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ARTICLE INFO ABSTRACT

Keywords: The public transport system, containing a large number of passengers in enclosed and confined spaces, provides
Respiratory droplet suitable conditions for the spread of respiratory diseases. Understanding how diseases are transmitted in public
Transm'ission transport environment is of vital importance to public health. However, this is a highly multidisciplinary matter
PDt}lllr;ﬁzni:ansport and the related physical processes including the emissions of respiratory droplets, the droplet dynamics and
SARS-CoV-2 transport pathways, and subsequently, the infection risk in public transport, are poorly understood. To better
COVID-19 grasp the complex processes involved, a synthesis of current knowledge is required. Therefore, we conducted a

review on the behaviors of respiratory droplets in public transport system, covering a wide scope from the
emission profiles of expiratory droplets, the droplet dynamics and transport, to the transmission of COVID-19 in
public transport. The literature was searched using related keywords in Web of Science and PubMed and
screened for suitability. The droplet size is a key parameter in determining the deposition and evaporation, which
together with the exhaled air velocity largely determines the horizontal travel distance. The potential trans-
mission route and transmission rate in public transport as well as the factors influencing the virus-laden droplet
behaviors and virus viability (such as ventilation system, wearing personal protective equipment, air tempera-
ture and relative humidity) were also discussed. The review also suggests that future studies should address the
uncertainties in droplet emission profiles associated with the measurement techniques, and preferably build a
database based on a unified testing protocol. Further investigations based on field measurements and modeling
studies into the influence of different ventilation systems on the transmission rate in public transport are also
needed, which would provide scientific basis for controlling the transmission of diseases.

1. Introduction

The Coronavirus disease 2019 (COVID-19) was first detected in
2019, and was soon declared as a global pandemic by the World Health
Organization (WHO) on March 11, 2020. By April 30, 2022, 510 million
confirmed cases and 6.2 million deaths were reported by WHO [1]. The
unexpected rapid spread of COVID-19 worldwide was largely associated
with the convenient and advanced national and international public
transport system, including flights, trains, buses, etc. [2,3]. For example,
4.3 billion journeys were conducted through the global aviation network
in 2018 (11.8 million per day on average) [4], which could bring the

virus to uninfected areas in a short time, even before the transmission of
the epidemic was noticed. A recent study demonstrated that about 72%
of the COVID-19 cases in New York in March 2020 had the same genome
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) as
those in Europe, indicating that transatlantic flights contributed largely
to the early transmission in New York [5].

The public transport system is a special indoor environment with
many passengers in an enclosed and confined space, favoring the
propagation of diseases between passengers. There is ample evidence
showing that the public transport environment contributes to the
transmission of influenza and coronaviruses [6]. The transmission of
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SARS-CoV-2 in a variety of public transport systems has also been
recently reported, including aircraft cabins [7,8], buses [9,10], trains
[11,12] and cruise ships [13]. The ventilation system in public transport
needs to provide conditioned air (heated or cooled) and to ensure pas-
senger thermal comfort and an acceptable cabin air quality. Due to high
population density, it requires high energy consumption. The ventilation
systems and air distribution in common public transport systems such as
buses, trains, airplanes are also different from the general indoor envi-
ronment, and the main exposure and transmission routes of respiratory
transmissible diseases are not fully understood yet.

Historically, public health communities have discovered two major
transmission routes for respiratory-borne diseases, namely, short-
distance droplet transmission and contact with contaminated surfaces
(or fomites) [14,15]. At the early COVID-19 transmission stage, gov-
ernment and health agencies recommended social distancing to avoid
the short-distance droplet transmission. Regarding the fomite route,
hand washing and surface disinfection were recommended to reduce the
possibility of picking up viruses via touching the contaminated surfaces.
These measures are essential but may not be sufficient, as small droplets
can evaporate quickly and remain in the air for a prolonged time.
Aerosol scientists argued that viruses may also be transmitted via
aerosols and be transported for a long distance. Therefore, adequate
control measures against aerosol transmission must be considered
additionally [16,17]. A case study in the bus by Cheng et al. [18] and Ou
et al. [19] demonstrated that COVID-19 can be transmitted even if the
infected person is far away (up to 9 m) from the index case (the first
identified patient within a disease epidemic in a population), implying
the possibility of exposure to virus-laden droplets via air or aerosol
transmission route.

Nevertheless, airborne or droplet transmission is a complex process
including droplet emission, evaporation, transport, deposition and the
corresponding exposure of susceptible subjects. While the emission
profiles and the consequent atmospheric behaviors of viruses-laden
droplets vary with human respiratory activities (i.e. breathing,
speaking, coughing, and sneezing) [20,21], different environmental and
ventilation conditions in public transport also influence the transmission
routes and the associated potential risk in the public transport systems
[22-24]. Understanding these aspects is of vital importance for con-
trolling COVID-19 and other transmissible respiratory tract diseases.

Here, we conducted a thorough review on both the emissions and the
atmospheric behaviors of droplets or particles generated from expira-
tory activities, as well as the factors controlling the viral transmission in
public transport systems with a focus on SARS-CoV-2. The review aimed
to address the following questions: (1) What are the droplet/particle
emission profiles from the human expiratory activities? (2) How do
droplets transport, deposit, and evaporate? (3) What are the main fac-
tors controlling the behaviors of droplets or particles in the public
transport systems?

2. Methods

In this review paper, literature was collected by searching in Web of
Science and PubMed using keywords followed by manual screening for
suitable topics and scopes. The keywords used in Web of Science
included “emission”, “aerosol”, droplet”, “respiratory”, “coughing”,
“sneezing”, “speaking”, “evaporation”, “dynamic”, “SARS-CoV-2”,
“COVID-19”, “bus”, “subway”, “metro”, “underground”, “vehicle”,
“train”, “rail”, “airplane”, “flight”, “public transport/transportation”,
“face mask”, “filtration”, and “virus survival”’. For COVID-19 trans-
mission in public transport, literature search in PubMed was also con-
ducted using keywords of “SARS-CoV-2”, “COVID-19”, “bus”, “subway”,
“metro”, “underground”, “vehicle”, “train”, “rail”, “airplane”, and
“flight”. Some of the papers were collected by cross-referencing other
reviewed papers.

For the content in Sections 4.2.3 and 5 on the modeling and trans-
mission of COVID-19 in public transport, a systematic review approach
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was used. Specifically, 2172 search results were obtained through
searching in Web of Science and PubMed by December 16, 2021. After
screening for duplication, scope and suitability, 47 papers were selected
and included.

3. Droplet emission profiles from human expiratory activities
3.1. Number and size distribution

Three main methods have been applied to study the droplet number
and size from expiratory activities: optical microscopy, on-line particle
size spectrometer and on-site detection techniques. Optical microscopy,
applied in early studies, uses collection media such as glass slides to
collect deposited droplets, and then the stains of droplets are counted
and measured with a microscope [20,25]. Dyes are commonly applied in
the mouth to leave a colorful stain, while no dye is needed if
water-sensitive paper is used. Although the microscope is capable of
measuring stains as small as 0.25-0.50 pm, the method is only effective
in measuring droplets >10 pm, because small droplets do not deposit
effectively on the collection media but instead remain airborne for an
extended time. Only a few studies endeavored to collect small droplets
(<10 pm) by air sampling followed by microscope analysis (e.g. Duguid
[20], Loudon and Roberts [25]).

The on-line particle size spectrometer uses an aerosol instrument
with a tubing system to measure particles in a wide size range, focusing
on small ones in general [26-28]. For instance, the Aerodynamic Par-
ticle Sizer (APS), Optical Particle Counter (OPC) and Wide-Range Par-
ticle Spectrometer (WPS) are capable of detecting particles with a size
range of a few hundred nanometers to 10-20 pm, while the Scanning
Mobility Particle Sizer (SMPS) is used for particles in a size range of
several nanometers to sub-micrometer. It is worth noting that droplets
may dry out in the tubing system, leading to their size reduction, while
droplets near the upper size detection limit (e.g. 10-20 pm) may be lost
due to gravitational settling and inertia in the tubing system. More
recently, some studies utilized on-site detection techniques such as
Interferometric Mie Imaging and laser particle size analyzer to deter-
mine droplet sizes (e.g. Chao et al. [29] and Han et al. [30]). These
methods measure the droplets in the open air and the sensors are located
close to the mouth opening. This approach is not subject to particle loss
associated with the tubing system and can measure both small and large
droplets (e.g. 0.1-1000 pm in the study of Han et al. [30] or 2-2000 pm
in the study of Chao et al. [29]).

