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Abstract. There is good evidence supporting the airborne transmission of many respiratory
viruses (measles, influenza A, human rhinovirus and the novel SARS-CoV-2). Relative humidity
(RH) is an important factor in understanding airborne transmission as it may impact both
airborne survival, inactivation by biological decay, and the gravitational settling of the virus-
laden droplets. This study aimed to estimate and compare the impact of indoor relative
humidity on the airborne infection risk caused by these viruses using a novel modified version
of the Wells-Riley model. To gain insights into the mechanisms by which relative humidity
might impact airborne transmission infection risk, we modeled the size distribution and
dynamics of airborne viruses emitted from a speaking person in a typical residential setting
over a relative humidity (RH) range of 20-80% at a temperature of 20-21 °C. Besides the size
transformation of virus-containing droplets due to evaporation and then removal by
gravitational settling, the modified model also considers the removal mechanism by ventilation.
The direction and magnitude of RH impact depended on the respiratory virus. Measles showed
a highly significant RH impact that was as strong as the ventilation impact, as the infection risk
was roughly the same at RH of 13.5 % and 6 ACH compared to a higher RH of 70 % and 0.5 ACH.
For other viruses, ventilation dominated over RH. In the case of SARS-CoV-2, a very high RH of
83.5% was needed to reduce the infection risk. For rhinovirus, however, the high RH of 80%
increased the infection risk. Within the acceptable range of RH of 20-50% indoors, our modeling
showed that RH had practically no impact for SARS-CoV-2 and rhinovirus, while the upper RH
significantly reduced the infection risk of influenza A at the lowest ventilation rate of 0.5 ACH.
This relative impact of RH on infection risk became very weak at higher ventilation rates of 2-6
ACH independently of the virus types (except measles). In conclusion, we showed that in well-
ventilated rooms, RH range of 20-50% did not affect the airborne risk of influenza A, SARS-
CoV-2, and rhinovirus.

Keywords. Virus airborne transmission, Ventilation, Relative humidity, Indoor environment,
Wells-Riley model
DOI: https://doi.org/10.34641/clima.2022.363

Copyright ©2022 by the authors. This conference paper is published under a CC-BY-4.0 license. 10f6



1. Introduction

There is good evidence supporting the airborne
transmission of many enveloped respiratory viruses
(measles [1], influenza A (H1N1) [2], MERS-CoV [3],
and the novel SARS-CoV-2 [4]) and certain non-
enveloped viruses (human rhinovirus [5]). Airborne
infections pose a particular threat to susceptible
individuals whenever they are placed together with
an infected person in confined spaces [6]. It is
therefore important to understand the risks posed
by infectious individuals in indoor environments so
that interventions can be developed to minimize the
spread of airborne infection. In this context,
predictive  mathematical models and risk
assessments can be a fundamental tool for
understanding and planning effective infection
control strategies in indoor environments. Wells-
Riley model is the classic model to quantitatively
assess airborne infection risk; it is based on the
seminal work of Wells [7] and Riley et al. [8]. The
Wells-Riley model has extensively been used to
evaluate the airborne infection risk of respiratory
diseases [9]. The original Wells-Riley model has
been extended to account for three sink or removal
mechanisms - ventilation, gravitational settling, and
biological decay of the airborne pathogen [10].
However, the removal terms of gravitational settling
and biological decay in this model can only be
calculated for one specific environmental condition
being RH. This is a limitation of the model, as RH
may affect the airborne transmission of respiratory
viruses via both the deposition loss and airborne
decay of infectious droplets [11]. To gain insight
into the mechanisms by which relative humidity
might impact airborne transmission infection risk,
we modeled the size distribution and dynamics of
airborne viruses emitted from a speaking person in
a typical residential setting over a relative humidity
(RH) range of 20-80% and at a temperature of 20-
21 °C. Our model advances a mechanistic
understanding of the aerosol transmission route,
and results complement recent studies on the
relationship between humidity and respiratory
disease infectivity. It is an extension of the work
published earlier investing only the impact of RH on
the risk of infection with SARS-CoV-2 [12].

