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Abstract

Public transport is a fundamental service for the resumption of work and production, but the enclosed environment and dense

population create very favorable conditions for the spread of epidemic infections. Thus, effective public health interventions are

urgently introduced. The objective of this paper is to quantitatively estimate the SARS-CoV-2 transmission probability and

evaluate the influence of environmental parameters and individual intervention on the epidemic prevention. For this purpose, (1)

we estimate the virus emission rate with Diamond Princess Cruise Ship infection data by Monte Carlo simulation and the

improved Wells-Riley model, and (2) employ the reproductive number R to quantify diverse mitigation strategies. Different

determinants are examined such as the duration of exposure, the number of passengers combined with individual interventions

such as mask type and mask-wearing rate. The results show that the SARS-CoV-2 quantum generation rate is 185.63. The R

shows a stronger positive correlation with the exposure time comparing to the number of passengers. In this light, reducing the

frequency of long-distance journeys on crowded public transportationmay be required to reduce the spread of the virus during the

pandemic. N95mask and surgical mask can reduce the transmission risk by 97 and 84%, respectively, and even homemade mask

can reduce the risk by 67%, which indicates that it is necessary to advocate wearing masks on public transportation.

Keywords SARS-CoV-2 . Wells-Riley model . Public transportation . Transmission routes . Facial masks . Transmission

probability

Introduction

As of 9th November 2020, the novel coronavirus disease

(COVID-19) has reached more than 50 million confirmed

cases and 125 thousands deaths globally and, as of now, it is

still spreading exponentially (Coronavirus Resource Center,

Johns Hopkins University 2020). After lifting the public re-

strictions slightly, the outbreak significantly rebounded in the

USA, Europe, and China (Grossman 2020; Vega 2020). To

cope with the second wave, contact tracing and epidemiolog-

ical quarantine were immediately strengthened in the affected

areas. It can be seen that the prevention and control work in

the global COVID-19 epidemic is facing another new chal-

lenge. In the face of the protracted war against the emerging

epidemic, which is full of unknown factors, epidemic control

and the resumption of work and production are the dilemmas

faced bymost countries during this crucial period. To quantify

the public health risk in the confined space and make mitiga-

tion strategies, estimating the characteristics of the COVID-19

transmission probability is particularly pivotal.

The virus can spread between people in several routes.

Susceptible people may catch COVID-19 when the virus gets

into their mouth, nose, or eyes by direct contact with an in-

fected person (World Health Organization 2020). Under other

circumstances, the transmission routes are caused by
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respiratory droplets generated from cough, sneeze, speak, and

breathe (Qian et al. 2018; Wenzhao Chen et al. 2020). From

the moment the droplets are exhaled, they are experiencing

physical changes, such as evaporation, which leads to the

particle sizes ranging from larger “droplets” to smaller “aero-

sols or droplet nuclei,” with liquid sizes from 0.1 to 100 μm

(Chenari et al. 2016; Inthavong et al. 2012). The large

pathogen-load droplets may splash directly into the mouth or

nasal mucous of exposed people nearby (less than 1 m), caus-

ing close contact transmission, and it can also settle on sur-

faces, resulting in indirect contact transmission (Qian et al.

2018). Droplets smaller than 100 μm will evaporate within

seconds, forming droplet nuclei or aerosols (Hua et al. 2012)

and the size smaller than 5μm can suspend in the air for a long

time (Morawska et al. 2009; Wenzhao Chen et al. 2020;

Zhang et al. 2020). The floating virus in the air can spread

over a long distance and may have a chance to be inhaled by

healthy people under particular indoor, crowded, and inade-

quately ventilated spaces (Buonanno et al. 2020a; Correia

et al. 2020).

Although the WHO, Disease Control and Prevention

(CDC), and other organizations have accepted that SARS-

COV-2 is primarily caused by large droplets and direct contact

transmission (Neeltje Van Doremalen et al. 2020; Tellier et al.