Table 1 and Table 2 summarize the characteristics of the droplets
emitted from respiratory activities including breathing, speaking,
singing, coughing, and sneezing from previous studies. For breathing,
results are only available based on the on-line particle size spectrometer,
limited to particles with diameters smaller than 10-20 pm. Only the
study by Asadi et al. [26] reports E,, of 0-2 s 1 (0-11 L’l), which is at the
lower end of the range of E,, for speaking or singing. Most studies report
droplet concentrations in the exhaled breath in the range from 14 to 1.7
x 10* L1, The wide range spanning three orders of magnitude can be
largely attributed to individual differences, as some individuals are
“super emitters" [31]. The variation can also be partly explained by the
change in breathing maneuver, with higher concentrations for breathing
to residual volume or with airway closure [32,33]. The droplet sizes
from breathing were mainly below 1.0 pm, with peaks at 0.07 pm,
0.2-0.5 pm and 0.75-1.0 pm in different studies. It is also possible that
peaks at larger size could be omitted due to the detection limit associ-
ated with the on-line particle size spectrometer.

For speaking or singing, emissions were measured when counting 1
to 100 in English, which was defined as one event in most studies. Re-
ported droplet number emission rates (E;) are in a wide range of
100-6720 event ! [20,21,26,29,34]. The size distribution of emitted
droplets also varies largely, with the main peaks located at ~1 pm, 6 pm,
12 pm, 63 pm, and 100 pm in different studies. Three studies have
identified a bimodal size distribution, showing both a major peak at <
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Table 1
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Number and size distribution of the droplets emitted from breathing, speaking and singing.

Activity Reference Droplet Number Droplet Number Size Distribution =~ Methods (detectable size range)
Breathing  Edwards et al., high emitter: 660-3.2 x 10® L ™! (exhaled air) NA® on-line particle size spectrometer (OPC, >
2004 [31] low emitter: 14-71 L™t (exhaled air) 0.085 pm)
Almstrand et al., breathing to residual volume: 8.5 x 10° (810-2.8 x peak at 0.3-0.4 pm on-line particle size spectrometer (OPC, 0.3-20
2010 [32] 101! pm)
breathing to closing point: 2.5 x 10° (330-1.3 x 10%)
L1
breathing to functional residual capacity: 1.3 x 10°
(69-5.3 x 10%) L ™!
tidal breathing: 230 (18-1.0 x 10%) L1
Morawska et al., natural breathing in (nose) and out (mouth): 92 L~! GMD < 0.8 pm" on-line particle size spectrometer (APS, 0.7-20
2009 [35] natural breathing with nose: 50 L™* pm)
Asadi et al., 2019 0-2s71(0-11 L7H)¢ peak at 0.75-1.0 pm on-line particle size spectrometer (APS, 0.5-20
[26]° pm)
Holmgren et al., tidal breathing: 1.1 x 10* (600-8.3 x 10%) L ™! tidal breathing: GMD = 0.07 pm, on-line particle size spectrometer (SMPS,
2010 [33] (SMPS); 60 (20-230) L™! (OPC); GSD = 2.0; 0.01-0.43 pm; OPC, 0.3-20 pm)
airway closure: 1.7 x 10% (3.9 x 10°-6.9 x 10%) L™} airway closure: a broad peak at
(SMPS); 5.3 x 10° (1.0 x 10°-1.2 x 10*) L™! (OPC) 0.2-0.5 pm
Speaking Duguid 1946 [20] 252 event ¢ peak at 12 pm optical microscopy (>20 pm)
Loudon and 1764 (1171-2687) event ! peak at 100 pm optical microscopy (>20 pm)
Roberts 1967 [25]
Johnson et al., NA main peak at 1.6 and 2.5 pm; sub-  optical microscopy (>20 pm) and on-line
2011 [28] peak at 145 pm particle size spectrometer (APS, 0.7-20 pm)
Xieetal., 2009 [21] 760 (100-2749) event * (without dye) peak at 63 pm optical microscopy (>20 pm) and on-line
2273 (809-3738) event ! (with dye) particle size spectrometer (OPC, 0.3-20 pm)
Asadi et al., 2019 1-50 s~! (100-5000 event 1)’ peak at 0.9-1.2 pm on-line particle size spectrometer (APS, 0.5-20
[261° pm)
Chao et al., 2009 112-6720 event 10 mm from mouth: main peak at  on-site detection techniques (Interferometric
[29] 6 pm; sub-peak at 137 pm; Mie imaging for size) (2-2000 pm)
60 mm from mouth: peak at 6 pm
Singing Loudon and 669 event ! main peak at 0-2.9 pm; optical microscopy (>20 pm)

Roberts 1968 [34]

sub-peak at 56-114 pm

# NA: not available.
b GMD: geometric mean diameter.

¢ In Asadi et al. [26], the speaking experiment was pronouncing/a/and reading book passages.

4 Conversion of s~! to L™! assuming an average exhalation rate of 16 m® per day as adopted from EPA Exposure Handbooks (EPA 2011).
¢ One event is defined as counting (either speaking or singing) from 1 to 100 in English.

f Conversion of 57! to event ! assuming that it takes 100 s for one speaking event.

10 pm and a sub-peak at > 50 pm [28,29,34]. The study by Asadi et al.
[26] suggested that E, is linearly correlated with the vocalization
loudness but the corresponding number size distribution is independent
of loudness.

For coughing, reported E, values vary over five orders of magnitude
(40-5.0 x 10° cough’l) and the main peaks of related size distributions
are located at < 0.1 pm, ~1 pm, ~5 pm, 12 pm, and ~75 pm in different
studies. Studies that observed bimodal or trimodal size distribution
generally found a major mode below 10 pm and sub-modes above 60
pm, similar to the results for speaking and singing. The highest E, from
the study of Lee et al. (2019) (more than two orders of magnitude higher
than the other studies) can be partly explained by its relatively low size
detection limit (0.01 pm) due to the application of SMPS. This also ex-
plains the discrepancy in the locations of the main peaks of the size
distributions: < 0.1 pm in the study of Lee et al. (2019) vs. > 1 pm in the
other studies. However, the detection limit cannot explain all the
observed variations. For example, the study reporting the lowest E;, (40
cough™! by Xie et al. [21]) has a detection limit of >0.3 pm, while the
study reporting the second highest E, (~10* cough™! by Lindsley et al.,
2012) only targets particles of 0.35-10 pm in size. Many factors
including the placement and the movement of lips, tongues and teeth as
well as the amount of secretion during the cough may influence the
droplet emissions. In addition, the health status of the test subjects may
be another important factor as people with respiratory diseases tend to
produce more violent coughs than healthy people [25].

Only two studies were found for the case of sneezing. Duguid [20]
reported a droplet emission rate of 1 x 10° sneeze ! with a unimodal
size distribution peaking at 6 pm. In contrast, Han et al. [30] identified
both unimodal (with geometric mean diameter (GMD) = 360 pm) and

bimodal (GMD = 72 and 386 pm) volume size distributions. Note that
the mode of volume size distribution reported by Han et al. [30] tends to
shift towards larger size compared with the number size distribution
reported by other studies and thus cannot be compared directly with the
others.

In summary, current available results have demonstrated consider-
ably large variations in both droplet emission rates (differing by 2-5
orders of magnitude) and size distributions for each respiratory activity
among studies and also within individual studies. This can be attributed
to individual differences, loudness of voice, health condition, and
measurement methods applied in the studies. Intensive activities such as
coughing and sneezing tend to have higher E,, as well as larger variation.
However, considering the duration, total emissions from breathing and
speaking can be of more importance. In addition, most respiratory ac-
tivities can produce droplets both smaller and larger than 10 pm in size,
which will have different aerodynamic behaviors and subsequent
exposure routes in the public transport. It is also worth noting that the
major modes are all below 10 pm for the results with bimodal size dis-
tribution, emphasizing the relatively high possibility of the spreading of
virus-laden droplets via the aerosol transmission route.

