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Abstract: COVID-19 is an airborne disease, with the vast majority of infections occurring indoors.
In comparison, little transmission occurs outdoors. Here, we investigate the airborne transmission
pathways that differentiate the indoors from outdoors and conclude that profound differences exist,
which help to explain why SARS-CoV-2 transmission is much more prevalent indoors. Near- and
far-field transmission pathways are discussed along with factors that affect infection risk, with
aerosol concentration, air entrainment, thermal plumes, and occupancy duration all identified as
being influential. In particular, we present the fundamental equations that underpin the Wells—
Riley model and show the mathematical relationship between inhaled virus particles and quanta of
infection. A simple model is also presented for assessing infection risk in spaces with incomplete air
mixing. Transmission risk is assessed in terms of aerosol concentration using simple 1D equations,
followed by a description of thermal plume—ceiling interactions. With respect to this, we present new
experimental results using Schlieren visualisation and computational fluid dynamics (CFD) based
on the Eulerian-Lagrangian approach. Pathways of airborne infection are discussed, with the key
differences identified between indoors and outdoors. In particular, the contribution of thermal and
exhalation plumes is evaluated, and the presence of a near-field /far-field feedback loop is postulated,
which is absent outdoors.

Keywords: SARS-CoV-2; aerosols; airborne transmission; infection risk; thermal plumes; ceilings;
Wells—Riley; Schlieren; computational fluid dynamics; near- and far-field

1. Introduction

One of the most striking features of the recent COVID-19 pandemic was the marked
contrast between the risk of acquiring a SARS-CoV-2 infection indoors compared with
outdoors, with the odds of contracting a SARS-CoV-2 viral infection indoors estimated to
be 18.7 times higher than that outdoors [1]. This suggests that fundamental differences exist
between the indoor and outdoor environments, which might help to explain why SARS-
CoV-2 is so easily transmitted inside buildings and in other enclosed spaces. Although
some differences relate to human behaviour [2—-6], contamination of surfaces [7,8], and the
action of sunlight [9-12], many of the reasons why COVID-19 transmission is so much
higher indoors appear to be associated with inherent differences that exist in airflow
dynamics and aerosol behaviour between the internal and external environments [13].
Some work has been undertaken comparing indoor and outdoor transmission [13-16],
with a recent systematic review highlighting the effect of environmental factors on the
airborne transmission of SARS-CoV-2 indoors [17]. Nevertheless, relatively little work
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has focused on the differences that exist between the two environments regarding fluid
dynamics and the behaviour of respiratory aerosols, with the result that some important
issues have largely been overlooked. More specifically, little attention has been paid to
issues such as the interaction between thermal plumes and ceilings; the age of the inhaled
aerosols; the impact of poor air mixing; and the contribution that far-field airborne viral load
makes to near-field exposure—all issues that appear to be influential in the transmission
of SARS-CoV-2 indoors. Therefore, in this analytical review (which also includes original
experimental and analytical work), we seek to redress this situation by focusing on some
lesser-known fluid-related issues that may be influential in the airborne transmission of
SARS-CoV-2 indoors. Our aim here is not to provide definitive answers but rather to raise
awareness of important issues that have been largely overlooked and which are in need
of further investigation. In so doing, we aim to better understand the drivers facilitating
the airborne spread of SARS-CoV-2 indoors. Furthermore, we present a theoretical basis
for assessing relative infection risk, which can be used by those modelling the transport of
infectious aerosol particles in room spaces. As such, the review pulls together research from
various disciplines to comprehensively explain why fluid dynamics profoundly influences
SARS-CoV-2 transmission in both indoor and outdoor environments.

Accordingly, the paper is arranged as follows. The key concepts and equations
associated with the airborne transmission of viral infection both indoors and outdoors
are discussed in Sections 2—4. Specifically, Section 2 introduces the subject of airborne
transmission of SARS-CoV-2, while the fundamentals of indoor transmission are presented
in Section 3, which includes a discussion of the factors influencing the airborne spread of
viral disease and a methodology for estimating infection risk. The concepts of near and
far-field aerosol transmission are also introduced, together with the Wells—Riley model
for assessing indoor infection risk. This is followed by a discussion of outdoor aerosol
transmission in Section 4, in which we highlight the general absence of far-field transmission
outdoors. In Sections 5-9, we explore specific issues that, although important, are often
overlooked. In Section 5, near-field aerosol transmission is discussed, and the existence
of a feedback loop between the far and near-fields is postulated. The interaction between
thermal plumes and ceilings, which is a key feature of aerosol transport indoors, is discussed
in Section 6, which also includes experimental flow visualisations produced using Schlieren
photography and computational fluid dynamics (CFD). The impact of incomplete room air
mixing on infection risk is considered in Section 7, which is followed in Sections 8 and 9
by discussions of the effect that weather has on the survival of the virus in aerosols and
the impact of aerosol age on virus viability. Finally, the findings of the various sections
are pulled together and discussed in Section 10, which highlights the key fluid dynamic
differences that exist between the internal and external environments and shows how these
influence the relative risk of acquiring a viral infection. Readers are also encouraged to
visit the online supplementary material, where we have provided detailed explanations
of the Schlieren and CFD methods used and a Schlieren video illustrating the effect of a
ceiling on a thermal plume.

2. Airborne Transmission

The COVID-19 pandemic has seen major advances in the understanding of how
respiratory viral infections, including those caused by coronaviruses, are transmitted [18].
For example, early in 2020, it was thought that COVID-19 was primarily spread either
by the contact route (i.e., via contaminated hands and fomites) or by large respiratory
droplets > 100 pm in diameter. However, while these routes can contribute to the spread of
the infection [8], it is now recognised that smaller aerosol particles play a dominant role
in the transmission of the SARS-CoV-2 virus [5,18-22]. These are formed when exhaled
respiratory droplets rapidly reduce in diameter due to evaporation to become aerosol
particles approximately 20-34% of their initial size [23]. Aerosol particles of this size can
easily be inhaled, with those in the size range of 2.5-19 pm thought to account for 90% of the
viral transmission at the nasopharynx [23]. Accordingly, the transmission of SARS-CoV-2 is



Fluids 2024, 9, 54

30f28

thought to primarily occur when inhaled infectious aerosol particles in this size range come
into contact with angiotensin-converting enzyme 2 (ACE2) receptors in the nasopharyngeal
region [24].

The respiratory aerosols/droplets exhaled by infectious individuals, many of whom
may be asymptomatic or pre-symptomatic [25,26], can range from 0.01 pm to 1000 pm
in diameter [27]. However, the larger respiratory droplets > 100 um behave ballistically
and tend to fall to the ground within 2 m [28]. Therefore, they are difficult to inhale, and
their ability to transmit infection is restricted to impaction on the eyes and oral mucosa, as
well as the contamination of fomites (i.e., inanimate objects and surfaces). By comparison,
respiratory droplets < 100 pm diameter, when exhaled, rapidly evaporate to form small
aerosol particles, most of which are <20 pm diameter [23]. These can be readily trans-
ported by room air convection currents and can therefore be potentially distributed widely.
Consequently, a clear demarcation exists between exhaled respiratory droplets > 100 um
in diameter that cannot be inhaled and which only have a near-field impact and those
<100 um which, after evaporation, can be inhaled and which have the potential to infect
individuals in both near- and far-fields [18,29,30].

The vast majority of the respiratory droplets exhaled by individuals are smaller
than the 100 pm threshold, with an estimated 88.2% and 84.9% of the droplets produced
during speaking and coughing, respectively, <100 um diameter [31]. These droplets rapidly
evaporate to become small aerosol particles. This means that the majority (~>85%) of
the respiratory droplets liberated when, say, speaking or coughing end up as aerosol
particles that can potentially be inhaled. Indeed, recent work has shown that the median
(range) of inhalable aerosol particle emission rates are 135 (85-691) particles/s for breathing;
270 (120-1380) particles/s for normal talking; 570 (180-1760) particles/s for loud talking;
690 (320-2870) particles/s for normal singing; 980 (390-2870) particles/s for loud singing;
and 1480 (500-2820) particles/s for loud singing with exaggerated diction [32]. Other
researchers have also observed similar findings [33-35]. Collectively, this indicates that
in occupied spaces, large numbers of respiratory aerosol particles are continually being
liberated into the air, with numbers greatly increasing with the type of vocalisation and the
volume of the vocal activity. Likewise, increased physical activity has also been shown to
increase the number of inhalable aerosol particles produced [36].