2. Methodology

A schematic representation of the theoretical model
assessing the impact of RH on the quanta emission
rate of SARS-CoV-2 for infection risk assessment is
shown in Fig 1.
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Fig 1. Schematic representation of a simple indoor
air mass-balance model in a completely mixed
environment including a source term S and removal
mechanisms by ventilation, inactivation by biological
decay k, deposition by gravitational settling D,
resuspension R, and respiratory absorption .

The mass balance model for a completely mixed
indoor mechanically ventilated room model can be
represented by the following differential equation
representing a single-zone model:

V.d’;it) =S+ Qsup 'nsup(t) — Qexn " Nexn(t) — k-
n)-V—-D-V-n(it)—R-V-n(t)—2-{ V- -n(t)

(1

To solve equation (1) in the form of a first-order

differential equation dr;—(tt) +n(t) - a = b, it may be

rewritten as follows:

an(t) (2 g)=2

ot (D +k+2:0) =2 (2)
The unique solution of quanta concentration in an
indoor environment with complete mixing
ventilation at time t, n(t) is:

Q .Z)-
n(t) =n,- e—(V+D+k+2 {)t + S {Q; _
Vo (yHD+k+2
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yHD+k+2:¢

quanta
)

where n, is the initial quanta concentration (T

attime t=0.

To perform calculations with (9) to predict indoor
concentrations of quanta at time t, appropriate
expressions for the source term S, deposition rate D,
inactivation rate k, and absorption rate { must first
be known. Regardless of the type of respiratory
virus considered, the deposition rate D and
absorption rate ¢ will be calculated in the same
manner. The detailed description of calculating the
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impact of RH on deposition rate D can be found in
[12], while the calculation of the absorption rate
can be found in [13].

The pollutant source emission rate S is defined as
the quanta emission rate of respiratory virus
generated by infected persons in the room divided
into n bins and can be defined by:
S =1" ¢ - & IR - X (N - V)
(4)

I - number of infected persons, -

N; - droplet number concentration in the it

.. particles
bin, om3

V; - the mean volume of a single droplet (mL) in the
ith bin.

X 4_p . 4
Vi (D) — T (Dmax”—Dmin") (5)

24'(Dmax—Dmin)

where D,,., and D,,;, denote the bin’s lower and
upper diameter values [14].
i- size bin of the droplet distribution.

The size distribution for talking is determined
experimentally by the works of Morawska et al. [15]
for droplet aerosols < 2 um and Chao et al. [16] for
respiratory droplets > 2 um: both studies measured
the size distribution of droplets for talking/voice
counting at a distance of 10 mm from the
participant's mouth opening.

3
IR, "T— inhalation rate. The inhalation rates for

resting and standing averaged between males and
females are equal to 0.49 and 0.54 mT, respectively

[17].

. . RNA TCID50
¢, — viral load in the sputum ol O T

c; - conversion factor is defined as the ratio
between one infectious quantum and the infectious
dose expressed in viral RNA copies (quanta/RNA)
or tissue culture infectious dose (TCIDso/ml). The
mean values for c¢; and c, are given in Tab 1. as
derived in a recent study by Mikszewski et al. [18]

Tab 1. Mean viral load ¢, and conversion factor c;
values for different respiratory viruses [18] carried
by droplets < 5um in a dehydrated state

RNA/ml quanta/RNA

To characterize the impact of relative humidity on
the inactivation rate, experimental data on the
survival time of the respiratory viruses in aerosols
were used for measured values of k (min-1) at
RH =20%, 50% and 80 % at T = 20-24 °C, as shown
in Tab 2.