3.2. Expiratory air velocity

The initial air velocity (vo) generally increases with the intensity of
the expiratory activities, with the highest v, reported by Bourouiba [37]
for sneezing (10-30 m s’l), followed by coughing (9.0-15.3 m s hH
[38-41], speaking (1.08-4.07 m s~ 1) [29], and breathing (1.08-1.64 m
s71) [42]. Some studies suggest that v, values from coughing and
speaking are higher for males than females, while the study by Xu et al.
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Table 2

Number and size distribution of the droplets emitted from coughing and sneezing.
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Activity Reference Droplet Number Droplet Number Size Distribution Methods (detectable size range)
Coughing  Duguid 1946 [20] 5000 cough ! peak at 12 pm optical microscopy (>20 pm)
Loudon and Roberts 466 (50-1642) cough™? main peak at 4 pm; sub-peak at 69 pm optical microscopy (>20 pm)
1967 [25]
Johnsonetal, 2011  NA? main peak at 1.6 and 1.7 pm; sub-peak at 123 pm optical microscopy (>20 pm) and on-line particle
[28] size spectrometer (APS, 0.7-20 pm)
Xie etal., 2009 [21] 40 (14-67) cough™! peak at 63-88 pm optical microscopy (>20 pm) and on-line particle
size spectrometer (OPC, 0.3-20 pm)
Lindsley etal., 2012 7.5 x 10* + 9.7 x 10* cough™! a broad peak at 0.35-1.7 pm on-line particle size spectrometer (WPS, 0.35-10
[27] (when ill); pm)
5.2 x 10* £ 9.9 x 10* cough™*
(after recovery)
Leeetal., 2019 [36] 5.0 x 10° (7.7 x 10°-1.9 x 107) peak at < 0.1 pm on-line particle size spectrometer (SMPS,
cough 1 (when ill); 0.01-0.42 pm; OPC, 0.3-10 pm)
1.4 x 10° (3.6 x 10°-4.2 x 10°)
cough™! (after recovery)
Chao et al., 2009 947-2085 cough™! main peak at 6 pm (10 and 60 mm from mouth) on-site detection techniques (Interferometric Mie
[29] sub-peak at 175 pm (10 mm from mouth) imaging, 2-2000 pm)
Sneezing Duguid 1946 [20] 1 x 10° sneeze™! peak at 6 pm optical microscopy (>20 pm)
Han et al., 2013 NA unimodal volume size distribution: GMD = 360.1 on-site detection techniques (Laser Particle Size
[301"° um, GSD = 1.5;° Analyzer, 0.1-1000 pm)

bimodal volume size distribution: GMD = 72 pm,

GSD = 1.5; GMD = 386.2 pm, GSD = 1.8

2 NA: not available.

b The study reported volume size distribution instead of number size distribution.

¢ GMD: geometric mean diameter, GSD: geometric standard deviation.

[42] found slightly higher velocities from breathing of females
(1.53-1.64 m s~ 1) than males (1.08-1.56 m s 1). However, the evidence
is too limited to conclude any gender difference. After expiration, the air
velocity follows an exponential decay over the distance from the mouth
[43].

4. Droplet dynamics modeling
4.1. Simplified estimation of droplet falling and evaporation time

When air flow or air convection is not considered, the droplets or
aerosol particles are assumed to exist in still ambient air. The diffusion,
deposition and evaporation of droplets in still air are well understood
and the theories of these processes have been documented in textbooks
[44,45]. Vertically, two main forces are exerted on the particle, where
the gravity equals the drag force of the air when the terminal settling
velocity (Vrg) is reached. The approximation of the drag force changes
with Reynolds number (Re), so does the Vys. The Vg in the Stokes’s
region (Re < 1.0) can be calculated by Eq. (1) [45],

2
s :""‘f"Tf?C“ 1]
where p;, is the particle density, d, is the particle diameter, g is the
gravitational acceleration, C. is the slip correction factor which is
important for small particles, and 7 is the viscosity of air.
The particle Vrg in the transition region (1 < Re < 1000) is calculated
by Eq. (2) and Eq. (3) [45],

Vis =——exp( — 3.070+0.9935 7 — 0.0178 J2) [2]
Pedy
4p p.d3g
J=In[CpR] =In <p3ng2" [3]

where pq is the air density, and Cp is the drag coefficient in Newton’s
resistance law. In the transition region, Cp has a complicated relation-
ship with Re. However, the Vg can be calculated empirically based on
the value of CDRf as shown in Eq. (3).

The evaporation of a pure water droplet is controlled by two

competing processes: (a) ambient water vapor arrives and sticks onto the
droplet surface, and (b) water molecules evaporate and leave the droplet
surface. The complete evaporation time of a water droplet (tg) in still air
is a function of the particle diameter, particle density, temperatures of
the droplet and the ambient air, as well as vapor pressures on the droplet
surface and in the ambient air [45]. It can be calculated by Eq. (4):

Rp. d?
=% [4]
oM ( )

where R is the gas constant, Dy is the diffusion coefficient of water vapor,
M is the molecular weight of water, p,, and pq are the water vapor
pressures in the ambient air and on the droplet surface, respectively, To,
and Ty are the temperatures of the ambient air and the droplet,
respectively.

However, the exhaled droplets contain some solutes. For instance,
the major components of mucus include Na®, Cl-, K", lactate and
glycoprotein [46], which would form a droplet nuclei with a diameter of
about half of the original droplet size after evaporation [47]. The
evaporation time for a droplet to form a nucleus about half of its original
size (half evaporation time, t; o) can be calculated by Eq. (5):

2
128 :%25&2 [5]
32 DM (;—2 - f;f) 4

Based on Egs. (1)-(3), the Vgg is about 2.1 m s71 for a 500-pm
droplet, 0.25 m s! for a 100-pm droplet, 3.1 x 10> m s~! for a 10-ym
droplet, and 3.0 x 107> m 5! for a 1-um droplet. As shown in Fig. 1, the
time for a droplet at a height of 1.6 m to fall to the ground varies from
0.78 s for the 500-pm droplet, 6.4 s for the 100-pm droplet, 5.2 x 102 s
for the 10-pm droplet, to 5.3 x 10* s for the 1-pm droplet. This clearly
indicates that the residence time of a droplet in still air is largely
controlled by the droplet size. It is also worth noting that it takes >5.2 x
102 s for droplets in the size range of <10 um to fall onto the ground,
which may be sufficiently long for them to be inhaled and lead to sig-
nificant exposure.

Fig. 1 also shows t; g at different values of relative humidity (RH).
At a typical indoor RH of 50%, the t; o is 0.033 s for a 5-pm droplet,
0.13 s for a 10-pm droplet, and it reaches 13.2 s for a 100-pm droplet and
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3.3 x 102 s for a 500-pm droplet. In other words, droplets <10 pm
evaporate almost instantaneously, while larger droplets (>100 pm) take
a significantly longer time to evaporate. In addition, high ambient RH
slows down the droplet evaporation, while low RH accelerates the
evaporation. The t; o for the same droplet increases by one order of
magnitude when RH increases from 0% to 90%. The calculations indi-
cate that, in the still ambient air under typical indoor temperature and
RH, large respiratory droplets (>100 pum) settle and fall onto the ground
quickly with a limited airborne time (commonly less than a few sec-
onds), while small droplets (roughly <10 pm) evaporate completely and
form the droplet nuclei within 1 s. The decrease in size due to the
evaporation prolongs the droplet residence time in the air.

4.2. Modeling studies on droplet transport and related dynamics

Several sophisticated models have been applied to simulate the
transport and related dynamics of droplets emitted from respiratory
activities, as summarized in Table 3. Among them, physical models,
mathematical models and Lagrangian models consider several forces
acting on the droplets in still ambient air, such as the gravitational force,
the drag force, the buoyancy force, etc., and take into account the
droplet evaporation in most cases [48-51]. The exhaled air is commonly
treated as a turbulent jet with varying initial velocities (ranging from 1
to50ms™ 1) entering the still ambient air. A few other studies have also
used computational fluid dynamic (CFD) model or multiphase numerical
model (MNM) to simulate the droplet transport with airflow in indoor
environment [40,52,53], as well as in public transport [22,23,54].

4.2.1. Modeling studies on droplet dynamics in still air

When the air is exhaled in a horizontal direction in still air condition,
the droplet dynamics can be simplified into evaporation, vertical falling,
and horizontal travel, which are heavily influenced by the droplet size,
the initial air velocity and RH. As illustrated in Fig. 1, the evaporation
rate is controlled by droplet size, with small droplets evaporating rapidly
to form dried nuclei and large droplets evaporating slowly. Note that
there is no absolute division for small and large droplets as it is also
influenced by environmental factors (temperature, RH, etc.).

Vertically, large droplets fall onto the ground quickly because of
gravity [21,50]. Small droplets have a low gravitational falling velocity,
and the reduction in size due to rapid evaporation helps them to remain
suspended in the air for a longer time. This results in different removal
mechanisms for small and large droplets, i.e., large droplets are mainly

1000
Falling time
100 5 Evaporation time t,
20°C, 0% RH
. ——20°C, 50% RH
® 104 —20°C, 75% RH
[0) —20°C, 90% RH
£
l_
14
0.1
0.01 T

1 10 100 1000
Droplet diameter (um)

Fig. 1. Droplet falling time (at a height of 1.6 m) and evaporation time to be
half of its original size (t; r) as a function of the diameter. Note that the falling
time here only applies to droplets with zero initial vertical velocity in still air,
and the interaction between evaporation and gravitational settling is
not considered.
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removed by gravitational deposition, while small droplets are mainly
removed by room air exchange [52]. In addition, high RH slows the
evaporation rate and thus promotes the gravitational falling [50].

