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Abstract
COVID-19 is now a pandemic and the knowledge gap on SARS-CoV-2, i.e., the COVID-19 disease agent, dispersion persists.
The US Centers for Disease Control and Prevention suggests fomites may not be the main route through which the novel
coronavirus spreads. Supporting the same view, the latest the World Health Organization report recommends wearing masks
for every individual in public, highlighting the transmission through the air. In the current study AERMOD, one of the most
validated and tested models suggested by the USEPA, is used to model SARS-CoV-2-laden PM10 in a hypothetical outdoor
environment. Multiple scenarios including particle size, wind speed, source height variations as well as and combined scenarios
were modeled to estimated how exposure risk changes with the above-mentioned variables. The results reveal that wind speed
majorly narrows infectious plume rather than transferring the peak concentration. The particle size variation indicated that small
particles, i.e.,0.01 − 2.5 μm, could reach more than 9 m away from the source in concentration range of 10 − 20 (μg/m3). On the
other hand, source height contributes to peak plume shift rather than dispersing the infected particles. This idea was further
studies by using combined scenarios which indicated height difference can impact peak plume displacement rather than wind
speed. In the worst-case scenario, the results indicate that the virus-laden particles can travel outdoors more than 8 m away from
an infected source. The video output of the model results clearly shows the dynamic of viral peak shifts in several scenarios. The
results also indicate that in specific conditions the airborne SARS-CoV-2 can be transported to 9 m away from the source. These
findings can be useful for individuals as well as decision-makers to mitigated exposure risk in real-world conditions.
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Introduction

A pneumonia-like syndrome of an unidentified source was re-
ported in Wuhan City, Hubei province in China on 3st
December 2019 [12]. On 30st January [24] World Health
Organization (WHO) expressed concern over the spread of
COVID-19 for public health. COVID-19 has now become a
pandemic and infected more than six million people and killed
more than 1,335,263 people and infected 55,513,456 on a

global scale [25]. Many studies have focused on the transmissi-
bility of the SARS-CoV-2 virus in indoor environments.
Following stay-at-home orders and lockdown interventions
may cause issues including the sick building syndrome [8],
despite reducing viral transmission risk; however, can the
SARS-CoV-2 remain infectious in outdoor environments?
Investigating the transmissibility of the virus in the outdoor
environment is a continuing concern within understanding the
transmissibility dynamics and virus-laden particles outdoors.
The present study is an effort to address this gap of knowledge
in literature.

While there are four known routes of transmission of SARS-
CoV-2, i.e., air [13], fomites [15], wastewater [27], and possibly
water based on its predecessor SARS-CoV-1 [9], the airborne
transmission of SARS-CoV-2 is still overlooked in many coun-
tries and scientific communities [14]. Morawska and Cao [13]
suggest that there is a significant chance of airborne transmission
of the virus. The findings of Bourouiba [2] indicate micro-drop-
lets after sneezing can travel 7–8 m in an indoor setting.
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Lewis [11] argues that even if the RNA of SARS-CoV-2 is
found in air samples it is not indicative of the virus being viable.
More recent studies found viable SARS-CoV-2 in air samples
suggesting the virus can infect via the airborne route in even
longer distances in indoor environments [10]. These findings
are in light of using an air sampler device that operates based on
the water vapor condensation principle, which does not inacti-
vate the virus during the sampling process. The virus can re-
main viable for hours on aerosols [21] and convert them into
bio-aerosols. Wu et al. [26] found a significant increase in mor-
tality rate with the increase of PM2.5 concentration.

The current literature studied the propagation of the virus
by free-fall models [18] or multiphase turbulent gas cloud
model [2] in indoor environments. Hence, there is a scientific
gap to understand how the concentration of the virus-laden
particles may vary based on wind speed, particle size, and
source (infected sneeze) height in outdoor environments.
These variables are important in the sense that any potentially
vulnerable individual can reduce the risk of infection by repo-
sitioning him/herself based on envisioning how the concentra-
tion/risk may vary when some potentially-infected host
sneezes. The current study employs the AERMOD to model
infected aerosols concentrations in an outdoor environment
based on varying meteorological conditions, source height
variations, and combined scenarios. The findings of this re-
search may help decision-makers as well as individuals to
redefine social distancing rules regarding instantly-measur-
able meteorological variables as well as individuals.

Methodology

Aerosolized SARS-CoV-2 characteristics

To model how the bio-aerosols may disperse in the air there is
a need to estimate the physical properties of a sneeze including
emission rate, expiration velocity, and temperature, emission
rate, and source area.