Tab 2. Mean inactivation rates k [min~'] for the
considered respiratory viruses at different RH
values

Respiratory  Relative = Temperature Mean
virus humidity (°Q) inactivation
(RH %) rate
k [min~1]
Influenza A 21 8.68:10+4
[19] 50.5 20-24 9.65-10-3
81 0.013
Measles 13.5 0.010
[20] 69 20-21 0.112
Rhinovirus 30 0.066
[21] 50 20+1 0.066
80 1.21-103
SARS-CoV-2 20 0.0103
[12] 53 20-25 0.0101
83.5 0.0314

Respiratory Logio cv Conversion S

virus factor ci (quanta/h)

Measles 3.5 1.0 quanta/ 14.79-103
TCIDso/ml TCIDso

Influenzia 6.7 7.1-10¢ 0.166-103
RNA/ml  quanta/RNA
Rhinovirus 3.6 0.053 0.99-103
TCIDso/ml quanta/
TCIDso
SARS-CoV-2 5.6 1.4-10-3 2.6-103

To determine the probability of infection (P, %) as a
function of the exposure time (t) of susceptible
people, the quanta concentration was integrated
over time through the Wells-Riley equation as
follows:

P = (1 _ e—lRf:n(t)dt) (%) (6)

3. Results

We show preliminary results for a 40 m? x 3 m room
with two occupants, one infected person, and one
susceptible person that is distanced by at least 1 m;
only droplets less than 5 microns in size before
evaporation (dehydrated state) are considered for
all cases. Fig 2. shows the impact of RH and
ventilation rate on the infection risk when the
person is infected with influenza A. The trend is
clear - the infection risk decreased with higher RH.
However, the overall effect of RH on the infection
risk must be interpreted as a function of both the
ventilation rate and time. The shorter the time
interval and higher the ventilation rate, the less RH
has an impact on the infection risk. It can be noted
that for higher ventilation rates (6 ACH) the relative
impact of RH on the infection risk is very weak.
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Fig 2. Impact of RH and ventilation (ACH = Air
Exchange Rates per Hour) on the infection risk
probability P (%) when influenza A infected person
with a viral load of cv = 1067 RNA/ml is speaking
continuously for 60 and 120 min.

The impact of RH on infection risk when a person is
infected with measles is similar to the case scenario
with influenza A as depicted in Fig 3. Very low RH
values of 13.5 % significantly increase the infection
risk when compared to a higher RH value of 70 %.
Although again the relative impact of RH decreases
higher ventilation rate the overall impact of RH is
still prominent.
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Fig 4. Impact of RH and ventilation (ACH) on the
infection risk probability P (%) when a rhinovirus
infected person with a viral load of ¢y = 1036 TCIDso/ml
is speaking continuously for 60 and 120 min

Lastly, the impact of RH on SARS-CoV-2 infection
risk is shown in Figure 5. The infection risk is lower
for high RH values of 83.5 %, but there is no
significant difference between infection risks for RH
values between 20% and 53%. The difference
between the infection risk at all three RH values
considered becomes almost non-existent at higher
ventilation rates (6 ACH).
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Fig 3. Impact of RH and ventilation (ACH) on the
infection risk probability P (%) when the measles
infected person with a viral load of ¢y = 103-5 TCIDso/ml
is speaking continuously for 60 and 120 min

Compared to influenza A and measles, the impact of
RH on the infection risk for rhinovirus is inverse -
the infection risk significantly rises for a higher
relative humidity of 80 %, while it is lower for RH
30% and 50%. The difference between the
calculated infection risks at RH = 30% and 50% is
almost non-existent.