On the other hand, horizontal travel distance in still air is influenced
by both the initial air velocity and the droplet size. Xie et al. [51] found a
great increase in the horizontal travel distance of droplets of 60-100 pm
with increasing initial velocity: >6 m for sneezing (vo of 50 ms~1), >2'm
for coughing (v of 10 m s’l), and <1 m for breathing (vo of 1 m sh.
Similarly, Li et al. [49] found that droplets of 50 pm could travel 0.6 m
(voof 10 m s Horl.8m (vo of 40 m s h horizontally before falling on
the ground. The varying behavior of droplets with different sizes is
schematically depicted in Fig. 2. As quoted from the study of Chen et al.
[48]: “The medium size group (75-400 pm) would be dominated by
gravity, falling rapidly to the ground”, and travel the shortest distance
(~0.6-1.1 m); “the small size group (<75 pm) would follow the air
stream, being widely dispersed”; and “the very large size group (>400
pm) would be dominated by inertia and travel a longer distance”. In
other words, with the same vy, medium sized droplets (ca. 75-400 pm)
tend to travel a short distance horizontally. The distinct behaviors of
droplets in the exhaled jet can be explained by the relaxation time (the
time required for a droplet to adjust its velocity to new forces), which is
proportional to the square of the diameter [45], e.g., 3.1 x 10™%s, 3.1 x
1072 s and 6.7 s for droplets of 10 pm, 100 pm and 1500 pm, respec-
tively. Therefore, small droplets quickly follow the exhaled air stream
while very large droplets tend to maintain their own velocity. Moreover,
while high RH promotes the gravitational falling, it also leads to a longer
horizontal travel distance in still air [50].

As demonstrated above, large, medium and small droplets have
different transport and dynamic patterns. Assuming a typical scenario
with two persons facing each other at a short distance, questions arise as
to whether this scenario causes the exposure to expiratory virus-laden
droplets? If yes, which droplet size and initial velocity (corresponding
to different expiratory activities) contribute to the greatest exposure?
Chen et al. [48] specifically studied the relative importance of two
exposure routes: (1) the large droplet route (droplets are directly
deposited on the membranes of the mouth, nose and eyes) and (2) the
short-range airborne route (droplets or nuclei are inhaled in the
short-range). They found that the short-range airborne route is domi-
nant at most of the distances for both talking and coughing, while the
large droplet (>100 pm) route dominates only at a very close distance
(0.2 m for talking, or 0.5 m for coughing).

4.2.2. Modeling studies on droplet dynamics considering room air flow

When the room air flow is considered, the horizontal and vertical
travel behaviors of droplets are similar to those in still air condition, e.g.,
longer horizontal travel distance with larger initial velocity [49], and
higher gravitational settling velocity for large droplet sizes [52]. How-
ever, the droplets are additionally influenced by the indoor air flow. The
influence is greater for small droplets than large droplets as the small
droplets tend to follow the air flow even at high air exchange rate (AER).
Chao et al. [52] modeled the distribution and transport of droplets in a
hospital ward with a ventilation system having both air supply and air
return grilles on the ceiling and air changes per hour (ACH) of 6 and
11.6, respectively. Droplets <45 pm tend to follow the ventilation flow,
and can be airborne pathogen carriers [52].

4.2.3. Modeling studies on droplet dynamics in public transport
Modeling studies on dynamics of respiratory droplets in public
transport are presented in Table 4. The ventilation system greatly in-
fluences the droplet dynamics. Zhu et al. [23] studied droplet dispersion
patterns from four bus ventilation systems with the same air supply rate
of 0.54 m® s71. Among them, three are mixing ventilation systems (air
supply on the side of ceiling, and air return in the middle of the ceiling or
the backwall), and the fourth is a displacement ventilation system (air
supply near the bottom of the sidewalls and air return on the side of the
ceiling). With displacement ventilation, the exhaled air from the
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Table 3
Model studies on droplet transport and related dynamics.
Model type Model description Initial velocity (vo) Results Reference
Physical model Accounting for gravity, drag force and evaporation; breathing: 1, 2.5 and 5 m (1) Droplets of 20 pm from breathing evaporate Wang et al.,
using a Turbulent Jet Model. s rapidly, travel 1.0-2.5 m horizontally and fall 0.5-2 2005 [50]
coughing/sneezing: 10,20  cm. (2) Droplets of 40 um from coughing or sneezing
and 50 m s travel about 5-16 m horizontally and fall 4-20 cm.
(3) Higher RH slows the droplet evaporation rate,
leading to longer falling and horizontal travel
distance.
Physical model Accounting for gravity, buoyancy, drag force and breathing: 1 m s™%; (1) Small droplets evaporate rapidly and remain Xie et al.,
evaporation; using an empirical non-isothermal jet talking: 5ms~'; coughing:  airborne while large droplets (>60-100 pm) fallonto 2007 [51]

theory.
ms !

10 m s~ 1; sneezing: 20-50

the ground. (2) The exhaled air velocity determines
the horizontal travel distance of large droplets
(60-100 pm): >6 m (sneezing), >2 m (coughing) and
<1 m (breathing). (3) Higher RH increases falling
distance for droplets of all sizes, and increases
horizontal travel distance only for droplets <40 pm.

Lagrangian Accounting for gravity, buoyancy, drag force, pressure 10 and 40 m 5! (1) 1-pm droplets do not travel far in still air due to Lietal., 2012
model gradient force, virtual mass force and Brownian the rapid decrease in the velocity. (2) 50-pm Droplets ~ [49]
diffusion. could travel 0.6 m (vo =10 m s~ 1) or 1.8 m (v = 40
m s~ 1) before falling onto the ground.
Mathematical Accounting for droplet evaporation and dispersion; speaking: 3.7 ms™}; (1) Droplets >400 pm travel >2 m. (2) Droplets of Chen et al.,
model using using classic jet formulas; focusing on a short- coughing: 11.7 m s~ 75-400 pm travel the shortest distance (<2 m) and 2020b [48]
range (2 m) exposure via large droplet route and fall onto the ground rapidly. (3) Droplets <75 pm
airborne route. follow the air stream and be widely dispersed. (4)
Regarding exposure, the airborne route is more
important than the large droplet route.
CFD and drift Accounting for indoor airflow, particle gravity, and breathing: 6 m s Droplets of 1 pm travel about 0.5, 3 and > 5 m for vy Zhao et al.,

flux model particle diffusion; no droplet evaporation. coughing/sneezing: 20 =6, 20 and 100 m s, respectively. 2005 [53]
and 100 m s~!

CFD and Accounting for indoor airflow, particle gravity, drag coughing: 22 m 5! (1) Droplets <30 pm transport with the indoor air Zhu et al.,
Lagrangian force, and pressure variance force; no droplet flow field. (2) Droplets of 50-200 pm fall by gravityas 2006 [40]
model evaporation. the airflow slows down. (3) Droplets >300 pm fall

slightly and travel almost straightly due to great
inertia.

MNM" and Accounting for indoor airflow, gravity, drag force, 10ms! (1) Droplets <45 pm settle in <20 s in unidirectional =~ Chao and
Lagrangian basset force, fluid pressure gradient force and droplet downward flow and in 32-80 s in ceiling-return flow. =~ Wan, 2006

model evaporation; under unidirectional downward and
ceiling-return type ventilation.

MNM and Accounting for indoor airflow, particle gravity, drag
Lagrangian force, thermophoretic force and Brownian diffusion;
model no droplet evaporation; in a hospital ward with

ceiling-mixing-type ventilation.

coughing: 10 m s~

(2) Droplets >45 pm settle in <6 s in both airflow [38]
patterns. (3) Horizontal travel of droplets is < 0.31 m
in unidirectional downward flow. (4) Horizontal
travel for small droplets covers the whole width of
room (2.4 m) in ceiling-return flow.

(1) Droplets <45 pm tend to follow the ventilation
flow in lateral dispersion. (2) Droplets >87.5 pm are
predominately removed through deposition (95%),
mostly in less than 36 s (3) The removal through
gravitational settling becomes more important than
air exchange with the increasing droplet size.

1 Chao et al.,

2008 [52]

@ CFD: computational fluid dynamic.
> MNM: multiphase numerical model.

infection source moves upwards immediately to the air return outlet
without dispersion in the bus cabin, thus minimizing the exposure to the
other passengers. In contrast, with mixing ventilation, the air trajectory
within the bus is much longer. The infection risk is lower in the
displacement ventilation (~0.05%) than the mixing ventilation (0.05%—
10.1%). In addition, the infection risk also depends on the location
relative to the infection source, the receptor and the return outlet [23].
Regarding natural ventilation by opening of windows or hatch, Ho and
Binns [24] found that simultaneous opening of windows that are sepa-
rated from each other induces through-flow condition in a moving bus,
and leads to low exposure. In contrast, opening multiple windows in a
stationary bus with bus’s mechanical ventilation system turned off in-
duces turbulence and well-mixing of droplets, and is less optimal than
opening only one window in front of the index case (sneezer) [55].
The locations of air supply and return also influence the within-bus
air flow, and there can be regions with higher or lower droplet con-
centrations in the bus. For instance, a common arrangement of air
supply on both sides of the ceiling and air return in the front of the
ceiling results in higher exposure for passengers in front rows [56]. In

another case where air supply is at the rear of the ceiling and air return is
in the middle of the ceiling, the seats in the back of the bus are in the
low-risk region [57]. The seating of the index case and other passengers
relative to the air supply and return is an important factor influencing
the infection risk. Ooi et al. [58] found that the neighboring passengers
downwind of the cougher are typically at a higher risk than the other
passengers. When the infection source is near the return outlet, the
infection risk for other passengers decreases [23].