It is noteworthy to mention that each gram of sneeze drop-
let (≈1.007 cm3) can potentially contain millions of virus cop-
ies; however, due to the lack of research on the number of
SARS-CoV-2 copies in a sneeze or cough, it was assumed
each gram of the expired liquid contains at least one copy of
SARS-CoV-2. The liquid emission rate was calculated based
on the cough dynamic graph in “Fig. 1“ provided by Gupta
et al. [7] in which they provide an estimate for a male cough
volume (MCV) (see Eq. 1):

MCV ¼ 0:138� CPFR l=sð Þ þ 0:2983 ð1Þ
where, CPFR is cough peak flow rate. However, in the
current study, the area under the curve of the digitized
version of “Fig. 1“ in Gupta et al. [7] was used to estimate

the mean cough volume and to approximate a typical
cough flow rate based on time. Table 1 provides informa-
tion on the main variables used in the current study to
models an individual sneeze.

Cartesian ARC receptors were located at a one-meter dis-
tance from each other in a circular pattern (see Fig. 1).
Collectively, 80 receptors (eight directions each contain 10
receptors or potential non-infected one) were used to approx-
imate the concentration of the virus-laden particles. It is im-
portant to note that AERMOD has been previously imple-
mented for distances less than 10 m [23].

AERMOD

AERMOD (version 14,134, https://www.epa.gov/scram/air-
quality-dispersion-modeling-preferred-and-recommended-
models) is a Gaussian plume model that is recommended to
estimate short-range (less than 50 km) pollution concentration
by the USEPA. Terrain features and meteorological parame-
ters are pre-processed by AERMAP and AERMET, respec-
tively [16]. More specifically, AERMET estimates planetary
boundary layer height, Monin-Obukhov length, surface heat
flux along with physical atmospheric properties, etc., and
writes it in an SFC file format. Meteorological profile data
including wind speed, wind direction, etc., recorded at differ-
ent heights are written in a PFL file format. The SFC and PFL
files together provide atmospheric characteristics to
AERMOD. AERMAP processes terrain elevation data and
assigns each receptor an elevation. In stable conditions,
AERMOD estimates concentration C by Eq. 2 [16, 28]:

C x; y; zð Þ ¼ Qffiffiffiffiffiffi
2π

p
σzUe

F x; yð Þ exp −
Hs−zð Þ2
2σz

( )
þ exp −

−Hs−zð Þ2
2σz

( )" #

ð2Þ
where, Ue, Hs, σz are the effective wind speed, the effective
stack height, and the vertical dispersion parameter, respective-
ly. Q and F(x, y) are the source strength and the weighted
horizontal distribution function. AERMOD assumes 360°
concentration dispersion in low-wind conditions; however,
in the current study, “LOWWIND1” was used to disable hor-
izontal meander (when the horizontal wind random compo-
nent is less than σv = 0.5 m/s). The potentially infected person
is considered to be the source and its properties including
emission rate, height, etc., were considered in AERMOD
based on Table 1. The receptors or vulnerable non-infected
individual is considered in AERMOD as receptor where Fig. 1
shows their position in a hypothetical situation. Otherwise, in
low-wind conditions, the concentration variations would be at
360°. polarplot3d function (Ken [6]) was used to visualize
AERMOD output files in each video frame. As sneezing/
coughing is usually released in a horizontal direction
“POINTHOR” was used as a non-DEFAULT/BETA option.
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The POINTHOR type of source is introduced in version
06341 [19] modeling horizontal (HOR) point source
(POINT) releases, altogether indicated as POINTHOR. As
AERMOD does not calculate concentrations for shorter than
1-h intervals, USEPA [20] and Venkatram [22], suggest Eq. 3,
that has been widely used in many studies [5, 17], to calculate
model concentration in shorter intervals.

C tð Þ ¼ C t0ð Þ � t0=tð Þ0:2 ð3Þ
where C(t) is the concentration of the shorter averaging time

(i.e., 1 s) and C(t0) is the concentration of the longer averaging
time (i.e., 60 min). t0 and t is the shorter and the longer aver-
aging time, respectively.

Sensitivity analysis

A MATLAB script was written to perform a sensitivity anal-
ysis of four variables, i.e., wind speed, particle size, and
source and receptor height. The script generates 100 hourly
SFC, PFL, and ADI (AERMOD input) files. The ADI files are

Fig. 1 Emission source and receptors location
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a list of information presenting the location of each input file
(e.g., AERMET outputs) and source and receptor characteris-
tics. Besides, a post-processor script was written to fetch
AERMOD POST files together. These four parameters (see
Table 2) were selected based on the fact that they can readily
be analyzed in real-world conditions. The rest of the variables
in the AERMOD model, including albedo, Bowen ratio, re-
ceptor height, and roughness length were assumed to be con-
stant, as the modeling area is assumed to be constant over
time.