2019), airborne transmission by inhaling aerosols carrying the

virus should not be ruled out, and some studies have indeed

shown the possibilities of SARS-CoV-2 airborne transmis-

sion. The National Academies of Sciences, Engineering and

Medicine (National Academies Of Sciences 2020) recently

reported that the collected gases exhaled by patients showed

the evidence of SARS-CoV-2, implicitly indicating its air-

borne transmission. Jiang (Y. Jiang et al. 2020) also gave the

evidence of SARS-CoV-2 in hospital air. Van (Neeltje Van

Doremalen et al. 2020) found that SARS-CoV-2 could survive

in aerosols for up to several hours. Guo (Guo et al. 2020)

pointed out that SARS-CoV-2 was not only widely distributed

in the air, but also had a transmission distance of up to 4 m. A

series of studies verifying SARS-CoV-2 airborne transmission

potential were being published (Ghinai et al. 2020; Jianyun

et al. 2020; Morawska and Cao 2020; Park et al. 2020; Read

2020). Hence, the WHO updated the transmission routes on

20th October, 2020, adding airborne transmission as an addi-

tional route (World Health Organization 2020). A schematic

diagram about how SARS-CoV-2 spread between people is

shown in Fig. 1.

People live and work in the indoor environment for more

than 80% of their time (Klepeis et al. 2001). From the per-

spective of epidemic prevention and control, interpersonal

communication in a confined space creates a favorable envi-

ronment for respiratory viruses through close contact and air-

borne transmission, which is likely to trigger a higher risk of

infection. Especially, after the resumption of work and pro-

duction, public transport has once again become the normal

way of daily commuting and travel. The narrow social dis-

tancing on public transportation leads to a higher risk of in-

haling the droplets at an early stage. If an asymptomatic pa-

tient coughs on a bus without wearing a mask during the peak

hours, the virus droplets can be expelled at a speed of 10 m/s,

with a concentration as high as 108 copies/mL (Buonanno

et al. 2020a, 2020b; Neeltje Van Doremalen et al. 2020), so

that adjacent passengers can instantly inhale the virus droplets.

Study showed that despite the rapid inactivation in the number

of virus, the relative survival rate could maintain at 88% after

30min of exposure to air, the infection risks cannot be ignored

(Buonanno et al. 2020b; Wenzhao Chen et al. 2020), thus

earlier inhalation of the virus droplets will aggravate the risk

of infection.

However, the success of virus infection in susceptible in-

dividuals is complicated by many factors. On departure from

the host (initial velocity, particle size, and number of droplets),

pathogen-load droplets will undergo heat and mass transfer

under diverse indoor environment, which dramatically chang-

es their living environment. The process leads to abundant

decay and degraded reproductive activity of the virus.

Furthermore, the exposure time of the vulnerable group is

uncertain. This makes the deposition location and status of

pathogens in the respiratory tract caused by aerodynamic in-

fluences still not well explained. At last, the heterogeneous

immunity of susceptible people makes it difficult to predict

the probability of infection from the mechanism perspective.

Hence, it could be better to develop a respiratory diseases

transmission model in conjunction with statistical concept to

predict the infection probability at the early stage of the pan-

demic, just like other infectious diseases prediction.

When the risk of transmission routes was not clear, many

scholars used statistical methods to rapidly predict the infection

risks of respiratory diseases in a confined space or even on a

larger scale, like a city, and provided prevention and control

strategies. Buonanno et al. (Buonanno et al. 2020b) used the

Gammaitoni-Nucci model to quantify the risk of SARS-COV-

2 through airborne transmission, obtaining the variation rule of

the quantum generation rate of SARS-CoV-2 under different

behavior. The paper predicted the basic reproductive number

for post offices, restaurants, supermarkets, banks, and clinics in

Italy with the quanta emission rate of 142 and evaluated the

impact of public intervention on curbing the spread of the ep-

idemic. Liao et al. (Liao et al. 2005; Liao et al. 2008) predicted

the airborne transmission risks of SARS, influenza, measles

and chickenpox such respiratory diseases on a Boeing 737

aircraft by using the SIR model and the Wells-Riley model,

obtaining the quanta values of different epidemics, and pro-

posed that increasing the fresh air exchange was an efficient

control measure to reduce the epidemic transmission. Furuya

(FURUYA 2007) estimated that the basic reproductive number

of influenza virus on trains was 2.2 by using the Wells-Riley

model, and put forward that ventilation was an effective way to
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minimize the risk of transmission. Zhang (Zhang et al. 2018)