The average SARS-CoV-2 viral load in the respiratory fluid of COVID-19 patients has
been shown to be in the region of 10° RNA copies per mL, rising to a maximum of 10° copies
per mL [37]. This means that large amounts of viral RNA may be liberated into a room
space simply by breathing or talking. For example, it has been estimated that if an infectious
individual with an average sputum viral load of 7.00 x 10° copies per mL [37] speaks in a
loud voice for one minute, they will generate >1000 virion-containing aerosol particles [21].
As such, this helps to explain why transmission during the COVID-19 pandemic often
involved individuals with no obvious signs of disease [38—40], with infected persons with-
out symptoms, including both pre-symptomatic and asymptomatic persons, thought to
account for more than 40% of all SARS-CoV-2 transmission [38]. Furthermore, it has been
shown that high viral loads in respiratory fluids are not that exceptional, with Kleiboeker
et al. [41] finding 15.3% of COVID-19 patients to have samples containing >10® copies
per mL, more than 100 times the average. Therefore, in theory, a super-shedder emitting
a 100-fold higher viral load than the average could exhale > 100,000 virions per minute
when speaking [42]. Indeed, it has been calculated that under steady-state conditions, the
airborne viral load may reach as high as 1248 RNA copies/m? in a poorly ventilated room,
simply due to the breathing of a super-emitter who may be present in the space [43]. As
such, spending appreciable amounts of time in an enclosed space with an asymptomatic
shedder can render a susceptible individual at considerable risk of acquiring an infection,
particularly if the infector is talking loudly or singing. Given this, it is perhaps not surpris-
ing that substantial COVID-19 outbreaks have been reported for night clubs [6], religious
gatherings [2,44], choirs and singing events [5,45], and weddings [46], all settings which
involve large numbers of people grouped together in confined spaces for considerable



Fluids 2024, 9, 54

4 of 28

periods of time, with most involving singing or talking loudly (and often intimately) in
order to be heard above the background noise.

Given the large numbers of respiratory aerosols generated within occupied spaces,
it is perhaps unsurprising that during the pandemic, numerous studies have recovered
SARS-CoV-2 RNA from the air in hospitals [47-56]. Indeed, a comprehensive systematic
review by Birgand et al. [54] concluded that air, both close to and distant from patients with
COVID-19, is frequently contaminated with SARS-CoV-2 RNA, with 17.4% of air samples
taken close to patients and 33.3% from public areas testing positive for SARS-CoV-2 RNA.
They also found that median RNA concentrations varied from 1000 copies/m? in clinical
areas to 9700 copies/m? in the air of toilets or bathrooms. However, the extent to which
this genetic material can cause infection is unclear, as only a few of these samples contained
viruses that could be cultured [54]. This suggests that although genetic material might be
present, the viability of the virus may be compromised. When aerosolised, SARS-CoV-2
has been shown to lose viability over time [7,57-60], although there is uncertainty about
the rate at which degradation occurs, with some commentators reporting a half-life lasting
a few minutes [58,60], whereas others report times in excess of one hour [7,57,59].

3. Indoor Aerosol Transmission
3.1. Near-Field and Far-Field Indoor Aerosol Transmission

In rooms and other enclosed spaces, the infectious aerosol particles mentioned above
pose both a ‘near-field” and a ‘far-field” threat, with the near-field being close proximity
to the infector (i.e., <2 m) and the far-field generally considered >2 m away. The near-
field transmission risk occurs due to the cone-shaped cloud of aerosol particles that are
exhaled when speaking, singing, shouting, or breathing (Figure 1) [28] and which has the
potential to infect susceptible individuals in close proximity [19,30]. This aerosol cloud is
turbulent and expands in volume as it entrains air from the surrounding room space [61,62].
To visualise the fluid dynamics of the exhaled aerosol plume, together with the thermal
plume that is associated with human subjects, a sensitive two-pass Schlieren system with
a single concave mirror (diameter 609.6 mm and focal length 6096 mm) was used (see
Supplementary Material for further details of the Schlieren methodology). The result of
the visualisation is illustrated in the photograph in Figure 2, taken by us, which shows the
turbulent gas cloud exhaled during talking. This gas cloud contains aerosol particles of
various sizes, which undergo complex chemical changes as evaporation progresses [58,60].
Although near-field transmission is mainly associated with the inhalation of aerosols, true
droplet transmission, involving larger respiratory droplets impacting on the mucosa of the
eyes, nose, and mouth, can also occur in the near-field if individuals are very close to each
other (i.e., <1.5 m).

Distance
X 4 |
\ N = ' < il \ J:
- V. B A -
Vs Inhaled volume L e
with mean Initial
concentration of concentration
aerosol C_ of aerosol Cy
Susceptible Infector

Figure 1. Inhaled aerosol concentration from cone-shaped near-field aerosol plume. Here, V; is the
inhaled volume, and Cs is the mean concentration of the inhaled aerosol (inspired by an image in
Mittal et al. [63]).



Fluids 2024, 9, 54

50f 28

Figure 2. Schlieren photograph of a person talking, showing (i) the cone-shaped turbulent exhalation
jet emanating from the mouth and (ii) the vertical thermal plume passing over the face and head.

Importantly, near-field transmission has a directional component, with face-to-face
interactions generally posing a greater risk compared with side-by-side or back-to-back
spatial arrangements. By comparison, the far-field transmission risk arises when the aerosol
particles have been dispersed by air currents into the wider room space. It is termed ‘far-
field’ because the dispersed aerosols pose a threat to all those who are in the same space
but not in close vicinity to an infector [5].

Irrespective of whether the threat is near or far-field, the infection risk ultimately de-
pends on the number of viable viral particles and virions inhaled by susceptible individuals.
As such, contracting a COVID-19 infection appears to be dose-related, a process that can
be modelled using the independent action hypothesis (IAH) [21], which states that each
virion has an equal, non-zero probability of causing an infection [64]. The dose response in
mice for Middle East respiratory syndrome (MERS), a closely related disease to COVID-19,
has also been shown to approximate the IAH [65]. According to the IAH, viral particles act
in a strictly independent manner, with the mean number of infecting virions, A, computed
using [64]:

A = Rjpoc X Pinf, (1)

where n;,,,, is the number of virions that the host is inoculated with (i.e., the number of
viral particles inhaled); and p; is the probability that each virion will cause an infection.
Typically with viral infections, p;,s is very small, and so 7, is required to be large in order
to produce the low number of virions that actually infect an individual [64].

Because it is assumed that each virion acts independently, the probability, p;,f, that
each inhaled virion will cause an infection is therefore as follows [66]:

1

7
i f

Pinf = 2)
where 1;,¢ is the number of virions that would be expected to cause an infection (i.e., the
expected infectious dose).

Therefore, A, can be redefined as the fractional infectious dose:

_ Nipoc
A= ©

If each inhaled virion acts independently of all the other virions then for any given
individual, the number of infecting virus particles will have a Poisson distribution with a
mean of A [67]. Given this, the probability of an individual contracting an infection, P, after
inhaling some viral particles can be expressed as

P=1—e¢", (4)
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When the inoculation dose, 11;,,,, is equal to the expected infectious dose, n;,;, A =1,
under which circumstances
P=1-¢1=0632, (5)

In other words, when one expected infectious dose (i.e., A = 1) is inhaled, there is a
63.2% chance of an individual contracting an infection. This reflects the fact that natural
variance exists in the immune response of susceptible individuals, as well as in the ability
of individual virions to cause disease. Hence, not all individuals who inhale the expected
infectious dose will become infected.

Although the precise minimum dose required to acquire a COVID-19 infection is
unknown, it appears to be relatively small, something that is consistent with the rapid
spread of COVID-19 that can occur in social gatherings. For example, Basu [23], using data
from the Skagit Valley Chorale super-spreading incident [5], calculated that just 330 virus
particles are required to initiate an infection in humans. Similarly, Prentiss et al. [68], using
reported data from five outbreaks, calculated the expected infectious dose for SARS-CoV-2
in humans to be in the range of 322 and 2012 virions, with an average of 600 virions.
This value is consistent with that found by Gale [69], who estimated an IDsg (i.e., the
infective dose necessary to infect 50% of subjects) for SARS-CoV-2 of ~500 virions using a
thermodynamic response model.

Acquiring a SARS-CoV-2 infection by the airborne route depends on the volume of air
inhaled and the concentration of viral material in that inhaled air, as illustrated in Figure 1
and Equation (6).

Hinoe _ g ¢, (6)

where dnjy,. is the number of virions inhaled per increment of time, dt; ¢ is the pulmonary
ventilation rate (m3/s) — typically 6-9 L/min in healthy adults at rest; and C, is the
concentration of viral particles in the inhaled air (virions/ m?).

For a susceptible individual at any given location within a room space, the number of
virus particles inhaled, 7;,,., during an exposure time, t seconds, will therefore be

Minoe = ¢ X Cy X £, (7)

When Equations (1), (4) and (7) are combined, we obtain an expression which enables
the probability, P, of the individual acquiring an infection to be computed.