Temperature and RH influence the droplet dynamics in the bus as
well. One study found that outdoor temperature influences the tem-
perature distribution, and subsequently affects the droplet diffusion
speed in the bus cabin [57]. Higher RH slows droplet evaporation and
promotes deposition, thereby lowering the risk of droplet transmission
[56].

The modern high speed trains often use an up-to-down air condi-
tioning scheme, with the air supply on the ceiling or the sidewall below
the luggage rack, and air return at the bottom of the side wall [59]. The
type and location of the air supply diffusers affect the cabin air flow, and
the dispersion pattern for gas and particles are different under the same
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ventilation condition [59]. The through flow within the cabin from the
front door to the back door of the train cabin was observed in one study,
which significantly promoted the droplet removal ability but also led to
much longer dispersion distance [60]. The size of droplets influences the
dispersion pattern. Droplets <36 pm can be dispersed throughout the
cabin while droplets >87.5 um deposit mostly near the seat of the
emitter [61].

Compared with other types of public transport, the airplane cabin
has a high efficiency particulate air filter (HEPA) system to purify the
cabin air. The air supply is commonly located on the ceiling and the
return outlet on the bottom sidewall. The transport of droplets or droplet
nuclei is highly influenced by the airflow, which can vary between
different cases. Gupta et al. [22] modeled the transport of respiratory
droplets in an aircraft cabin using a CFD model. For the specific airplane
cabin scenario (seven-row and twin-aisle, fully occupied, the index pa-
tient sits in the middle of the cabin, ACH of 33.7, air supply inlets on the
top wall, air outlets at the bottom of the sidewalls), most of the droplets
were transported within one row from the index patient in 30 s, and the
droplets were reduced to 12% after 4 min due to the removal by air
exchange. In another study by Talaat et al. [54], the aerosol transmission
in an aircraft cabin with and without sneeze shield between passengers
was modeled. The results indicate that the droplets start to spread in 10 s
to other individuals, and in 2-3 min, all droplets are removed by
ventilation or deposition. Using sneeze shields between passengers can
effectively redirect part of local air to the back of front seats and reduce
the aerosol transmission. For a comprehensive understanding on the
ventilation and airplane cabin air quality, refer to the review by
Elmaghraby et al., in 2017 [62].

5. SARS-CoV-2 transmission in public transport

A previous review by Browne et al. [6] summarized the research on
influenza and coronavirus transmission in transportation and trans-
portation hubs, which included 41 studies ranging from air transport
(airplane cabin), sea transport and ground transport. Herein, we focus
on the transmission of SARS-CoV-2 in bus, train and airplane, mostly
based on epidemiological studies.

5.1. Bus
Table 5 provides an overview of the SARS-CoV-2 transmission

studies in bus and train. SARS-CoV-2 virus has been detected both on the
surfaces and in the air of transit buses in Barcelona, Spain [64], Tehran,

Yo
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Iran [65] and Apulia, Italy [66]. However, the presence of SARS-CoV-2
in transit buses was not found in Chieti, Italy [67], where strict rules
were adopted for passengers including wearing face masks, distancing,
hand hygienization as well as opening the bus windows. In contrast,
wearing face mask and distancing were required in the study of Apulia,
Italy [66], while no such information was provided in the other two
studies of Barcelona and Tehran.

Relatively high transmission rates (estimated as the percentage of
new cases in the total population) of 17% [9], 35% [10], 44% [68], and
92% [69] were repforted on coach/tour buses. The first study by Luo
et al. [9] investigated COVID-19 transmission in buses in Hunan, China
in January 2020. Specifically, a COVID-19 infection source (patient A)
took a 2.5-h ride on one coach bus (all 49 seats occupied) and a 1-h trip
on a minibus (12 of 18 seats occupied). The windows were closed on
both buses with ventilation systems on. In total, patient A infected eight
persons on the coach bus and two on the minibus. The majority of
infected persons were located more than 2 m away from the infection
source, indicating potential aerosol transmission. Another report [10]
described a case study on the buses in Zhejiang, China in January 2020.
A source patient infected 24 people on the same bus during a 2.5-h bus
tour, where the bus ventilation system was operated in an
indoor-recirculation mode. The highest transmission rate of 92% was
observed on a coach bus carrying 52 passengers from Greece to the
Middle East over an 8-day trip with 10 h of driving per day [69].

In contrast, zero transmission was reported in school buses in Vir-
ginia, USA [70]. Using public transport in Zurich, Switzerland did not
lead to significant differences in contracting COVID-19 among health
care workers in a local hospital [71].

Overall, current literature points to high transmission rates on coach
or tour buses, which can be attributed to the insufficient ventilation [18]
and prolonged time of close contact among passengers (ranging from a
few hours to a few days). Based on very limited evidence, it appears that
the use of transit bus or school bus is associated with much lower
transmission risk, which might be explained by the wearing of face
mask, shorter riding duration and frequent opening of bus doors. On the
other hand, epidemiological study on city transit bus may be more
challenging as it is difficult to collect the riding information and trace
the passengers.

5.2. Subway and train

Hu et al. [12,72] studied the transmission rate of COVID-19 on
high-speed trains in China between December 19, 2019 and March 6,

Viinai = 0

Infected Subject

Expiratory Jet

small droplets

large droplets

4—{ medium-sized droplets

Large droplets travel straight (inertia)

Medium-sized droplets deposit when the expiratory jet slows down (gravity)

Small droplets diffuse and disperse when the expiratory jet slows down (diffusion)

Fig. 2. Schematic illustration of dynamics of droplets with different sizes emitted from an infected subject. The droplet trajectory can also be influenced by air
temperature, RH, initial expiratory jet velocity, etc. As a result, there are no definite size ranges for large, medium and small droplets, which can vary from case

to case.



Q. Wang et al.

Table 4
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Modeling studies on respiratory droplet dynamics in public transport and associated transmission risk.

Public transport ~ Model Ventilation condition

Results

Reference

Bus CFD and Wells- 3 mixing ventilation (MV) and 1
Riley model displacement ventilation (DV) systems;
ACH = 57.6
Bus CFD air supply on both sides of the ceiling; air
return in the front of the ceiling
Bus CFD air supply on the rear of the ceiling; air
return in the middle of the ceiling
Bus CFD opening of windows at stationary and
moving conditions
Bus CFD and Al Air velocity of 0.1 m s~ from supply vent
Bus CFD and 3.6 ms ! from supply vent; 1.9 m s~ from
measurement supply vent
Bus CFD Ventilation off in a stationary bus;
different sets of windows opened
Bus CFD and mass 1.7 and 3.2 L s™! per person
balance model
High speed CFD air supply on the ceiling (0.046 m s~ 1); 4
train different outlet cases
High speed CFD 4 types of air suppy diffusers on the
train sidewall or ceiling; outlets on the bottom
of sidewalls
KTX-Sancheon CFD Air supply (55 m® min~! cabin™!) below
train the window, air outlets on the side and
floor
Airplane (twin CFD and air supply on the middle of the cabin
aisle cabin) Lagrangian ceiling and air return on the bottom of side
method wall; ACH = 33.7
Airplane CFD air supply on the top of side wall and the
(single-aisle air return on the bottom of side wall; Air
cabin) supply: 566 L.s™*

(1) Exhaled air in MV have longer trajectory than in DV. (2) Lower
airborne infection risk in DV (~0.05%) than MV (0.05%-10.1%).

(1) Higher risk for passengers in front rows. (2) Under higher RH
droplets evaporate slower and deposit more quickly, attaining less risk
of droplet transmission. (3) >84% of droplets are deposited on bus or
body surfaces; 5.6-6.0% are suspending in the air; 1.3%-10.4% are
removed from the air return.

(1) Higher outdoor temperature leads to lower droplet diffusion speed.
(2) The seats in the back of the bus belong to the low-risk region.

(1) When stationary, turning on the heater induced the well-mixing
condition and leads to higher exposure; (2) When moving, opening of
windows that are separated from each other induces through-flow
condition, leading to low exposure.

(1) The droplets <250 pm remain suspended in air and be transferred
to other parts of the bus. (2) 59% of the initial droplets are deposited
within 2 m, and droplet concentration declines to 87% at 3 m.