used the SIR and Wells-Riley models to predict the infection

risk of respiratory diseases at different locations in Hong Kong

by taking into account the spatial and temporal dimensions of

population mobility. Oslen et al. (Olsen et al. 2003) applied

contact tracing in studying the actual infection case reports of

three flights carrying SARS patients, and found that the risk to

passengers was related to the relative position of the infected

person on the plane. The infection risk appeared to be higher

where the seats are located in three rows from the infected

source. Mizumoto and Chowell (Mizumoto and Chowell

2020) used mathematical modeling to predict that the basic

reproductive number of SARS-CoV-2 on the Diamond

Princess Cruise Ship reached 11.

February 2020 was the early stage of the outbreak of the

epidemic; unfortunately, it fell on the period of the Spring

Festival in China. Various kinds of public transportation were

frequently used, leading to the high risk of infection. Estimating

the infection risk of SARS-CoV-2 involves interdisciplinary

researches, including virology, epidemiology, aerosol science,

and engineering. What is worse, for the emerging pandemic,

the relevant epidemic parameters were unclear and lacked de-

tailed data for estimating. In order to quickly carry out a quan-

titative prediction of SARS-CoV-2 transmission risk in the pub-

lic transportation and make scientific mitigation strategies, this

paper firstly used the classic Wells-Riley model to estimate the

quantum of SARS-CoV-2 on the basis of the actual daily in-

fection cases of the Diamond Princess Cruise Ship. Secondly,

we predicted the basic reproductive number R in similar trans-

portation vehicles such as air-conditioned buses by using the

SARS-CoV-2 quantum of the Diamond Princess Cruise Ship.

Thirdly, by simulating the transmission probabilities under var-

ious bus scheduling andmask-wearing efficiency, we discussed

the prevention and control strategies in such spaces and pro-

posed useful optimization suggestions. The findings also pro-

vided reference for efficient decision making in COVID-19

epidemic prevention and control.

Materials and methods

Quantitative epidemiology of SARS-CoV-2

Infection data of the Diamond Princess Cruise Ship was col-

lected from the daily confirmed new cases reported by the

Ministry of Health, Labor and Welfare of Japan from 3rd

February, 2020 to 23rd February, 2020 (Ministry of Health,

Labor and Welfare, Japan 2020). With the detailed epidemio-

logical data from reported cases regarding influenza and

SARS, the respiratory diseases were estimated a log-normal

distribution fitted to the infection data (FURUYA 2007; Liao

et al. 2005; Liao et al. 2008). Hence, we used Monte Carlo

simulation to quantify the daily infection rate of the Diamond

Princess Cruise Ship. After optimizing the Kolmogorov-

Smirnov (K-S) statistics, log-normal distribution was the best

fit for daily infection rate. Then, we obtained the SARS-CoV-

2 quantum generation rate by substituting the physical param-

eters of the Diamond Princess Cruise Ship and the estimated

infection rate through the Wells-Riley model. Finally, accord-

ing to the quantum generation rate of the Diamond Princess

Cruise Ship together with public bus physical parameters and

Wells-Riley model, the basic reproductive number R of buses

in accordance with log-normal distribution was obtained after

using the K-S method. The research process was shown in

Fig. 2. We employed the Crystal Ball software (Version

2015, ORACLE, Inc., Redwood Shores, CA, USA) to analyze

the data and to estimate the distribution parameters. For this

study, 10,000 iterations were sufficient to ensure stability of

the results.

Transmission model

The probability of infection is related to many factors, such as

the number of virus, the type of virus, transmission routes, and

the immunity of the host (Morawska and Cao 2020). Because

these parameters are difficult to accurately determine,

Fig. 1 The SARS-CoV-2 trans-

mission routes (drawn by the

author)
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resulting in obstacles to quantitatively predict the risk of re-

spiratory diseases, therefore, many respiratory infectious dis-

ease prediction models were developed on the basis of statis-

tical concepts. Wells in 1955 put forward the concept of

“quanta” to determine the probability of airborne transmission

diseases. Quanta was defined as the minimum number of

pathogens required to infect a person, which may consist of

one or more infectious particles (William Firth Wells 1955).