P =1— ¢ Pinfx¢xCoxt (8)

Prentiss et al. [68] found that it takes an average of 600 virions to cause a COVID-19
infection, which equates to pj,,s = 0.0017. So, if we assume this value of p;,s and a pulmonary
ventilation rate of 8 L/min (0.48 m?/h), an adult, spending two hours breathing in air with
a viral concentration of 10 virions/m?, would inhale on average 9.6 virus particles. This
equates to a predicted probability of 0.0159 (i.e., 1.6%) of acquiring a SARS-CoV-2 infection,
which is equivalent to inhaling a fractional infectious dose, A, of 0.016 quanta.

What this effectively means is that for any given individual, a large number of virus
particles generally needs to be inhaled in order for an infection to occur. This is because
many of the inhaled virions will have become degraded in the air [58,60] and will therefore
not be fit enough to evade the host’s immune defences and cause an infection. Conse-
quently, it is thought that most COVID-19 infections are initiated by very few virus particles
that manage to pass the host’s defences [70,71]. Evidence supporting this assertion comes
from genomic studies which show for influenza [72] and SARS-CoV-2 [70,71], that tight
transmission bottlenecks naturally occur in the infection process. These bottlenecks drasti-
cally reduce the size and genetic diversity of the viral population, which in turn affects how
many new mutations occur as the virus spreads in the host population [71]. If the bottleneck
is tight then few mutations will occur, whereas if it is looser, more genetic diversity will be
exhibited. The comparative lack of genetic diversity associated with SARS-CoV-2 indicates
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that with COVID-19, the bottleneck is very tight [70,71]. This suggests that in most cases
the number of virus particles that actually initiate a SARS-CoV-2 infection is very few, with
the transmission bottleneck size estimated to be between one to eight viruses [70]. As such,
this finding supports the assumption above that for most SARS-CoV-2 transmission events,
the value of p;;y is likely to be very small.

Concerning the viral dose inhaled, it does not matter whether the risk is near or far-
field. In theory, an infectious dose can be acquired by inhaling either a high concentration
of virions over a short period, or a lower concentration for a long period of time. In
the case of near-field exposure, as illustrated in Figure 1, it is not difficult to see how a
susceptible person located in the exhaled aerosol plume from an infector could easily inhale
an infectious dose within a relatively short period of time. However, in the far-field, out
of range of the exhalation plume, susceptible individuals may still be at risk if they spend
long periods of time in the same space as the infector, even though the concentration of
infectious viral particles in the air is much lower than in the aerosol plume. This is because
of two effects: (i) the longer the susceptible person stays in the room space, the greater
the number of infectious particles they will inhale; and (ii) the longer the infector stays in
the room space, the higher the overall concentration of infectious particles will be in the
room air. As such, this highlights the need to ventilate room spaces in order to reduce the
build-up of contaminants in room air.

3.2. Infection Risk

One of the big unknown factors in SARS-CoV-2 transmission is the amount of viral
RNA that must be inhaled in order to acquire an infection. To establish an infection, the
spike proteins on the SARS-CoV-2 virus must engage with ACE2 receptors on the host’s
epithelial cells, which facilitates entry of the virus into the cells [22]. Once inside, the
virus must be fit enough to replicate and evade the host’s immune defences. However,
many virus particles that are inhaled will (i) miss the target receptors; (ii) be damaged
and not capable of replication; or (iii) be overwhelmed by the host’s immune defences. So,
only a select few will actually proceed to cause an infection [70,71]. Typically with viral
infections, the inoculation dose, 1;,,,c, has to be large, perhaps several thousand virions, in
order to produce the low number of virus particles that actively infect an individual [64].
SARS-CoV-2 has been shown to degrade in the air [7,58,60]. So while SARS-CoV-2 RNA can
be recovered in large quantities from room air [47-56], it is likely that most of this genetic
material is incapable of causing an infection; something confirmed by Birgand et al. [54]
who found that only 9% of viral cultures were viable.

Notwithstanding the uncertainty associated with the infectious dose required to
initiate a COVID-19 infection, it is possible to use Equation (8) to assess the relative risk due
to exposure to SARS-CoV-2 in the air. The interaction between the viral concentration in the
air and duration of exposure is illustrated in Figure 3, which shows the risk of acquiring
COVID-19 for a person with a pulmonary ventilation rate of 8 L/min, exposed to various
concentrations (ranging from 0 to 1000 RNA/ m?3) for 15, 30, 60, 120, and 180 min. Here,
the risk is computed using Equation (8) and data compiled by Prentiss et al. [68], who
calculated that the expected number of virus particles required to cause a SARS-CoV-2
infection in humans, Ninf, ranged from 322 to 2012 virions (i.e., the extreme limits), with an
average of 600 virions.
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Figure 3. Probability of COVID-19 infection for a range of SARS-CoV-2 virus concentrations and
exposure times, assuming (A) 322 virions, (B) 600 virions, and (C) 2012 virions, are required to
establish an infection. (N.B. The values 322, 600 and 2012 virions are the minimum, mean and
maximum expected infectious dose values obtained by Prentiss et al. [68]).

From Figure 3, it can be seen that irrespective of the minimum infectious dose required
to initiate a COVID-19 infection, the risk of infection increases with both the exposure
duration and the concentration inhaled. It can also be seen in all three plots that as the
duration of exposure increases, the probability curve tends to flatten, reflecting the limiting
properties of the exponential term in Equation (8). It can also be seen that the risk of
acquiring an infection is far from negligible, even when virus concentrations in the air
are relatively low. This fact is illustrated in Figure 4, which is a close-up of Figure 3B
showing the infection risk for the virus concentration range 0 to 60 RNA/ m3, which reflects
typical average exposure levels. From this, it can be seen that the 1% probability threshold
(represented by the dashed horizontal line) is exceeded at relatively low concentrations
(~15 RNA/m?) when exposure times exceed 60 min, whereas for short exposures of 15 min,
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this threshold limit increases to (~50 RNA/m?). This suggests that the inhalation of a
relatively small number of virus particles in the region ~10 (i.e., the amount inhaled in
60 min with a concentration of 20 RNA/m?) is enough for 1% of a population to become
infected. As such, this concurs with the findings of Killingley et al. [73], who found that a
low inoculum dose of 10 TCIDsy was enough to infect 53% of a cohort of healthy young
adults, many orders of magnitude lower than the TCIDs dose required for influenza [73].
Collectively, this highlights the highly infectious nature of SARS-CoV-2 and the need to
minimise exposure risk.

[To]
= — 15 min

— 30 min
(=] — 60 min
o — 120 min

180 min

Probability of infection
0.05

0o

0.

Virus concentration (RNA/m3)

Figure 4. Probability of COVID-19 infection for the virus concentration ranges from 0 to 60 RNA /m?
and a range of exposure times, assuming that 600 virions are required to establish an infection. The
horizontal dashed line represents the 1% probability risk of infection.

3.3. Wells—Riley Model

Although it is possible to use Equation (7) to calculate how many viral particles a
subject is likely to inhale, in any given situation we do not know the actual concentration
of respiratory aerosols in the air or the viral load in those aerosols that are inhaled. For
any given COVID-19 outbreak, all we know after the fact is how many individuals were in
the space and for how long, together with how many were infected. However, if we make
some assumptions about the room ventilation rate, the average pulmonary ventilation rate,
and the mixing of the room air, we can use the Wells-Riley equation [74,75] to estimate,
after the fact, the average infectious dose inhaled.

In the Wells-Riley model, the A term in Equation (4) is replaced by n4, which is the
number of quanta of infection inhaled. So, the probability, P, of an individual becoming
infected now becomes

P=1—¢"", 9)

where the number of quanta inhaled, 1y, is equivalent to the fractional infectious dose, A.
So, when n, = 1, the probability of an individual becoming infected is 0.632.

The Wells—Riley model also assumes that the room air is completely mixed and that the
quanta production rate (i.e., the rate at which infectious particles are emitted) is constant,
together with an assumption that the system is in a steady state. Given this, it can be shown
that the average number of quanta inhaled, 4, by each susceptible person in room space is

_gxext
o (10)

where g is the total quanta production rate of the infectious agent (quanta/s); ¢ is the
average pulmonary ventilation rate of the room occupants (m>/s); t is the exposure time
(s), and Q is the room ventilation rate with clean outside air (m3/s).

Combining Equations (9) and (10), we obtain a probability equation, which quantifies
the steady-state far-field infection risk for each susceptible individual in a room space that
contains an infectious person.

g

qxext

P=1-¢ <, (11)
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It should be noted that g in Equation (11) is the total quanta production rate in the
room space. As such, it represents the total infectious dose introduced by all the infectors
who might be present. The value of g is generally assumed to be the product of the number
of infectious people present and the average quanta production rate per person.