The goodness of fit metrics

To estimate the accuracy of the fitted polyline compared to its
original cough curve, i.e., (please see Fig. 2), coefficient of
determination (R2), root mean squared error (RMSE), adjusted
coefficient of determination (R2 _ Adj), and sum squares error
(SSE) were calculated by Eqs. 4 to 7:

R2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n
∑
n

i¼1
Oi−Pið Þ2

s
ð5Þ

R2 Adj ¼ 1−
1−R2
� �

n−1ð Þ
n−p−1
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SSE ¼ ∑
n

i¼1
Oi−Pið Þ2 ð7Þ

where,Oi and Pi are the i
th observation and prediction, respec-

tively, and n and p are the total number of observations and
number of the predictor(s), respectively.

Results and discussion

Emission rate estimation

Emission rate estimation is carried out by calculating the area
under the curve of “Fig. 1“in Gupta et al. [7]. Accordingly, it
was estimated that the total (droplets and air) cough volume
(ETCV) of a typical cough is ≈0.98 (l). As a normal cough
takes about 0.49 s [7], it was estimated that in 1 s a normal
cough volume would be about 1.98 (l). Ultimately, consider-
ing the volume fraction of 5.6 × 10−3 and liquid density of a
cough 993 kg/m3 will yield 10.9 g/s of liquid expiration in 1 s.

However, this value was not directly inputted in AERMOD
as in a real-world scenario one does not cough/sneeze contin-
uously during an hour. In this vein, 10.9 g/s was divided by
3600 to yield a hypothetical hourly emission of 10.9 g/h. As
AERMOD does not calculate concentration for shorter than 1-
h intervals, we followed the approach suggested by USEPA to
interpolate calculated concentration for a shorter interval of 1-
s [20, 22]. Following Eq. 3, the model output concentration
was multiplied by C(1/60) = C(t0) × (60/(1/60))0.2 which
yields ~5.14 to interpolate 1-h average concentration to 1-s
average concentration. As Fig. 2 shows, the fitted polyline,
based on the goodness of fit metrics, is in good agreement
with observations (Fig 2).

COVID-19 exposure variations

In four scenarios wind speed, particle size, receptor height, and
source height were varied to observe aerosolized SARS-CoV-2
variations. Figures 3, 4, 5, 6 and 7 presents the AERMOD
response to the above-mentioned variations (interested readers
can refer to the supplementary materials for the colored video
version of the outputs). The results of particle size variations
indicate that smaller particles (less than 2.5 μm) can reach the
concentration range of 10 − 20 (μg/m3) in more than 9 m away
from the source. Blocken et al. [1] who found the droplets in the
size of 40 μm, which is far larger than the studied particles, can
travel more than 1.5 away from a runner at speed of 4m/s using
computational fluid dynamics approach.

The results of wind speed variation suggest an increase in
wind speed concentrates bio-aerosol rather than moving the
peak concentration away from the source. In this case, peak
concentration may move to 2 to 5 m away from the source at a
wind speed higher than 10 m/s. However, as the plume

Table 2 The variables
range under sensitivity
analysis

Variable name Range

Source height 0.5−3.4 m

Wind speed 0.1−11.5 m/s

Particle size 0.01μm−10μm

Table 1 The variables used in the current study

Variable name Value Reference

Mouth opening area 3.4 cm2 [3]

Fluid emission rate 10.9 g/s Calculated

Emission velocity 11.2 m/s [7]

Emission temperature 34°C [3]

Source height 1.7 m [18]

Receptor height 1.7 m [18]

Liquid volume fraction 5.6×10−3 Assumed

Droplet density 993 kg/m3 [3]

Mean wind speed and direction 2 m/s and 0° Assumed

Half-life in aerosols 1.09 h [21]
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contracts with wind speed, higher concentrations could be
found at longer distances, i.e., more than 7 m away from the
source. These findings are in agreement with Bourouiba [2]
who virus-laden particles can travel up to 7 − 8 m away from
the source. Dbouk and Drikakis [4] found at the wind speed of

~4m/s the droplets can travel up to 6 m a using computational
fluid dynamics approach.