From the perspective of statistics, Riley believed that the av-

erage probability of infection was subject to Poisson distribu-

tion, so quanta was then defined as the number of infectious

particles that can cause 63.2% susceptible people infected in

an indoor environment, and proposed the Wells-Riley equa-

tion in 1978 (Riley et al. 1978):

PI ¼
C

S
¼ 1−exp −

Iqpt

Q

� �

ð1Þ

where PI is the probability of infection, I is the initial number

of confirmed people,C is the number of infection cases caused

by I, S is the number of susceptible people, p is the breathing

rate of each person, q is the quanta productivity, t is the expo-

sure time, and Q is the room ventilation rate.

The Wells-Riley model assumes that the air in the room is

well mixed and the concentration of infectious particles to-

gether with the ventilation rate are under steady state. (Riley

et al. 1978) The equation is a stochastic model and it can be

applied to many diseases. Quanta cannot be obtained directly

through the equation, but it can be reversely obtained accord-

ing to the infection cases, thus the respiratory deposition of

infectious particles, the biological decay of pathogens in

droplet state, as well as the many complexities of airborne

diseases transmission are implicitly considered when calculat-

ing the quantum generation rate. It is an indicator of the virus

transmission ability, which is a statistical concept. Once the

quanta for a specific respiratory infectious disease is acknowl-

edged, the risk assessment for the pandemic under diverse

indoor environment could be rapidly quantified by the

Wells-Riley model (G N Sze To and Christopher Yu Hang

Chao 2010). For instance, Liao et al. (2005) calculated quan-

tum value of influenza (66.91) and SARS (28.77), and com-

pared estimating the two virus infected probability in hospital,

school, and aircraft.

Whereas, in reality, the outdoor air supply rate changes

along time and it is difficult to measure. By proposing the

concept of the fraction of inhaled air that has been exhaled

previously by someone in the space (rebreathed fraction), the

Wells-Riley model can be derived that considered the varia-

tion of the infective particles concentration with ventilation

and the non-uniform distribution of infective particles at dif-

ferent locations in a finite space (Rudnick and Milton 2003),

as shown below:

P ¼
D

S
¼ 1−exp −

Ipqt

Q
1−

V

Qt
1−exp −

Qt

V

� �� �� �� �

ð2Þ

where P is the probability of infection for susceptible people, I

is the initial number of infectors, D is the final number of

infectors that caused by I, S is the total number of susceptible

people, q is the quantum generation rate (quanta/h) of an in-

fected person, p is the breathing rate per person (m3/h), t is the

Fig. 2 The flow chart of the

research
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total exposure time (h), and Q is the outdoor air supply rate

(m3/h) and V is the volume of the ventilated space (m3).

The fraction of indoor air that was exhaled-breath ( f ) is

quantified by using total number of people in the ventilated

airspace (n), breathing rate per person (p), and outdoor air

supply rate (Q), which can be expressed as f = np/Q [18].

Substituting into Eq. (2), the Wells-Riley equation was further

modified as Eq. (3), making it more applicable to the large

indoor space, such as hospitals. (Chen et al. 2006):

P ¼
D

S
¼ 1−exp −

Iqft

n
þ

Iqf 2tV

n2pt
−

Iqf 2tV

n2pt
exp −

npt

Vf

� �� �

ð3Þ

When I = 1, S = n-1, the basic reproductive number (R) in

the confined airspace can be obtained, as shown below:

R ¼ n−1ð Þ*P ð4Þ

R refers to the average number of secondary infected peo-

ple by one primary infected patient during the infectious pe-

riod. It is a key epidemiological parameter to describe the

potential of disease transmission, and essentially determines

the rate of epidemic transmission. However, the value of R

changes over time under different transmission stages of the

epidemic and diverse interventions. When R > 1, it implies

that the epidemic is spreading through people at an increasing

rate, while R < 1, means that the epidemic is disappearing. R =

1 means that the disease has reached a regional equilibrium

(Olsen et al. 2003).