The neighboring passengers down-wind of the cougher are typically at
a higher risk than the other passengers.

(1) Opening the window next to the index case leads to high exposure
to the front. (2) Opening the windows in the front row reduces the
exposure. (3) Opening multiple windows leads to well-mixing of
droplets in the bus, and is not the optimal option.

Airborne transmission was the dominant route (16.3% and 11.2%)
while fomite transmission risk was negligible (3.1 x 107 and 4.7 x
10°°).

(1) The through flow and back door exhaust (case 3) has the highest
droplets removal ability but also the longest dispersion distance. (2)
The no through flow and lower exhaust (case 2) shows the minimum
impact to other passengers.

(1) Gas and particle show different dispersion patterns with the same
diffisuer. (2) Diffuser type 1 is best in restricting gas from dispersing to
other passengers. (3) Diffuser type 2 and 3 lead to smaller average
particle volume fraction in breathing zone.

(1) droplets <36 pm follow the air flow; droplets 36-45 pm deposite on
nearby passengers; droplets >62.5 pm deposite near the emitter. (2)
The deposition fraction increases with droplet diameter.

(1) Most of the droplets are transported within one row from the index
patient in 30 s, and up to 7 rows in 4 min (2) Total airborne droplets
were reduced to 48%, 32%, 20% and 12% of the initial concentrations
after 1, 2, 3, and 4 min, respectively.

(1) Droplets start to be transmitted to other individuals in 10 s and be
transported to the other side of the plane in 50 s (2) Exhaled droplets
are removed from the air in 2-3 min, with 21-26% being removed by
ventilation and the majority depositing on surface. (3) Using sneeze
shields between passengers educes the aerosol transmission.

Zhu et al., 2012
[23]

Yang et al., 2020
[56]

Duan et al., 2021
[571

Ho and Binns,
2021 [24]

Mesgarpour et al.,
2021 [63]

Ooi et al., 2021
[58]
Yao and Liu, 2021

[55]

Cheng et al., 2022
[18]

Zhang and Li,

2012 [60]

Yang et al., 2018
[59]

Ko et al., 2019
[61]
Gupta et al., 2011

[22]

Talaat et al., 2021
[54]

2020. A total of 2334 COVID-19 patients and 72093 close contacts who
had co-travel time of 0-8 h on the same high-speed trains were quan-
tified. The transmission rate for train passengers on seats within 3 rows
and 5 columns from the index patient averaged at 0.32% (range:
0-10.3%). Passengers sitting in the same row had a transmission rate of
1.5%, higher than those sitting in other rows (0.14%). Passengers
adjacent to the index patient had the highest transmission rate of 3.5%.
The transmission rate increased by 0.15% per hour of co-travel. How-
ever, no information of air ventilation and filtration was reported in this
study.

Increased subway ridership was associated with higher COVID-19
infection rate or mortality in New York city [73-75], although another
study in New York city did not find such an association [76]. The
prevalence of using the subway system during the COVID-19 pandemic
and lockdown period was higher for those performing essential work or
without private vehicles, also reflecting socioeconomic disparities
among the New York residents. More studies are needed to justify
whether the association in New York city applies to other regions.

5.3. Airplane

Table 6 lists the 22 studies on COVID-19 transmission and/or prev-

alence on airplanes. Among them, 13 studies reported in-flight trans-
mission rates ranging from 0% to 10% with a median of 0.36% [7,12,
77-87]. The highest transmission rate of 10% was reported on a do-
mestic flight in Japan where 14 passengers were infected [87]. However,
it may be overestimated because the secondary cases belonged to two
family clusters and in-family transmission after the flight may have
occurred. On a flight from London, UK to Hanoi, Vietnam on Mar. 1-2,
2020, 16 out of 217 passengers were infected with a transmission rate of
7.3% [80]. A transmission rate of 4.6% was reported by Swadi et al. on a
flight from Dubai, UAE to Auckland, New Zealand [7]. Zero in-flight
transmission rate was reported on a commercial flight from Wuhan to
Toronto [82], on a repatriation flight from Japan to Israel for Diamond
Princesses passengers [81], and on two flights from Wuhan to Thailand
[83]. Pang et al. [84] reported very low transmission rates of 1.4 x 10°°
—1.3 x 1077 on a global scale, but this result was likely underestimated.
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First, only the infected cases from English literature and media were
searched (bias due to unreported cases and reports in other languages).
Second, epidemiological tracing of the index cases and secondary cases
from the flight is necessary for an accurate estimation of the trans-
mission rate. Unfortunately, only 13 epidemiological studies were used
compared with hundreds of thousands of flights that were included for
analysis.

Some studies reported COVID-19 cases on flights but had neither
concrete evidence for in-flight transmission nor a transmission rate [8,
88-91]. Other studies reported only COVID-19 prevalence (0-8.3%,
indicating the proportion of a population who are infected with
SARS-CoV-2) in the origin city/country but not the in-flight transmission
[92-95].

High transmission rates occurred at close distance, e.g., 3.8% for
those sitting within two rows from the index case compared to an overall
transmission rate of 0.2% [78], and 9.2% for those sitting adjacent to the
index case compared to an overall transmission rate of 0.33%—0.60%
[12]. Swadi et al. [7] found that all the infected cases were seated within
two rows and two columns away from the index case. A transmission
rate of 100% (12 infection cases) was also reported within a business
class cabin [80]. Wearing face mask may have influenced the in-flight
transmission rates. In four cases with relatively high transmission
rates (4.6%, 5.6%, 7.3% and 10%) [7,80,86,87], wearing face masks
was not mandatory or only partially followed. No association between
the flight duration and the transmission rate can be observed from the
reviewed studies.

In airplanes, fomite transmission (through polluted surface) is also a
potentially important route [96]. The contaminated surfaces in aircraft
cabin include high-touch surfaces such as aisle seatback and toilets. On a
5- to 6-h flight, all touchable surfaces are contaminated [97]. Using
onboard toilet may have been responsible for one case of in-flight
transmission of COVID-19 from Milan, Italy to South Korea where
strict infection control measures were implemented [77].

6. Factors influencing the behavior of (virus-laden) droplets
6.1. Temperature and RH

Casanova et al. [98] studied the survival of two surrogate viruses for
SARS-CoV, the transmissible gastroenteritis virus (TGEV) and mouse
hepatitis virus (MHV), on the surface of stainless steel. They found that
the most rapid inactivation occurred at 40 °C, followed by 20 °C, while
the slowest inactivation was at 4 °C. Similarly, Prussin et al. [99] showed
that under 75% RH, the infectivity of the enveloped bacteriophage Phi6
virus in droplets on surface decreased exponentially as temperature
increased from 14 °C to 34 °C. Low temperature appears to favor the
survival or infectivity of the tested viruses. In contrast, the effect of RH is
more complicated. Greater survival rates (the percentage of virus still
alive after a given period of time) on surface were observed for TGEV
and MHYV at either low RH (20%) or high RH (80%) than at moderate RH
(50%) at 20 °C [98]. This U-shape relationship between RH and virus
survival rates at room temperature (20-24 °C) was also reported for two
bacteriophages (MS2 and Phi6) on surface and as aerosol [100] and
Influenza A virus on surface [101]. For the bacteriophage Phi6 in
droplets, the infectivity showed the same U-shape RH dependency at 25
°C and 37 °C with relatively low infectivity at intermediate RH range
(~60%-85%), but remained high across all RHs at 14 °C and 19 °C [99].

RH also influences the evaporation of droplets as discussed in Sect.
4.1. High RH leads to slower evaporation, and higher deposition fraction
of droplets on both human body and the ground, while lower RH triggers
evaporation, leading to the reduction of droplet sizes and longer time
suspended in the air [102]. In other words, low RH favors the airborne
transmission. It is recommended to keep the indoor RH in the range of
40%-60%, which lowers the virus survival rate and infectivity, reduces
the risk of airborne transmission, and is also comfortable to humans
[103].
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6.2. Air flow pattern

The indoor air flow pattern plays a key role in determining the
transport of particles, especially for aerosol particles <40 pm. According
to different ventilation systems, a variety of air flow patterns exist, with
common ones including unidirectional downward flow (supply vents on
the ceiling and return vents on the floor), ceiling-return type flow (both
the supply and return vents on the ceiling), and unidirectional upward
flow (air supply at the floor level and air return on the ceiling).

Under unidirectional downward air flow, droplets <45 pm tend to
follow the unidirectional downward bulk air stream with a vertical
settling time of 15-20 s, while droplets of 87.5 pm and 137.5 pm deposit
in around 5 s and 3 s, respectively [38]. The horizontal travel distance
for droplets is limited to 0.31 m. It must be noted that such influence can
be very case-specific, as the particle dynamics can also be affected by the
temperature distribution, the relative locations between the infection
source and susceptible subject, the initial droplet velocity as well as the
indoor air flow pattern. For instance, when two persons are facing each
other within 1.0 m in a room with unidirectional downward ventilation,
the vortex airflow around the human body is formed by the combination
of downward ventilation flow and the upward human thermal plume
(HTP). In such a case, 100-pm droplets disperse mainly within the HTP
zone, and cannot be carried out to the susceptible subject (1.0 m apart),
while a part of 10-um droplets can be dispersed around the susceptible
subject [39].

