. 2020, 2020a; Santarpia et al.
2020b; van Doremalen et al. 2020). Detection of virus par-
ticles in the air is hampered by the fact that concentrations
are commonly low, as was demonstrated in this study.
Nevertheless, such concentrations may still give rise to sig-
nificant probabilities of exposure (10 persons may inhale
5,000 liters of air per hour). To conclude: Aerosol trans-
mission of SARS-CoV-2 is possible and should not be
disregarded.

2. Moreover, according to the RIVM data presented in this
study, at the onset of symptoms, 13% of cases carry con-
centrations as high as at least 109 RNA copies per mL mu-
cus and 2.7% at least 1010 RNA copies per mL, probably
even in pre- and asymptomatic persons, adding to the prob-
ability of exposure.

3. According to our results, sneezing leads to highest proba-
bilities of exposure, followed by coughing, singing, and
speaking, and last, by breathing, in the selected scenarios.

4. The exposure assessment in this study can be used as a ba-
sis to estimate probabilities of exposure to SARS-CoV-2
by airborne transmission in indoor spaces, thereby
accounting for the probability that infected persons are
present (prevalence) and for the number of exposed per-
sons, the size of the indoor space, duration of expelling vi-
rus by the emitter, and duration of exposure to the virus.

5. The model has been developed into an interactive compu-
tational tool, AirCoV2, that allows users to run scenarios
of their choice.
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