In low-wind conditions, the result is different. In this
case, the peak concentration shape does not follow the
Gaussian distribution (LOWWIND1 option is used to

Fig. 2 Total cough volume estimation from “Fig. 1“of Gupta et al. [7]

Fig. 3 COVID-19 exposure variation due to particle size variation
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disable horizontal meander in low-wind conditions); how-
ever, the peak concentration does not disperse more than

2 m away from the source. On the other hand, the width
of peak concentration spreads over 1 m. These findings

Fig. 4 COVID-19 exposure variation due to source height variation

Fig. 5 COVID-19 exposure variation due to wind speed variation

290 J Environ Health Sci Engineer (2021) 19:285–293



are in agreement with Stariolo [18] who found in indoor
conditions virus-laden particles may not travel more than
3 m away from the source.

The source height variations at low levels (less than 1.7 m)
are majorly affected by source (or hypothetical horizontal
point) aerodynamic downwash and near ground-level

Fig. 6 COVID-19 exposure variation due to wind speed increase and source height increase

Fig. 7 COVID-19 exposure variation due to wind speed decrease and source height increase
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turbulence. At higher levels (>1.7 m) as the bio-aerosolized
virus plume spreads, the concentration reduces. It can be seen
that source height has more impact on peak plume concentra-
tion displacement than wind velocity (<10m/s). Based on this,
the higher the infected source position, the higher the distance
peak concentration can travel.

The combined wind speed and source position variation
were modeled in two scenarios, i.e., wind speed increase and
wind speed decrease while the source height increases. These
two scenarios provide insight into the dynamics of the infected
plume and how much an infected plume can travel in the
worst-case scenario. In the first scenario, as wind speed and
source height increase the peak concentration moves away
from the infected source; however, under low-wind conditions
and low-level source height, the peak concentration does not
spread further 1.5 m away. In this case, when wind speed and
source height reach their maximum allowable values, the
plume shifts to more than 9 m away from the source. Not to
mention the maximum concentration drastically decreases as
both variables increase.

In the second scenario, as wind speed decreases, esp.,
<10 m/s and source height increases, the aerosolized SARS-
CoV-2 plume contracts drastically; however, as soon as
source height increases plume expands and concentration re-
duces. This behavior indicates the source downwash effect is
more capable of transporting infected aerosols than wind
speed. On the other hand, as wind speed reduces to 2 m/s
the infected plume propagates in the left and right directions.

Conclusion

As the COVID-19 pandemic prolongs, the need for understand-
ing the dynamics of aerosolized SARS-CoV-2 dispersion in the
outdoor environment increases. Since its introduction, AERMOD
is one of the most tested and validated models recommended by
the USEPA for atmospheric pollution dispersion modeling. The
correct understanding of the novel coronavirus dispersion can
help to take preventative measures to control and contain it in
outdoor environments. In this regard, five scenarios of SARS-
CoV-2 infection spatial variation were demonstrated. However,
in some cases, the relationship of bio-aerosol intake with wind
velocity and source height may not fit our expectations.

The results suggest that source height can impact the dis-
placement of the peak plume concentration more than wind
speed due to the source downwash effect. Wind speed
contracted the plume rather than transferring the peak concen-
tration. Although the results may need comprehensive time-
intensive validation, at this point, it is believed that the results
can change the current understanding of SARS-CoV-2 expo-
sure risk. Hence, in the modeled scenarios, a vulnerable indi-
vidual may consider height difference rather than wind veloc-
ity and direction to reduce exposure risk. The particle size

variation indicates less exposure to large particles at long dis-
tances and relatively higher exposure to small particles at long
distances.

In equal height conditions, wind speed can be a major infec-
tion factor; however, not in large distances, i.e., more than 8 m
away from the potential source. In these conditions, the peak
concentration position may not shift drastically (the peak con-
centration was found to be located at 1 − 2 m away from the
source), but the plume shape contracts in a manner that rela-
tively-high concentrations could be found at even 9 m away
from the potential source. Hence, social distancing rules may
not apply in these conditions, and wearing facial masks for both
non-infected and infected individuals is recommended.

Limitations of the study

The present study, similar to many environmental modeling
studies, is subjected various to limitations, which will give rise
to further investigation. As the current study was carried out in
AERMOD, the accuracy of the model output requires an ex-
perimental air sampling approach to be accessed. This fact due
to the gap of knowledge on the virus behavior and special
sampling instruments (to capture viable airborne SARS-
CoV-2) requires more time to be explored. There are many
sources of uncertainty in the modeling process; however, the
overall shape of the plume is expected to be similar to the
model.

The results of the present study are only indicative of a
relative aerosolized SARS-CoV-2 concentration and exposure
risk. Therefore, the results do not indicate the received dose of
virus-laden particles, at any distance from the source, is
enough to make an individual infected. A comprehensive risk
assessment may unveil if these concentrations are enough to
make an individual infected or not. Also, the viability of the
infected particles need to be addressed at long distances, typ-
ically, more than 8 m away from the source.
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