Equation (11) can be extended and used to compute the likely number of new cross-
infection cases that will occur, as follows:

_gxext
Na-:Ns[l—e Q] (12)

where N; is the number of new infection cases due to cross-infection; and Nj is the number
of susceptible individuals present.

From Equation (12), it can be seen that when, on average, one quantum of infection is
inhaled (i.e., n; = 1) by each and every individual in room space, 63.2% of the susceptible
individuals present will become infected [75].

It is important to note that the quanta generation rate, g, cannot be obtained directly but
rather must be estimated from the epidemiological data collected for any given outbreak.
Indeed, several studies have used the Wells-Riley methodology to estimate quanta produc-
tion rates associated with reported outbreaks of COVID-19 infection [5,76,77]. For example,
Buonanna et al. [36] estimated that for an infectious SARS-CoV-2 individual talking while
walking, in excess of 100 quanta/h can be emitted, whereas symptomatic subjects, when
resting, generally exhibit low quanta emission rates (<1 quantum/h). In another study,
Burridge et al. [74] estimated that an asymptomatic COVID-19-positive room occupant,
sitting at rest and talking only occasionally, would produce about 1 quanta/h, assuming a
median viral load in the sputum of 7 x 10° RNA copies/mL. This, however, would rise to
approximately 5 quanta/h if noise levels were high, with everyone talking, as might be
the case in a call centre or noisy classroom. By contrast, Miller et al. [5] investigating the
Skagit Valley Chorale super-spreading outbreak [45], in which 53 out of 61 people at a choir
rehearsal contracted COVID-19 and two died, estimated the quanta production rate to be
in the region of 970 quanta/h. As such, this highlights the important role that vocalisation
and noise levels play in increasing the risk of SARS-CoV-2 transmission indoors.

The Wells-Riley equation (Equation (12)) assumes complete room air mixing and
applies to far-field transmission under steady-state conditions. From this equation, it can
be seen that the probability of acquiring an infection by the airborne route increases as
(i) the quanta generation rate increases (e.g., due to singing or shouting or the presence of
multiple infectors) and (ii) the susceptible individuals spend longer in the presence of an
infector. Conversely, the probability of infection decreases as the volume flow rate of clean
outside (ventilation) air increases. Also, it can be seen that the number of new infections
is directly proportional to the number of susceptible individuals present. So, in order to
reduce the risk of SARS-CoV-2 being transmitted by the airborne route in any given context,
it is important to minimise the number of susceptibles present and the duration of exposure
and maximise the room ventilation rates so that the concentration of infectious particles in
the air is reduced [78,79]. With this in mind, a minimum outside air volume flow rate of
10 L/s per person has been recommended for office buildings [80].

4. Outdoor Aerosol Transmission

The SARS-CoV-2 transmission risk is much greater indoors than outdoors, with <10%
of infections thought to be contracted outdoors, with the odds of indoor transmission being
18.7 times higher than those outdoors [1]. Anecdotal and published evidence from the many
sporting events and public gatherings held outside during the COVID-19 pandemic largely
supports this opinion [81]. For example, out of 7324 positive cases in China reviewed
by Qian et al. [82], only 1 transmission event occurred outdoors and was the result of a
conversation between 2 individuals. Lakha, Rudge, and Holt [83] reviewed an estimated
20,471 reported cases across 616 clusters from 28 countries, characterising the settings in
which transmission occurred. They found only 461 cases (i.e., 2.3%) in 11 clusters were
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associated solely with outdoor environments, with a further 628 cases (3.1%) in 34 clusters
associated with environments that contained some outdoor elements. Furthermore, the Irish
Health Protection Surveillance Centre (HPSC) found that of the 232,164 cases of COVID-19
recorded in Ireland up to 24 March 2021, only 262 were due to outdoor transmission,
representing 0.1% of the total [84]. Collectively, this supports the belief that the risk of
SARS-CoV-2 transmission is much lower outdoors than indoors, confirming the findings of
Bulfone et al. [1].

Notwithstanding the fact that outdoor SARS-CoV-2 transmission is less common than
indoors, it is important to note that cross-infection is still possible outdoors, particularly at
high-density outdoor gatherings with low mask use [1]. However, many of the so-called
‘outdoor” events at which transmission has occurred have been characterised by significant
indoor elements; prolonged exposure or contact; mass gatherings involving shared or
communal transport (e.g., large crowds using public transport to attend sporting events);
consuming food and drink; and raised voices (e.g., shouting, singing, etc.), all of which
can greatly increase that risk of SARS-CoV-2 transmission occurring. For example, the
Cheltenham Festival, a major UK horseracing event that attracted >250,000 people over
four days in March 2020, fits into this classification. Now widely acknowledged to be a
COVID-19 super-spreader event [85,86], this festival was far from being a purely outdoor
event, with the pubs, bars and restaurants of Cheltenham packed all week long with
racegoers, who travelled to the racecourse daily either in shared cars or on public transport,
and who shouted enthusiastically during the races. Consequently, events like this should
perhaps not be treated as outdoors in nature because there is a high likelihood that many
transmissions may occur indoors.

The reasons why SARS-CoV-2 transmission is so much lower outdoors are not fully
understood, although evidence suggests that the phenomenon might be linked to differ-
ences in airflow patterns between indoors and outdoors [13]. COVID-19 is primarily spread
by the airborne route when infectious virus-laden aerosols are inhaled [5,18-21]. Therefore,
the greater the concentration of virus particles in the air, the greater the risk of transmission.
Consequently, in confined spaces, when an infectious person is present, the concentration
of viral particles in the room air will tend to increase over time, particularly if the space
is poorly ventilated, increasing the far-field risk of cross-infection occurring. The concen-
tration of viral particles in room air can be modelled using Equation (13), which assumes
complete air mixing and that the rates at which the virus is introduced and removed from
the space are constant.

where C; is the concentration of aerosolised viral particles in the room air at time f hours
(virions/m3); « is the rate at which virus particles are introduced into the room air (viri-
ons/h);  is a composite decay rate constant representing the rate at which virus particles
are removed from the air either by ventilation, biological decay, or gravitational deposition
(h™1); and V is the room volume (m3).

In the external environment, where spaces are not confined, the virus build-up that
occurs indoors generally does not happen because infectious aerosols are quickly dis-
persed [87]. Indeed, there is evidence that at higher wind speeds, COVID-19 infection rates
are reduced [88,89]. For example, Clouston et al. [88] found that on warmer days when
individuals are more likely to gather outside, higher outdoor wind speeds were associated
with up to 45% lower risk of SARS-CoV-2 transmission. Consequently, there is generally
little or no far-field risk of contracting a SARS-CoV-2 infection outdoors, with near-field
cross-infection thought to be the major route by which transmission occurs outside [87].
If this is the case then it raises a number of important and intriguing questions, which
potentially might yield new insights into the transmission of SARS-CoV-2 indoors. For the
purposes of this review paper, these questions are formally laid out as follows:

o If far-field transmission is absent outdoors, does this mean that the far-field route is primarily
driving the high rates of SARS-CoV-2 transmission observed indoors?
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o  Or alternatively, is it that far-field transmission plays a lesser role indoors and that the
observed difference in the spread of COVID-19 between the internal and external environments
is primarily due to factors that affect the near-field route?

These are important questions that have been largely overlooked and which deserve
further consideration. Therefore, in the following sections, we will explore the issues raised
by these two questions with the aim of gaining a better understanding of the factors that
drive aerosol transmission of SARS-CoV-2 indoors.

5. Near-Field Aerosol Transmission

Near-field transmission is highly directional and involves a cone-shaped cloud of
aerosols exhaled by an infected individual [18,28,62]. These aerosols are different from
larger respiratory droplets (i.e., >100 um in diameter), which, when exhaled, behave
ballistically and fall out of the air within ~1.5 m [18,28]. While these larger droplets
can contribute to the spread of infection by contaminating room surfaces (fomites) or
impacting the eyes or mouth, their mass and momentum are such that they cannot be
inhaled [18]. Consequently, near-field transmission mainly concerns aerosols produced
when respiratory droplets < 100 um rapidly evaporate to become small particles that can
readily be inhaled [18,28,90]. Figure 1 shows that susceptible individuals in the path of
such aerosol clouds are more likely to inhale air with a higher viral concentration than those
located far away from an infector. Furthermore, during near-field exposure, the size of the
aerosol particles inhaled is likely to be larger than that in the far-field [91], with aerosol
particles > 20 um easily inhaled [23,62]. This is because, at close range, these larger aerosols,
which generally settle out of the air over a few minutes, are inhaled before gravitational
deposition can remove them from the air. By comparison, the chance of inhaling larger
aerosols in the far-field is much less because these generally settle out of the air long
before they can be inhaled [91]. Indeed, the evidence suggests that in the far-field, aerosol
particles up to 10 pm pose the greatest risk [91]. Having said this, it should be noted that
Coleman et al. [35], in a laboratory study involving COVID-19 patients, found that 85%
of the viral load was contained in fine respiratory aerosol particles (<5 um) rather than
in course aerosols, defined as >5 pum. Similarly, several field studies have observed that
SARS-CoV-2 tends to be recovered from small aerosol particles <4 pm [52,55,92].