Parameters used to estimate quantum for COVID-19
on a cruise ship

The first infection passenger boarded the Diamond Princess

Cruise Ship on 20th January, and the virus started to spread

quietly until 3rd February, the Japanese medical team boarded

the ship for maritime quarantine. The incubation period which

refers to the time between infection and the start of infectious-

ness for SARS-CoV-2 is about 5.9 days (Adam J Kucharski

et al. 2020), and it is the first infection stage of the virus. The

second stage is the infection period which means the time

interval during which the infected individuals could transmit

the disease to any susceptible contacts and it is about 2.9 to

6 days (Adam J Kucharski et al. 2020; Wu et al. 2020). The

14 days which started from 20th January to 3rd February

covered the above two transmission stages of the virus; in

other words, passengers may experience from initially be in-

fected to they could transmit the disease to any susceptible

contacts. Besides, according to relevant information and data

released by the Japan Institute of Infectious Diseases, com-

bined with the actual situation (passengers could move freely

in public space and cabin before quarantine without taking

any prevention and control measures), it could be concluded

that the spread of the virus has been almost completely devel-

oped on the ship (National Institute Of Infectious Diseases

2020). On 5th February, all the passengers including crew

members were announced a 14-day quarantine on board until

19th February. Considering the incubation period, therefore,

we chose the confirmed cases from 3rd February to 23rd

February to calculate the infection rate, which completely

demonstrated the spread before passengers finishing

quarantine.

On the other hand, the cruise ship adopted an all-air air-

conditioned system in which the return air of the room went

back to the air-conditioned unit from the corridor tuyere. After

mixing with outdoor fresh air, the air was sent back to the

room after the temperature and humidity adjustment of the

air-conditioned unit. The return air with transmitted virus,

possibly, may mix with the fresh air and be sent to other

rooms. Even if the return air may pass through the filtering

system, the filtering efficiency for SARS-CoV-2 of the filter

installed on the cruise ship was not known and may not have

been sterilized in time, so the air supply still had the chance to

carry the virus. In addition, as we analyzed above, since the

initial patient have already infected many people in the early

stage, the virus loads have been very large because of accu-

mulated amount of patients. Even if the air supply volume on

the cruise ship was huge, the virus concentration may still

break the safety threshold in the supplied air (Junzhou et al.

2020); thus, the air-conditioned system on the cruise ship may

offer a channel for the airborne spread of the virus.

It is difficult to predict the transmission probability in the

whole indoor space. Since there may be asymptomatic cases

or infected cases that are still in the incubation period and it is

hard to detect infection under such conditions. Additionally, it

is impractical to accurately point out the volume, ventilation,

and location of the scattered source of infection in each space.

Random behaviors lead to diverse infection routes, making it

difficult to identify the dominating routes of infection on the

ship. Before quarantine, passengers could freely walk down

the aisle to the public area for meals and entertainment, and

then return to the cabin for rest. Close contact or aerosol

transmission is inclined to be found in public areas, while

the narrower spaces such as walkways and cabins may have

a larger chance of direct and close contact transmission.

Fortunately, Chen et al. (2006) has used theWells-Riley mod-

el to study the average transmission risk of respiratory dis-

eases in a hospital after taking into consideration various

transmission routes in such a large space. He assumed that

the air was well mixed throughout the hospital, and the people

were exposed to it for 24 h (Chen et al. 2006). Therefore, in

this paper, in order to simply and rapidly predict the quantum

generation rate of the Diamond Princess Cruise Ship by the

Wells-Riley model, we also assumed that the air on the ship

was well mixed, and the risk of various transmission routes

represented the average infection probability. The exposure
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time of passengers on the ship was set at 24 h. The following

are the parameters to predict the quantum generation rate of

the Diamond Princess Cruise Ship, as shown in Table 1.

The total number of people on the cruise before quaran-

tine was 3711, including passengers and crew members. We

calculated the volume of the shared indoor space of the

Diamond Princess Cruise Ship based on the open literature

for the ship (Vessel Tracker 2020). Further, diverse behavior

and activities intensity generate different respiration rates.

Since the breathing rates of resting, standing, light exercise,

moderate exercise, and heavy exercise vary greatly (0.3 ~

3.30 m3/h). We chose p = 0.49 m3/h, indicating that the ma-

jority of cruise passengers tend to relax. The fresh air supply

rate was 28.8m3/h per person according to the International

Organization for Standardization of Ships and Marine

(International Organization for Standardization 2002); thus,

the fraction of indoor air that was exhaled-breath was calcu-

lated as f = 0.016.