Fig 5. Impact of RH and ventilation (ACH) on the
infection risk probability P (%) when a SARS-CoV-2
infected person with a viral load of cy = 1056 RNA/ml is
speaking continuously for 60 and 120 min
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4. Conclusions

The infection risk for four different respiratory.
iruses (influenza A, measles, rhinovirus, and SARS-
CoV-2) was estimated using the modified Wells-
Riley model at different RH levels and different
ventilation rates for a specific indoor scenario when
an infected person was continuously talking for 120
min. We considered dehydrated droplets having a
size lower than 5 microns. We assumed complete
mixing and did not examine the impact of RH on
susceptibility. The findings of the study can be
summarized in the following key points:

e Four respiratory viruses showed different
impacts of RH on infection risk regarding the
direction of the impact and the magnitude
compared to the ventilation rate impact

¢ For influenza A and SARS-CoV-2, the infection
risk decreased with the highest RH values of 81%
and 83.5%, but differences were small in the RH
range relevant for indoor spaces. While for
influenza A the infection risk was slightly lower
at RH=51.5% compared to 21%, for SARS-CoV-2
there was practically no effect in the 20-53 RH
range.

Increasing RH from 20 or 30% to 50% had
practically no effect in the case of SARS-CoV-2
and rhinovirus and had a small but significant
positive effect in the case of influenza A. This
impact of RH was more prominent for lower
ventilation rates (0.5 ACH) and became very low
at higher ventilation rates (6 ACH).

¢ For rhinovirus, the infection risk significantly
rose for a higher relative humidity of 80 %,
however, the difference between the calculated
infection risks at RH = 30% and 50% was almost
non-existent.

e Measles was the only virus for which RH impact
was as strong as the ventilation impact, the
infection risk was roughly the same at RH of 13.5
% and 6 ACH compared to a higher RH of 70 %
and 0.5 ACH demonstrating a highly significant
impact of RH.

In conclusion, we showed that maintaining a higher
ventilation rate may have a more beneficial effect on
reducing the airborne risk of four different airborne
viruses than changing RH. Our model advances a
mechanistic understanding of the aerosol
transmission route, and results complement recent
studies on the relationship between humidity and
respiratory disease infectivity. The modified model
can be used by public health experts, engineers, and
epidemiologists when selecting different measures
to reduce the infection risk from various respiratory
diseases indoors allowing informed decisions
concerning indoor environmental control

References

[1] Riley RL, Mills CC, Nyka W, Weinstock N, Storey
PB, Sultan LU, Riley MC, Wells WF: Aerial
dissemination of pulmonary tuberculosis. A two-
year study of contagion in a tuberculosis ward.
1959. Am ] Epidemiol. 1995, 142 (1): 3-14.

[2] Tellier : Review of aerosol transmission of
influenza A virus. Emerg Infect Dis. 2006, 12 (11):
1657-1662.

[3] Xiao S, Li Y, Sung M, Wei ], Yang Z. A study of the
probable transmission routes of MERS-CoV during
the first hospital outbreak in the Republic of
Korea. Indoor Air. 2018;28:51-63.

[4] Morawska and Cao, 2020 L. Morawska, ]. Cao
Airborne transmission of SARS-CoV-2: The world
should face the reality Environ. Int., 139 (2020), p.
105730

[5] Dick EC, Jennings LC, Mink KA, Wartgow CD,
Inhorn SL. Aerosol transmission of rhinovirus colds.
] Infect Dis. 1987 Sep;156(3):442-8. doi:
10.1093/infdis/156.3.442. PMID: 3039011.

[6]

C.C. Wang, K.A. Prather, ]. Sznitman, ].L. Jimenez, S.S.
Lakdawala, Z. Tufekci, et al. Airborne transmission
of respiratory viruses Science, 373 (2021)

[7] W. F. Wells, Airborne Contagion and Air Hygiene:
An Ecological Study of Droplet Infections (Harvard
University Press, 1955).

[8] E. C. Riley, G. Murphy, R. L. Riley, Airborne
spread of measles in a suburban elementary school.
Am. ]. Epidemiol. 107, 421-432 (1978).

[9] Sze To GN, Chao CY. Review and comparison
between the Wells-Riley and dose-response
approaches to risk assessment of infectious
respiratory diseases. Indoor Air. 2010 Feb;20(1):2-
16. doi: 10.1111/j.1600-0668.2009.00621.x. Epub
2009 Jul 31. PMID: 19874402; PMCID:
PMC7202094.