When not wearing a facemask, the near-field aerosol cloud produced by an infectious
person can travel several metres [62], depending on the nature of the exhalation event
and the velocity of the ambient air. Indeed, Bourouiba [61] showed that during violent
exhalation events such as sneezing, aerosol clouds become turbulent and can travel as
much as 7-8 m. As the exhaled aerosol cloud proceeds, it expands as the surrounding air is
entrained into the jet plume (see Figure 5), giving it a cone-shaped appearance.
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Figure 5. Near-field exhalation cone showing air entrainment. (Inspired by image in Li et al. [62]).



Fluids 2024, 9, 54

13 of 28

Li et al. [62] derived a steady-state mass balance equation for the exhaled aerosol in a
jet zone of length x (<2 m), which can be written as follows:

Qo x Co+(Q—Qo)xCr =Q xC, (14)

where Qg and Cj are expired airflow rate (L/s) and aerosol concentration (particles/L) at the

mouth origin; Q and C are the jet airflow rate (L/s) and aerosol concentration (particles/L)

at a distance x from the origin; and C, is the aerosol concentration in room air (particles/L).
Equation (12) can be rearranged to produce

C=C+ % x (Co— Cy), (15)

From this, we can see that the viral concentration at the end of the jet is a function of
both the viral concentration exhaled by the infectious person and the viral concentration in
the surrounding room air. As such, this implies that indoors, the near-field transmission
risk is influenced by the viral load in the air in the rest of the room in a sort of feedback
loop. So, in well-ventilated spaces where occupants are sedentary, and the concentration
of viral particles in the room air is relatively low [80], it is likely that the impact on near-
field transmission will be minimal. However, in poorly ventilated spaces, where viral
concentrations can reach >1000 RNA copies/ m? [54], the entrainment of viral particles
from the room air into the exhalation jet plume may greatly increase the near-field risk
of acquiring a COVID-19 infection. By comparison, outdoors, the concentration of virus
particles in the ambient air will be zero, in which case Equation (15) becomes

C= % x Cp, (16)
Li et al. [62] were also able to show that distal to the mouth, the emitted jet conformed to
Qo D
=0 _ 17
Q 0.32x (17)

where x is the distance from the mouth origin (mm); and D is the mouth hydraulic diameter
(assumed by Li et al. to be 20 mm).

Equation (17) shows an inverse linear relationship between x and Qy/Q. When
x=0.5m, Qy/Q = 0.125, whereas when x =2 m, Qy/Q = 0.031. From this, we can conclude
that the further away from the mouth origin, the more the jet becomes diluted, with the
result that viral concentration in the surrounding ambient air becomes more influential. So,
regarding near-field risk, one would expect socially distanced individuals (say 2 m apart)
to be safer outdoors than indoors simply because the ambient air contains little or no virus.

In addition to the enhanced dilution effect described above, when outdoors, there is
likely to be increased air movement, which will tend to disrupt the exhalation jet plume,
increase dilution, and disperse the aerosols. Therefore, although near-field SARS-CoV-2
transmission can occur both indoors and outdoors [63], the near-field transmission risk is
lower in the outdoor environment. This is because air velocities outdoors are generally
much higher (e.g., light air movement: 0.3-1.5 m/s; gentle breeze: 3.4-5.4 m/s) than those
indoors (e.g., approximately 0.1 m/s), with the result that the exhaled aerosol particles are
more rapidly dispersed outdoors.

The important role that air movement plays in mitigating the transmission of the
SARS-CoV-2 virus is highlighted by Clouston et al. [88] who found that warmer days
with average wind speeds < 2.46 m/s (i.e., equivalent to a light breeze on the Beaufort
scale) had an increased incidence of COVID-19 cases (aIRR = 1.50, 95% C.I. = [1.25-1.81],
p < 0.001) compared to days with average wind speed > 2.46 m/s. From this, they
concluded that outdoor transmission of COVID-19 might be occurring because the risk of
transmission in the summer was highest on days when the wind speed was reduced. As
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such, this highlights the important role that air movement plays in disrupting the near-field
transmission of aerosols.

6. Ceilings and Thermal Plumes

Another fundamental difference between internal and external environments is that
indoor spaces have ceilings, and outdoor spaces generally do not. In terms of fluid dynam-
ics, this simple and often ignored difference has a profound effect on aerosol transport in
the two environments. All human beings are surrounded by a personal thermal plume
comprising upwards flowing convective air currents [93]. These are illustrated in Figure 6,
which is a Schlieren photograph taken by us, showing the thermal plume emanating from
the head and shoulders of a subject during a laboratory experiment. These air currents can
exceed velocities of 0.2 m/s [93] and so can easily transport upwards respiratory aerosols
up to 50 pm in diameter. While outdoors, these thermal plumes simply cause smaller
respiratory aerosol particles to be dispersed upwards away from susceptible individuals;
indoors, any aerosol particles that become entrained into thermal plumes will be trapped
by the ceiling of the room, as illustrated in Figure 6. Furthermore, when they reach the
top of the room, the aerosols tend to fan out along the underside of the ceiling due to the
convection current and travel horizontally some distance (see the Schlieren video in the
Supplementary Material) before descending back towards the floor and travelling through
the breathing zone. This interaction between thermal plumes and ceilings is unique to
the internal environment and is one of the main drivers of air circulation within room
spaces [94].

Figure 6. Schlieren photograph showing the thermal plume being trapped by a ceiling.

One of the characteristics of human thermal plumes is that the upwards convection
currents associated with them start at the floor and travel along the legs. This can cause
horizontal air currents to occur at floor level in room spaces, which are capable of trans-
porting the smallest respiratory aerosols without them settling on the floor. So, while larger
aerosol particles will tend to settle out on the floor due to gravitational deposition, the
finest aerosols will tend to remain airborne. Furthermore, when these fine aerosols reach
the thermal plume of another human being, they will become entrained into that plume
and travel upwards through the breathing zone of that individual. While the extent to
which this phenomenon contributes to COVID-19 transmission indoors is unknown, it is
completely absent outdoors and is therefore worthy of further investigation.

In order to illustrate this phenomenon, we performed a CFD simulation of two subjects
in an unventilated room space. The CFD was based on the URANS Eulerian-Lagrangian
approach, where the focus was on far-field transmission. Hence, only the motion of small
respiratory aerosol particles of 5 pm diameter was considered, while the evaporation of
larger droplets (<100 pm) in the near-field was ignored (see the Supplementary Material for
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further details of the methodology used in the CFD analysis). The results of this analysis
are presented in Figure 7, which shows the distribution of 5 um aerosol particles at several
time stages after a short 5 s speech event by the person standing on the right. From this, it
can be seen that the aerosols, although initially projected forwards from the mouth, quickly
rise due to the action of the thermal plume (also shown) and the buoyancy of the warm
breath, as seen in t = 15 s. However, at the ceiling, the upwards trajectory of the particles is
halted at t = 25 s, resulting in the formation of a buoyant aerosol bolus containing a high
concentration of particles. This proceeds to travel horizontally along the underside of the
ceiling at t = 40 s while deforming into a semi-ring due to the action of the thermal plume of
the person on the left and the exhalation plume from the speaker’s mouth shifting towards
their thermal plume. This flow pattern is further amplified at t = 55 s, demonstrating the
strong combined effect of the ceiling and thermal plumes, resulting in the person on the
left being exposed to a significant part of the emitted aerosol just after 40 s, despite being
2 m away from the speaker.
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Figure 7. CFD results that illustrate the impact of thermal plumes on the distribution of 5 pm aerosol
particles after a 5 s speech event between two standing people meeting in a small room with minimal
ventilation. The velocity magnitude contours are plotted for the room’s mid-cross section plane
in m/s, the time is in seconds, and the particles have been enlarged for clarity. The two people
stand at 2 m apart in a room of (4.2, 3.1, 2.7) m. Further details on the CFD setup appear in the
Supplementary Material.