Under the ceiling-return type of airflow, the droplets first transport
downward due to gravity and the downward airflow stream, and then
are separated into two paths depending on the size. Large droplets
continue to settle downward and deposit on the floor, while small
droplets follow the airflow stream and move upward to the air return
vents. In addition, the horizontal dispersion of droplets <45 pm is across
the whole room width (2.4 m) [38], which is much greater than in the
case of unidirectional downward flow or still air condition [53].

Under the unidirectional upward air flow, which is also associated
with displacement ventilation, the temperature difference between
exhaled air and ambient air was smallest in the upward air flow, which
caused the exhaled air to rise less vertically than in the mixing venti-
lation or without ventilation conditions [43]. As discussed earlier in
Sect. 4.2.3, with the displacement ventilation in the bus, the trajectory of
the exhaled air from the index person is the shortest compared with the
other three mixing ventilation systems, leading to a potentially lower
transmission risk [23]. Moreover, it is commonly acknowledged that
higher ventilation rates can reduce the risk of disease transmission in
confined spaces [104,105]. A study using a numerical model (based on
Wells-Riley model) showed that the reproduction number (Rp) of
influenza reduced from 2.22 to 1.17 by doubling the ventilation rate in
the train cabin from 13 h™! to 26 h™! [105].

6.3. Wearing face masks

The use of personalized protection equipment (PPE, such as face
mask) is a common measure against virus transmission in public trans-
port around the world. Several recent studies have measured the effi-
ciency of the face mask in filtering particles without accounting for the
leakage under normal wearing scenarios. Relatively low filtration effi-
ciencies (5%-25%) were observed for fabric face masks under realistic
pressure drops and air velocities [106-109]. The filtration efficiencies
vary with the types of materials and the number of layers used in the
masks. For example, Zhao et al. [109] reported filtration efficiency of
5%-25% for common fabrics of cotton, polyester, nylon and silk, 6%—
10% for polypropylene spunbond, and 10%-20% for paper-based
products. Hill et al. [106] reported a filtration efficiency of 17.4% for
masks with a single layer cotton, but much higher value (>98%) for
N95/PN95 masks.

Under normal wearing scenarios with imperfect fitting, gaps be-
tween the mask and face can lead to leakage of air upon inhalation or
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Table 5

Summary of SARS-CoV-2 transmission in the bus, train and subway.
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Method Public

transport

Location/
Flight
information

Protective measures

Exposure condition

Virus detection rate”/Transmission
rate”

Reference

Measurement study Transit bus

Transit bus,

subway
Airport,
transit bus,
subway

Transit bus,

train
Coach bus,
minibus
Coach bus

Epidemiological
study/Case study

Tour bus
School bus

Public
transport

Coach bus

Train

Subway

Subway

Subway

Subway

Chieti, Italy

Barcelona,
Spain
Tehran, Iran

Apulia, Italy

Hunan, China

Zhejiang,
China

Hokkaido,
Japan
Virginia, USA

Zurich,
Switzerland

Greece —
Middle East
China

New York City,
USA

New York City,
USA
New York City,

USA

New York City,
USA

hand and surface
disinfection, face
mask; distancing
NA

NA

Face mask,
distancing

one wore face mask
on minibus

No

Face mask

Face mask, Natural
ventilation

Face mask

NA

NA

NA

NA

NA

NA

NA®

NA

NA

NA

One index patient took one coach
bus (2.5 h) and one minibus (1 h).
One index patient took a round
100-min bus trip and participated a
150-min worship event.

4-day tour

Students were transported by
school buses at near full capacity.
healthcare workers (HCW) in a
hospital investigated for possible
route of transmission

8-day tour, 10 h/day of driving in a
religious tour

2334 COVID-19 patients and
72093 close contacts were
analyzed on high-speed trains in
China during Dec. 2019-Mar.
2020.

NA

NA

NA

NA

0.0%

37% (more common on the surface
than in the air)

67% (80% in the airport, 50% in
subway stations, 100% in subway
trains and 50% in buses)

19.3% in buses; 2% in trains

17% (8/48 on the coach bus, and 2/
12 on the minibus)

35% (24/67); no significant
difference between high-risk zone
(<2 m) and low-risk zone (>2 m)
44% (18/41)

0%

NA (Using public transport did not
lead to higher COVID-19 infection
rate among HCW)

92% (48/52)

0.32% for passengers sitting within
3 rows and 5 columns from the
index case;

1.5% for the same row;

3.5% for adjacent to the index case
NA (increased subway use
associated with higher COVID-19
rate with a RR of 1.11)

NA (high COVID-19 inequity index
associated with higher subway
ridership, and associated with
higher COVID-19 mortality)

NA (The subway ridership (turnstile
entry data) and COVID-19 deaths
and cases were highly correlated)
NA (“no evidence that subway
ridership was related to the COVID-
19 infection rate”)

Di Carlo et al.,
2020 [67]

Moreno et al.,
2021 [64]
Hadei et al.,
2021 [65]

Caggiano et al.,
2021 [66]

Luo et al., 2020
[9]

Shen et al., 2020
[10]

Tsuchihashi

et al.,, 2021 [68]
Ramirez et al.,
2021 [70]
Steinwender
etal., 2021 [71]

Vlacha et al.,
2021 [69]

Hu et al., 2021
[12]

Sy et al., 2020
[75]

Carrion et al.,
2021 [73]
Fathi-Kazerooni

et tal., 2021 [74]

Hamidi et al.,
2021 [76]

# For measurement study.

b For epidemiological study/Case study.

¢ Not available.

exhalation. The effective filtration efficiency (7.) of a face mask
considering leakage can be expressed as:

]
=n(1-= 6
e =1 ( Qs) fe]

where 7 is the nominal filtration efficiency, Qs is the total inhaled or
exhaled air flow and Q is the leaked air through the gaps [110],
although Qj is difficult to measure. Reported 7, values for surgical face
mask from measurement ranged from 40% [111] to 74%-80% [112].
Despite their relatively low filtration efficiency, surgical face masks
can significantly reduce the emissions of human corona virus and
influenza virus. Leung et al. [113] detected human seasonal coronavirus
(not SARS-CoV-2) in 3 of 10 (30%) respiratory droplet samples and in 4
of 10 (40%) aerosol samples without face masks, but 0% with surgical
face masks. Heald et al. [114] found that wearing face coverings in
public transport and retail outlets in UK reduced the infection risk of
COVID-19 by 9%. In a train with 150 passengers and an ACH of 13,
wearing face masks (with filtration efficiencies assumed to be 40% and
97%) by susceptible people reduced the Rp value from 2.22 to 2.08 and
1.13, respectively. Moreover, a modeling study using Wells-Riley
equation demonstrated that when ordinary medical surgical masks with

10

a filtration efficiency of 50% were worn by both the infector and the
susceptible person, an infection probability of <1% in confined spaces
could be achieved at a much smaller ventilation rate (25%) compared to
the case without wearing face masks [104].

A recent review by Freedman and Wilder-Smith [115] focused on the
effectiveness of face masks in airplanes and concluded that the strict use
of face masks appeared to be protective. More recently, Cheng et al.
[116] used a single-hit model of infection and demonstrated that the
effectiveness of face masks in mitigating the SARS-CoV-2 transmission
was influenced by the regimes of virus abundance. Under virus-rich
regime (e.g., virus concentration is 100 times of the 50% infection
dose), wearing face masks cannot effectively lower the infection prob-
ability. In contrast, under virus-limited regime (e.g., virus concentration
is equivalent to or lower than the 50% infection dose), wearing face
masks can lead to a substantial reduction in the infection probability.

7. Conclusions and Outlook
Along with the worldwide spread of COVID-19, there has been a

debate on the main transmission route of COVID-19 in indoor environ-
ment and public transport. Fundamental understanding of the emissions
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and dynamics of expiratory virus-laden droplets and the consequent
exposure routes to the virus is necessary for taking effective control
measures. Here, we conducted a review of the related literature aiming
to provide a broad overall view on the atmospheric behavior of the
respiratory virus-laden droplets. Due to limited time and space, the
literature review is limited to the databases of Web of Science and
PubMed. Specifically, this review summarizes (1) the emission profiles
of the droplets from different respiratory activities, including emission
rates, size distributions and initial velocities; (2) the dynamics of drop-
lets in indoor environment; (3) the infection risk of COVID-19 in public
transport; and (4) the factors influencing the virus transmission. Main
conclusions and perspectives are as follows.