[10] L. Gammaitoni, M.C. Nucci Using a
mathematical model to evaluate the efficacy of TB
control measures Emerg. Infect. Dis, 3 (1997),
pp. 335-342,10.3201/€id0303.970310

[11] A.Bozi¢, M. Kandu¢ Relative humidity in
droplet and airborne transmission of disease ]. Biol.
Phys., 47 (2021), pp.1-29,10.1007/s10867-020-
09562-5

[12] Aganovic, A, Bi, Y., Cao, G. Drangsholt, F.,
Kurnitski, J.,, & Wargocki, P. (2021). Estimating the
impact of indoor relative humidity on SARS-CoV-2
airborne transmission risk using a new modification
of the  Wells-Riley = model. Building  and

50f 6


https://doi.org/10.1007/s10867-020-09562-5
https://doi.org/10.1007/s10867-020-09562-5

Environment, 205.
https://doi.org/10.1016/j.buildenv.2021.108278

[13] Jones B, Sharpe P, Iddon C, Hathway EA, Noakes
CJ, Fitzgerald S. Modelling uncertainty in the relative
risk of exposure to the SARS-CoV-2 virus by
airborne aerosol transmission in well mixed indoor
air. Build Environ. 2021 Mar 15;191:107617. doi:
10.1016/j.buildenv.2021.107617. Epub 2021 Jan 19.
PMID: 33495667; PMCID: PMC7816614.

[14] Nicas M, Nazaroff WW, Hubbard A. Toward
understanding the risk of secondary airborne
infection: emission of respirable pathogens. ] Occup
Environ Hyg. 2005 Mar;2(3):143-54. doi:
10.1080/15459620590918466. PMID: 15764538;
PMCID: PMC7196697

[15]L. Morawska, G.R. Johnson, Z.D. Ristovski, M. Ha
rgreaves, K. Mengersen, S. Corbett, C.Y.H. Chao, Y. Lj,
D. Katoshevski Size distribution and sites of origin
of droplets expelled from the human respiratory
tract during expiratory activities ]. Aerosol
Sci., 40 (2009), pp. 256-
269,10.1016/j.jaerosci.2008.11.002

[16] Chao et al., 2009 C.Y.H. Chao, M.P. Wan, L.
Morawska, G.R. Johnson, Z.D. Ristovski, M.
Hargreaves, K. Mengersen, S. Corbett, Y. Li, X. Xie, D.
Katoshevski Characterization of expiration air jets
and droplet size distributions immediately at the
mouth opening J. Aerosol Sci., 40 (2009), pp. 122-
133

[17] Adams, W.C., 1993. Measurement of Breathing
Rate and Volume in Routinely Performed Daily
Activities. Final Report. Human Performance
Laboratory, Physical Education Department,
University of California, Davis. Human Performance
Laboratory, Physical Education Department,
University of California, Davis. Prepared for the
California Air Resources Board, Contract No. A033-
205, April 1993.

[18]
A. MikszewskKi, L. Stabile, G. Buonanno, L. Morawska
The airborne contagiousness of respiratory viruses:
a comparative analysis and implications for
mitigation Geosci. Front. (2021), p. 101285

[19] Weber TP, Stilianakis NI. Inactivation of
influenza A viruses in the environment and modes
of transmission: a critical review.] Infect.
2008;57(5):361-373. d0i:10.1016/].jinf.2008.08.013

[20] DE JONG, J., WINKLER, K. Survival of Measles
Virus in  Air. Nature 201, 1054-1055 (1964).
https://doi.org/10.1038/2011054a0

[21] Karim YG, Ijaz MK, Sattar SA, Johnson-
Lussenburg CM. Effect of relative humidity on the
airborne survival of rhinovirus-14. Can ] Microbiol.
1985 Nov;31(11):1058-61. doi: 10.1139/m85-199.
PMID: 3004682.

6 of 6


https://doi.org/10.1016/j.buildenv.2021.108278
https://doi.org/10.1038/2011054a0