7. Incomplete Room Air Mixing

While many analysis techniques assume that the air in room spaces is well mixed,
this is often not the case, especially in poorly ventilated spaces. In particular, the action of
thermal and exhalation plumes can cause regions of high aerosol concentration to form, as
illustrated in Figure 7. High aerosol concentrations can also occur in stagnant regions that
are poorly ventilated, especially if eddy currents are present that cause particles to become
trapped in a specific location. Furthermore, pressure gradients can cause concentrations
to increase downstream of a source as more and more aerosol particles are introduced
into the air stream. Collectively, this means that occupants may experience different levels
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of SARS-CoV-2 exposure while located in the same room space due to incomplete air
mixing, allowing regions of high and low aerosol concentration to coexist at the same
time. By contrast, this phenomenon is generally absent outdoors, where respiratory aerosol
concentrations are rapidly diluted and dispersed to the atmosphere.

Incomplete room air mixing presents a major challenge when evaluating the infection
risk posed to occupants. Traditionally, the Wells—Riley model has been used to assess
infection risk. However, this approach assumes that the air within the room is completely
mixed and that the quanta production rate is constant—both of which are unlikely to
be true, particularly for those close to an infectious individual. Therefore, an alternative
approach is required, which accommodates variations in airborne viral concentration over
time. Using CFD, it is possible to simulate the transient behaviour of aerosol particles within
a room space and identify regions of high and low concentration, from which it is possible
to infer risk as illustrated in Figure 8, which shows the plan of two identical room spaces
both divided into 25 equal zones. In Case 1, the room is fully mixed with the result that
all the virus particles are equally distributed throughout the space, with each zone having
a concentration of 50 virions/m?, whereas in Case 2, there is a high-concentration zone
(100 virions/m?3) in the zones surrounding an infectious person, with the rest of the room
having a low concentration of 22 virions/m?3. Importantly, in this example, both rooms
have an average concentration of 50 virions/m?3 in the air. Assuming that the expected
infectious dose is 600 virions, that the pulmonary ventilation rate is 8 L/m, and that the
occupancy period is 60 min, it is possible to use Equation (8) to compute the infection risk
to individuals in each of the zones. This produces the results shown in Figure 8, from which
it can be seen that in Case 1, the probability of infection is uniformly 0.039 (or 3.9%). By
comparison, however, in Case 2, the probability is 0.077 (7.7%) in the high-concentration
region and only 0.017 (1.7%) in the low-concentration region. From this, we can conclude
that treating rooms as if they are completely mixed is likely to lead to an underestimation
of the infection risk posed to some individuals.

s0 rname | Case 1

24 RNA/hr
1=0.040
Probability=0.039

22 RNA/m?
10.6 RNA/hr Case 2
2=0.018
S 100 RNA/m?
Probability=0.017 | s oniAfhr
2=0.080
Probability=0.077

Figure 8. Two identical rooms, each with an average virus concentration of 50 virions/ m3. In Case
1 (top), the room air is uniformly mixed, while in Case 2 (bottom), there is a high-concentration
zone, having 100 virions/m?3, with the rest of the room having a low concentration of 22 virions/m?3.
Also shown are the inhaled viral load, the number of quanta inhaled (lambda), and the probability
of infection.

One of the inherent problems when calculating infection risk is the uncertainty sur-
rounding the viral load in exhaled respiratory aerosols and the minimum infectious dose
required to initiate an infection. While it is relatively straightforward to use CFD to com-
pute the likely number of aerosol particles in a particular location at a point in time, it is
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much more difficult to determine the viral load in those aerosol particles, let alone estimate
whether or not that viral load will cause an infection. As such, it is difficult to calculate the
absolute infection risk. However, it is much easier to compute the relative infection risk.
Careful consideration of Figure 8 reveals that despite Equation (8) having an exponential
term, an approximate linear relationship exists between aerosol concentration and the
probability of infection, with a doubling of the virus concentration in the air resulting in an
approximate doubling of the infection risk, assuming that exposure times are equal. As
such, this makes calculation of the relative risk of infection a rather easy task. Only when
exposure times are long and concentration levels are high does this approximate linear
relationship start to break down, as seen in Figure 3.

8. Effect of the Weather on the Survivability and Infectivity of SARS-CoV-2 in Aerosol

Although it is argued here that indoor airborne transmission of SARS-CoV-2 and
other respiratory viruses, such as influenza and respiratory syncytial virus (RSV), is greatly
influenced by fluid dynamic mechanisms, outdoor weather conditions can also have a
noticeable effect. It is known that rises in ambient temperature from 10 °C to 30 °C and
vapour pressure from about 10 mb to 30 mb are highly correlated with a reduction in
influenza transmission [95]. At the start of the COVID-19 pandemic, it was also observed
that SARS-CoV-2 survived for longer at lower temperatures and humidities (i.e., 10C and
40% relative humidity (RH)) [57]. Furthermore, Beggs and Avital [59] showed a correlation
between the survivability of SARS-Cov-2 in aerosols and enthalpy, vapour pressure and
specific volume by analysing various literature reports on the pandemic outbreaks during a
year in Europe. They argued that, as with influenza, increases in temperature and absolute
humidity (AH)/vapour pressure correlate well with shorter survivability of SARS-CoV-2 in
aerosols. On the other hand, Gomez-Herrera et al. [96] found that humid-rainy conditions
were associated with outbreaks of influenza and RSV in Columbia. However, it is noted
that these conditions (AH > 22 gr/m?) were much higher than the humidity range of the
European weather analysed by Beggs and Avital. However, Gomez-Herrera et al. observed
an increase in COVID-19 outbreaks under cold (<14 °C) and dry (AH > 9 gr/m?) weather
conditions, thus agreeing with the findings of Beggs and Avital [59].

The apparent contradictory effect of humidity on the virus survivability was addressed
by Verheyen and Bouroiba [97], who analysed weather conditions and COVID-19 cases
in 126 countries in both the northern and southern hemispheres. They argued that since
indoor and outdoor AH are statistically the same, AH and saturation vapour density can
be used to estimate indoor RH. This methodology found that less SARS-CoV-2 transmis-
sion occurred when indoor RH was >40% and <60%, assuming room spaces were at a
thermally comfortable temperature. As such, this appears to agree with the findings of
Morris et al. [57], who observed a similar U-shaped relationship between the viability of
SARS-CoV-2 and RH.

In addition to effects associated with temperature and humidity, Ultraviolet (UV-A
and UV-B) radiation from sunlight is thought to impact COVID-19 transmission [9-11].
Increased latitude away from the equator has been positively correlated with the worldwide
incidence of COVID-19, with significant correlations observed between temperature and
incidence and mortality [98]. However, as well as temperature, solar irradiance is strongly
correlated with latitude, and therefore it may be that solar radiation also plays a mitigating
role. UV light is known to damage genetic material in respiratory viruses [99,100] and
promote vitamin D production, which is thought to provide some immunological pro-
tection [10,101,102]. So, there is reason to believe that exposure to sunlight might have
a protective effect against COVID-19. However, the epidemiological evidence support-
ing this hypothesis is mixed. In the early stages of the pandemic, Sfica et al. [9] found
evidence for an inverse relationship between the spread of COVID-19 and UV radiation.
Balboni et al. [103], analysing the first two waves of the COVID-19 pandemic in Italy, also
found some evidence that COVID-19 cases were inversely related to UV radiation levels.
However, this correlation was much weaker than with temperature, with a strong mitigat-
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ing effect against COVID-19 transmission observed when outdoor temperatures exceeded
10 C [103]. Furthermore, Burra et al. [98] suggested that UV radiation might induce an
immunosuppression response, potentially leading to an increase in COVID-19 cases.

While a full discussion of weather-related issues is beyond the scope of this paper,
the extent to which the climate influences the fluid transport of aerosols in buildings and
other enclosed spaces is relevant. For example, in northern Europe, where the climate is
cold or cool for much of the year, people tend to spend much time indoors in buildings
with windows shut for comfort and energy-saving reasons [59]. In such circumstances,
ventilation rates will tend to be low, generally causing the concentration of respiratory
aerosols in room air to increase. By contrast, in hotter countries, people may be more
willing to open windows to promote ventilation for comfort reasons. Also, the general
behaviour of building occupants may differ from that exhibited in more northerly countries,
with individuals spending more time outdoors. In addition, the use of ceiling fans and air
conditioning units in warmer countries will strongly influence the fluid dynamics of the air
in buildings.