Building and Environment 219 (2022) 109224

(1) A considerable number of droplets in both super-micron and sub-
micron size ranges are emitted from human respiratory activities,
except breathing which produces droplets mainly <1.0 pm.
Droplet size and number as well as the exhaled velocity vary
between different respiratory activities. However, the data are
from a limited number of studies, and the emission profiles vary
substantially for the same respiratory activity. The interpersonal
variability and vocal loudness could explain some of the varia-
tion. Super emitters have been identified who emit significantly
more droplets (by orders of magnitude) than others. However,
there is a lack of a standardized test protocol, and the instruments
applied in the studies focus on different size ranges (e.g., >10 pm

Table 6
Summary of SARS-CoV-2 transmission in airplanes.
Flight Protective Exposure condition Transmission rate®/prevalence rate” Reference
measures
Wuhan-Guangzhou, Face mask A 15-h flight carried 350 passengers, of whom 0% Schwartz et al.,
China-Toronto, Canada 2 were index patients. 2020 [82]
Japan-Israel Face mask A 13.5-h repatriation flight carried 11 0% (2 out of 11 were tested positive but may be Nir-Paz et al.,
passengers who were previously on Diamond infected before the flight) 2020 [81]
Princesses cruise ship.
Wuhan — Thailand NA two flights, each with one index case 0% Okada et al.,
2020 [83]
Literature review and synthesis of =~ NA 2866 index cases and 44 secondary cases 1.4 x107°-1.3 x 1077 Pang et al.,
transmission rate identified from IATA, CDC data base and the 2021 [84]
published literature.
18 flights from Europe to England ~ No NA 0.20% (17/2313) on average; Blomquist et al.,

Milan, Italy — South Korea

N95 face mask

An 11-h evacuation flight carried 299
passengers.

830 international flights arriving Face mask 161 COVID-19 cases confirmed 94 flights, of
in Beijing which, in-flight transmission observed on 2
flights
Wuhan - other cities, China NA 175 COVID-19 index cases among 5797
passengers on 177 flights during Jan. 4-23,
2020
Boston, USA-Hong Kong, China NA A 15-h flight carried 294 passengers.

Dubai, UAE - Auckland, New

Face mask not

An 18-h flight carried 86 passengers. 2 persons

Zealand mandatory were likely the index cases in the incubation
period when on board.

Sydney — Perth, Australia Face mask On a 5-h flight with 213 passengers, 18
(sporadic primary cases and 11 secondary cases
usage)

London, UK-Hanoi, Vietnam Face mask not A 10-h flight carried 16 crew members and
mandatory 201 passengers.

A domestic flight in Japan Face mask (65%  One index case on the flight affected 14
passenger) passengers who belong to 2 family clusters

Singapore-Hangzhou, China Face mask A 5-h flight carried 335 passengers and 11

crew members, including a tour group coming
from Wuhan

Tel Aviv, Israel - Incheon, South NA A 11-h flight carried 39 pilgrims to South

Korea Korea, of whom, 30 were later diagnosed
COVID-19

Bangui, Central African Republic NA One person was diagnosed COVID-19 after

~Yaoundé, Cameroun returning from a business trip to Africa
18 international flights arriving at ~ NA NA
or departing from Greece

Tel Aviv, Israel-Frankfurt, NA A 4.5-h flight carried 102 passengers, of
Germany whom, 24 were from a tour group.

5 evacuating flights from Wuhan, Yes symptomatic persons were triaged.
China to Japan

17 repatriation flights from NA NA
Wuhan, China

7 flights to Greece NA NA

Wubhan - Singapore

Surgical masks

An evacuation flight carrying 94 passengers

3.8% within 2 rows from index person
0.30% (one possible in-flight transmission,
potentially via the toilet)

0.36% (flight 1);

0.42% (flight 2)

0.33%-0.60% (overall);

0.7% (the middle seat);

9.2% (adjacent to the index case)
1.4% (4/294)

4.6% (4/86)

5.6% (11/195)

7.3% (16 infected, of whom 12 were seated in
business class and infected by one symptomatic
passenger.)

10% (may be overestimated due to in-family
transmission)

NA (one passenger was likely infected during the
flight.)

NA (one cabin crew member was likely infected on
board)

NA (possible transmission on the flight)

NA (five cases of probable in-flight transmission
were observed on one flight from Israel, on which
two index cases were identified)

NA (2 likely onboard transmissions)

NA (infection prevalence: 8.3% among triaged
persons; 0.9% among not triaged persons)

NA (infection prevalence: 0-1.9%; 0.44% on
average)

NA (infection prevalence: 3.6%-6.3%)

NA (infection prevalence: 3.2%)

2021 [78]

Bae et al., 2020
[77]

Zhang et al.,
2021 [85]

Hu et al., 2021
[12]

Choi et al., 2020
[79]

Swadi et al.,
2021 [7]

(Speake et al.,
2020) [86]

Kahun et al.,
2020 [80]

Toyokawa et al.,
2022 [87]

Chen et al.,
2020a [88]

Mun et al., 2021
[90]

Eldin et al.,
2020 [8]
Pavli et al.,
2020 [91]

Hoehl et al.,
2020 [89]
Hayakawaet al.,
2020 [92]
Thompson

et al., 2020 [94]
Lytras et al.,
2020 [93]

(Ng et al., 2020)
[95]
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(2

@3

(4

5

)

—

-

for optical microscope, ~0.7-20 pm for APS, and 0.01-0.43 pm
for SMPS), which makes a direct comparison among studies
difficult. Future research should work toward a unified testing
protocol that covers a wide range of droplet sizes. Considering the
variability of droplet emission profiles associated with health
conditions, it is also necessary to test the droplet emissions from
persons with respiratory symptoms, as most of the reviewed
studies recruited healthy subjects only.

Droplet size is one of the most important factors determining the
dynamics: large droplets settle quickly and evaporate slowly,
while small droplets evaporate quickly to form nuclei before
settling down and remain in the air for a prolonged time. The
horizontal travel distance of the droplets largely depends on the
droplet size together with the initial velocity of exhaled air.
Moreover, the droplet dynamics and exposure may be case-
specific and are significantly affected by the room air flow
pattern related to different ventilation types. Ventilation in cir-
culation mode on the bus may be responsible for the high trans-
mission rate, while the air conditioning system with HEPA filter
on the airplane explains the relatively low transmission rate on
the airplane. More studies on the influence of ventilation types on
droplet dynamics are needed to help fully assess the importance
of each transmission route in different circumstances as well as
provide a robust scientific basis for the improvement of ventila-
tion systems.

The public transport systems reviewed in the paper (bus, subway,
train and airplane) can be an important route in transmitting
COVID-19. Based on limited studies so far, the transmission rates
in the coach/tour bus (17%, 35.3%, 44% and 92%) were much
higher than in a school bus and transit bus, which might be
attributed to the differences in the opening of windows or doors,
the co-travel (exposure) time and wearing of face mask. Evidence
from New York city indicates that higher subway ridership was
associated with increased COVID-19 infection rate and mortality.
The transmission rates in airplanes were 0-10% (median: 0.36%)
and 0.32% in high-speed trains in China. Possible transmission
routes include both airborne transmission and short-distance
droplet transmission. Larger distance from the infection source
and shorter co-travelling time lowered the infection risk, but did
not eliminate the chance of infection, as passengers sitting further
away (>2 m) were also infected. The fomite transmission
(through polluted surface) is also a potentially important route in
airplane. The relative importance of each transmission route as
well as the transmission rate are largely determined by the
droplet dynamics, and therefore depend on the size and initial
velocity of the virus-laden droplets, indoor air flow pattern
related to different ventilation systems, relative location between
the infection source and receptors, etc.

The transmission rate is also affected by the survival rate and the
infectivity of the virus. Low temperature favors the survival and
infectivity of virus (surrogate virus, not SARS-CoV-2), while the
virus is inactivated much faster under high temperatures. In
addition, either high (>80%) or low (<20%) RH favors higher
virus survival rate. Nevertheless, the knowledge of the environ-
mental influences on SARS-CoV-2 is rather limited, and more
studies are urgently needed to better understand the behaviors of
the virus.

This review provides the following implications for mitigating the
transmission of COVID-19. First, wearing face masks can be an
effective way to intercept the droplets and reduce the exposure
risk under the low virus abundance (most public places). Second,
distancing is also recommended to lower the risk of exposure as
higher transmission risk is found within shorter distance in public
transport. Moreover, regarding the airborne transmission route,
higher ventilation rate and appropriate ventilation types (such as
displacement ventilation type, non-recirculation ventilation or

Building and Environment 219 (2022) 109224

recirculation ventilation with HEPA filtration system) should be
considered to lower the transmission rate. Proper ventilation
systems that can minimize the transmission risk should be a focus
of future studies.
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