In Europe and North America, during the winter months, the air becomes cold and
dry, and this has been shown to increase the viability of SARS-CoV-2 in aerosols [59].
When this cold outside air enters buildings, it is warmed, and so its temperature rises.
However, it still remains dry [59], with its AH is largely unchanged [97]. As a result, in
colder climates during the winter, exhaled respiratory droplets will experience greater
evaporation because the air is so dry [22]. This, in turn, will result in many more smaller
aerosol particles being exhaled. As such, climatic conditions can profoundly influence the
aerosol size and thus the aerodynamic behaviour of any virus-carrying particles in the
air, with drier air producing smaller aerosols, which will remain suspended in the air for
longer and potentially be inhaled. For example, Lindsley et al. [104] found that a 4 pm
particle takes 33 min to settle 1 m in still air, whereas a 1 pm particle takes about 8 h. Smaller
aerosol particles <4 pum are also likely to be deposited deeper in the lungs [105], and this
may result in them being more infectious [106]. Interestingly, several studies have found
viral RNA to be more concentrated in small respiratory aerosols < ~5 um compared with
larger droplets [35,107-110]. Indeed, Cowling et al. [111] found that virus-carrying aerosol
particles < 5 pm accounted for approximately half of all influenza transmission events.
It may therefore be that when cold, dry air conditions predominate outdoors, conditions
inside are more conducive to the production of small virus-laden respiratory aerosols and
that this contributes to increased airborne transmission of SARS-CoV-2 and other viral
infections within buildings during the winter months.

9. Aerosol Age and Virus Viability

While many researchers have recovered SAR-CoV-2 RNA from the air inside build-
ings [47-56], it is important to remember that recovering genetic material from the air
is not the same as being able to culture viruses from the air. This is because the genetic
material in the air might not be viable and therefore may not be capable of causing an
infection. Over time, viruses degrade in the environment. They become damaged and less
‘fit’, with the result at some point they are incapable of causing an infection. From early
on in the COVID-19 pandemic, it has been known that the SARS-CoV-2 virus degraded
over time in aerosols, with van Doremalen [7] estimating the half-life to be about 1.1 h.
Using the same Goldberg rotating drum methodology as van Doremalen et al., others have
observed similar results [76,112]. However, recently, these results have been challenged
by Haddrell and colleagues [58,60] using an electromagnetic levitation technique. They
found that aerosols containing SARS-CoV-2 quickly lost viability over very short periods of
time [58,60], with an approximate 50% reduction in viability occurring after just 5 s and
an approximately 80% reduction after 10 min under normal room conditions (i.e., 18 °C to
21 °C, and 40% RH) [58]. As such, there is an ongoing debate about how long SARS-CoV-2
can remain viable in room air.
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Interestingly, Oswin et al. [58], using the electromagnetic levitation technique, found
that the loss of infectivity at 90% RH was initially much less than at 40% RH. However, after
20 min, virus survival was only about 20% of the original value for both RH levels. Similar
findings were observed by Haddrell et al. [60]. Haddrell et al. [60] further investigated the
effect of humidity on the infectivity of SARS-CoV-2 in aerosols under laboratory conditions
for RH values of 40% and 90%, in which they observed that for both RH levels, the half-life
of the virus greatly increased as the aerosol aged. They argued that at 90% RH, the high pH
drives the loss of infectivity, while at 40% RH, high salt in the aerosol delayed loss in the
virus infectivity. This work was further expanded to investigate the effect of CO, on the
infectivity of SARS-CoV-2, which found that even moderate increases in the ambient CO,
prolonged the life of the virus, increasing the risk of airborne transmission [113]. While
the practical implications of these findings required further work, the study appears to
suggest that high indoor CO; levels, air pollution and acidic conditions will all prolong the
life of SARS-CoV-2 in room air, increasing the risk of transmission. As such, this suggests
that maintaining CO, levels below 1000 ppm [114] via good ventilation might be more
important than many think.

10. Discussion

In the analysis above, we have explored the main differences that exist between indoor
and outdoor environments with respect to the transmission of COVID-19. From this, a
consistent picture emerges, which, although complex, helps to explain why the disease mainly
spreads indoors. While much remains unknown about the transmission of SARS-CoV-2,
our analysis clearly shows that profound differences exist in the fluid dynamic behaviour of
the two environments, which likely explains why the vast majority of COVID-19 infections
occur within buildings and other confined spaces rather than outdoors. These differences
are summarised in Table 1, from which it can be seen that at multiple levels the behaviour of
respiratory aerosols indoors is very different from that outdoors. By contrast, the behaviour
of large respiratory droplets > 100 um is broadly similar in both environments, with these
generally not able to travel further than about 1.5 m. As such, this reinforces the consensus
that COVID-19 is primarily spread by the airborne route via small respiratory aerosols,
generally < ~20 um diameter [23,91].

Two issues in particular, the interaction between thermal plumes and ceilings and the
entrainment of room air into exhalation plumes, appear to have been largely overlooked in
the literature. Both are not a problem outdoors. Yet indoors, they present a major challenge
because rooms are by definition confined and generally have ceilings. This means that
indoors: (i) boluses of respiratory aerosols (high-concentration clouds) will tend to form
at the ceiling and travel horizontally before descending through the breathing zone of
the room occupants; and (ii) as the concentration of respiratory aerosols builds up in the
room space, so the near-field exposure risk associated with exhalation plumes will tend to
increase. Both these phenomena mean that the risk of transmission is much greater indoors
compared with outdoors. They also highlight the inadequacy of the simplistic ‘near-field’-
‘far-field” analysis framework. In reality, in most indoor environments, the near-field and
far-field exposure risks are inextricably linked—something that is not the case outdoors.
Because exhalation plumes entrain air from the surrounding room space, a feedback loop
exists between the far-field and near-field. Similarly, because thermal and exhalation
plumes are major drivers of circulation within room spaces, they cause respiratory aerosols
to become widely dispersed, with the result that indoors, near-field risks can be projected
considerable distances into the far-field. Consequently, profound differences in respiratory
aerosol behaviour exist between the indoor and outdoor environments, with no clear
boundary separating the near and far-fields indoors.
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Table 1. Summary of the different fluid-related infection attributes typically associated with indoor

and outdoor environments.

Attribute

Outdoors

Indoors

Aerosol concentration

Space is not confined outdoors, and so the
respiratory aerosol concentration cannot build
up. As a result, the far-field infection risk is
non-existent outdoors.

Indoor spaces are confined, and so the respiratory
aerosol concentration can build up. As a result, the
far-field infection risk indoors is much greater
than outdoors.

Air velocities

Air velocities are generally much higher
outdoors than indoors, so exhalation plumes
tend to be rapidly dispersed, depending on the
wind conditions.

Air velocities indoors are generally low (~0.1 m/s),
so exhalation plumes are not rapidly dispersed,
increasing the near-field exposure risk.

Air entrainment

Outdoors, exhalation plumes are diluted by
clean air, and therefore, the near-field exposure
risk is greatly reduced.

Indoors, contaminated room air is entrained into
exhalation plumes, with the result that the
near-field exposure risk increases as the aerosol
concentration builds up in the room space.

Thermal plumes

Outdoors, the thermal plumes produced by
people transport respiratory aerosols skywards,
where they are quickly dispersed.

Indoors, the room ceiling traps any respiratory
aerosols that are entrained into thermal plumes.
This causes a bolus of aerosols to form at the
ceiling, which can then be transported (dispersed)
around the room, increasing the far-field risk

of infection.

Incomplete mixing

Outdoors, aerosols are rapidly dispersed, and
so high-concentration regions cannot develop.
The only exception to this is when a susceptible
person is downwind of an infector. In this case,
they could be exposed to a high concentration
of respiratory aerosols.

Due to incomplete air mixing, indoor spaces often
contain high and low aerosol concentration
regions. Individuals in high-concentration regions
have therefore a much greater exposure risk
compared with their counterparts in
low-concentration regions.

Occupancy patterns

Because outdoor spaces are generally not
confined, people tend to move around,
spending less time in one place. They are also
generally spaced further apart.

In many indoor contexts, people tend to spend
long periods of time grouped together in the same
location. Therefore, exposure times are generally
much greater indoors compared with outdoors.

Droplet transmission

The behaviour of respiratory droplets > 100 pm
is broadly similar in indoor and outdoor
environments. In both environments, these
large droplets behave ballistically, travelling
less than about 1.5 m.

The behaviour of respiratory droplets > 100 pm is
broadly similar in indoor and outdoor
environments. In both environments, these large
droplets behave ballistically, travelling less than
about 1.5 m.

In light of this, the two questions that we postulated in Section 4 appear somewhat
simplistic because of the complex interactions that occur indoors between the near and
far-fields. Despite this, it is clear that irrespective of location, the risk of SARS-CoV-2
transmission is essentially governed by two fundamental factors: the duration of exposure
and the concentration of virus in the inhaled air. In the external environment, both these
factors are affected, with people spending less time in close proximity to each other and
aerosol concentrations in the outdoor air being much less than those found indoors. This
latter point is important because it suggests that far-field transmission plays a key role in
the spread of COVID-19 indoors. Inside buildings, because a feedback loop exists between
the near and far-fields, it means that the respiratory aerosol concentration inhaled by
most people indoors is much greater than that outdoors, irrespective of whether or not
they are in close proximity to an infectious person. Hence, the concept of rebreathed air
was postulated by Rudnick and Milton [115]. Consequently, this suggests that far-field
transmission makes a substantial contribution to the body of COVID-19 infection that
occurs indoors. Furthermore, it reinforces the belief that intervention measures primarily
aimed at the far-field, such as improved room ventilation, can substantially reduce indoor
SARS-CoV-2 transmission.

There is an ongoing debate regarding the extent to which SARS-CoV-2 can remain
viable in the environment. Initial work by van Doremalen et al. [7], undertaken early in the
COVID-19 pandemic, indicated that the virus could remain viable in aerosols for several
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hours. However, this finding was subsequently challenged by Haddrell and colleagues [58,60],
who observed a rapid loss of viability within a few minutes. While it is tempting to think
that this would diminish the far-field exposure risk, it is important to realise that this is not
necessarily the case because small aerosols can become widely dispersed within room spaces
very quickly. Consider, for example, the case illustrated in Figure 7, where 5 um aerosol
particles became widely dispersed around a 4.2 x 3.1 x 2.7 m room within 1 min of a 5 s
speech event occurring. Given that people often talk for far longer than 5 s, it is not difficult
to see how individuals distal to an infector might become infected, even if the virus decay
process is rapid. Furthermore, because the initial viral load in exhaled air can be very high, it
means that even after 80% decay (which Oswin et al. estimate would occur within 20 min [58]),
there is still likely to be enough viable SARS-CoV-2 virus present to cause an infection in some
individuals. So, although viable SARS-CoV-2 virus is not easily cultured from room air [54],
this should not be taken as evidence that airborne transmission does not occur, as some have
suggested [116], because exposure to high levels of viable virus can occur within a relatively
short period of time.

Paradoxically, in well-ventilated rooms, the viable virus load present in any aerosols
that are inhaled is likely to be higher than in comparative spaces that are poorly ventilated
simply because the aerosol residence time is shorter, meaning that less time is available
for the virus to degrade. For example, if the ventilation rate is 2 ACH, the mean residence
time of the aerosol particles will be 30 min, whereas if the rate is increased to 4 ACH, the
average residence time will be only 15 min. So, although the aerosol concentration will be
much lower in a better-ventilated space, the virus in any aerosol particles that are inhaled
is likely to be younger and therefore more capable of causing an infection. The extent to
which this phenomenon influences the transmission of SARS-CoV-2 is, however, poorly
understood, and further research is required to better understand the complex relationship
that exists between viral decay, ventilation, and residence/exposure time.

Acquiring an infection is an inherently probabilistic process. In a room space, the
viral dose inhaled by any given person will depend on many factors, such as the duration
of exposure; the occupant’s behaviour; the viral concentration in the inhaled air; and the
viability of the inhaled virus particles, all of which can vary greatly. Furthermore, not
everyone exposed to the same infectious dose will acquire an infection because the immune
response can vary greatly between individuals. Therefore, when assessing the COVID-19
infection risk, it is important to take a probabilistic approach, which evaluates things in
terms of the likelihood of room occupants acquiring an infection, which is exactly what
the risk models presented in Section 3 do. These can therefore be used to compute the
probability of a person acquiring a SARS-CoV-2 infection given specified values for a set of
input parameters.

Epidemiological evidence suggests that SARS-CoV-2 is highly infectious, with, on
average, only 600 virus particles needing to be inhaled in order to establish an infection [68].
If this value is assumed then exposure to even relatively low virus concentrations can
present a substantial risk. For example, from Figure 4, it can be seen that being exposed
to a relatively low SARS-CoV-2 concentration of ~15 RNA/m? for 60 min is enough for
1% of a population to become infected. When one considers just how low this exposure
threshold is, it is perhaps not surprising that during the pandemic, COVID-19 spread
so fast, especially given that viral loads well in excess of 100 RNA/m3 have often been
observed in indoor environments [54]. As such, this highlights the importance of good
ventilation in buildings to reduce the overall virus concentration in room air. With respect
to this, it is recommended for many spaces that the supply of outside (fresh) air be a
minimum of 10 L/s per person, which is generally enough to ensure a maximum CO,
concentration of 800-1000 ppm [117]. Since the COVID-19 pandemic, CO, concentration
has increasingly been used as a surrogate marker of respiratory aerosol concentration
inside buildings [114,118-121]. Ventilation air introduced from outside dilutes the exhaled
CO, produced by building occupants, so the CO, concentration can be used to determine
whether or not a space is adequately ventilated. CO; concentrations that regularly exceed
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1500 ppm are indicative of a poorly ventilated space, one that likely could benefit from
improved ventilation [117].

The role of thermal plumes in the transmission of airborne infection is poorly under-
stood, and so there is a need for methodologies with which to investigate this phenomenon.
Both the experimental flow visualisation techniques employed here (i.e., the Schlieren
(Figures 2 and 6) and the CFD (Figure 7)) are valuable tools that can be used to study the
effects of thermal plumes and ceilings on the transport of infectious aerosols. They reveal
the combined effect of the thermal plume raising the particles towards the ceiling, the
ceiling acting as a pathway for the particles to convect horizontally, and the final descent
through the breathing zone of the other occupants, potentially putting many occupants at
risk of becoming infected. In addition, the interaction between this phenomenon and the
thermal plumes of the other room occupants further affects this pathway of transmission
near the ceiling, as can be seen in Figure 7. The absence of a ceiling in the outdoor scenario
obviously removes this transmission pathway. However, even indoors, the particle paths
can be obstructed and distorted by other effects, such as the thermal plumes of heaters
(radiators) and the flow streams of air purifiers and room ventilation that have not been con-
sidered in Figure 7. Again, experimental flow visualisation and CFD can and should play a
significant role in investigating these scenarios, where risk calculations can be embedded
within the CFD. At the same time, one should also consider the cost of these techniques and
the vast variations that can occur in indoor scenarios. Hence, we strongly recommend the
efficient use of these advanced techniques to support the rapid development of reduced-
order modelling that extends beyond the assumption of well-mixed air, which is the basis
of the Wells—Riley model. The scientific community urgently needs robust reduced-order
models that can capture the complexities of airborne transmission indoors while still being
relatively easy to use.

While CFD can be an extremely useful tool for assessing the risk of acquiring a COVID-19
infection, it does suffer from the inherent drawback that it models the transport of aerosol
particles rather than the transmission of the infection itself. Therefore, in order to evaluate
the risk posed by virus-laden aerosols, it is necessary to perform post-processing using
an infection model, such as the Wells—Riley approach. Although the Wells—Riley model
is often used in this respect, it is not particularly well suited to this application. This is
because it is primarily an after-the-fact epidemiological model designed to establish the
quanta production rate when an outbreak occurs. Furthermore, it assumes a steady state,
that the room air is completely mixed, and that the quanta production rate is constant.
This makes it a rather difficult tool to use with CFD, where the dynamics of aerosol
particles are being modelled rather than the quanta. By comparison, however, the approach
presented in Section 3.1 is much more amenable for use with CFD because it is quasi-
steady-state and therefore when used numerically, can accommodate transient changes in
aerosol concentration within the room space. As such, it can be used to identify regions
within spaces where the risk of infection is elevated. Also, because the risk of acquiring
SARS-CoV-2 is proportional to the number of aerosol particles that are inhaled, it is not
strictly necessary to know the true viral load in the aerosols in order to assess relative risk.
Consequently, this approach has many advantages over the Wells—Riley model when used
to assess risk.

11. Conclusions

By comparing aerosol behaviour inside and outside buildings, we have been able
to show that profound differences exist between the two environments and that this is
likely to be the main reason why SARS-CoV-2 transmission is so much higher indoors
than outdoors. In particular, we have identified that a feedback loop exists between the
near-field and the far-field inside buildings, which is completely absent outdoors. This
feedback loop is facilitated by the action of the exhalation and thermal plumes associated
with occupants in room spaces. These plumes drive much of the air circulation within
rooms and can rapidly disperse respiratory aerosol particles throughout a space. Although
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the dynamics of these plumes are complex and not fully understood, it appears that they
play a key role in driving the spread of airborne diseases like COVID-19 and tuberculosis
(TB) indoors. We anticipate that future CFD and flow visualisation work by ourselves will
focus on this topic, and we encourage others to also investigate the role that thermal and
exhalation plumes play in the transmission of infection indoors.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/fluids9030054 /s1, Methodology, supplementary material
for the paper; Video S1: Schlieren, thermal plume and false ceiling. References [93,122-125] in
Supplementary Material.
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