Parameters used to estimate R for COVID-19 on a bus

In order to verify the model, we obtained the R for a bus with

the calculated quantum of COVID-19 and compared it with

the actual bus infection cases. Table 2 shows the number of

passengers, exposure time, and physical parameters of the

actual bus infection cases according to the epidemic contact

tracing investigation. In detail, the patient originally took an

air-conditioned bus (with 48 passengers) for 2 h, and then

transferred to an air-conditioned minibus (with 12 passengers)

for 1 h. In the first period of time, eight people were infected.

During the second period of time, three people were infected

(Sun and Zhai 2020). The volume of the buses was calculated

by capacity. The activity intensity value of the passengers on

the bus was counted as a low breathing rate which was the

same as the Diamond Princess Cruise Ship. The fresh air sup-

ply rate was 20m3/h, which was selected according to the

People’s Republic of China Transportation Standards JT/T

888-2014 (Ministry of Transport of The People’s Republic

of China 2014).

The mask intervention

Public transport, serving as the method of choice for the daily

travel of the majority of people, especially as the predominant

vehicle for inter-city populationmovement, has been facing great

challenges in preventing SARS-CoV-2 cross-infection due to its

limited space and a large number of occupants. Even worse, the

high transmission risk of asymptomatic persons during the peak

of the outbreak aggravates the challenge. A series of cases of

SARS-CoV-2 infection on ships, planes, trains, and buses can

be found everywhere through the contact tracing reports of

COVID-19 (Moriarty et al. 2020). Direct contact and close con-

tact transmission of SARS-CoV-2 are still the main ways to

spread the diseases in closed spaces at present, with not mutually

exclusive (Morawska et al. 2020). In these two modes of trans-

mission, a confined space provides a fast channel for the virus

from the infected person to the exposed person, so that it can

maintain a high virus concentration and vitality in the process of

transmission, achieving further reproductive. Due to the coupling

effect of multiple factors, such as the different types of virus,

virus concentration, environmental conditions, exposure time,

and heterogeneous of exposed people, it is difficult to quantify.

Thus, the transmission mechanism of SARS-CoV-2 in public

transport fluctuates and is still unknown. So passengers should

take personal protective measures as much as possible to mini-

mize the risk of infection in a closed vehicle.

The high effectiveness of N95 masks is widely recognized.

Whereas, the limited supply at the peak of the outbreak exacer-

bated the shortage of masks. In the face of the exponentially

growing number of new cases, some countries began to encour-

age the public to use homemade masks that were made of com-

mon materials for self-protection (Davies et al. 2013). However,

except for N95 masks, the public have always doubt the efficacy

of surgical and homemade masks, because the National Institute

for Occupational Safety and Health (NOISH) regulated the

0.30 μm particle diameter filtering efficiency as the basis to

evaluate the performance of masks; thus, some people pointed

out the ordinary masks cannot block exhaled virus droplets of

small particle size, and thuswearingmasks cannot reduce the risk

of infection. Hence, our objective is to quantitatively distinguish

the working efficiency of the three kinds of masks through the

Table 1 Parameters to predict quanta of SARS-CoV-2

Category Value

People in the ventilation airspace (n) 3711

Volume of the shared airspace (V(m3)) 292,068

Exposure time (t (h)) 24

Breathing rate (p (m3/h)) 0.49

Fraction of indoor air that is exhaled-breath ( f ) 0.016

Number of infectors (I) 1

Outdoor air supply rate (Q(m3/h. person)) 28.8

Table 2 Parameters of air-conditioned bus and minibus operation

Parameter Bus Minibus

Number of passengers on the bus (n) 48 12

Volume of the bus (V(m3)) 104.525 34.375

Exposure time (t (h)) 2 1

Breathing rate (p (m3/h)) 0.49 0.49

Fraction of indoor air that is exhaled-breath ( f ) 0.006875 0.006875

Number of infectors (I) 1 1

Fresh air supply rate (Q(m3/h. person)) 20 20

42209Environ Sci Pollut Res  (2021) 28:42204–42216



Wells-Riley model and give scientific mask-wearing suggestions

under different conditions.

In order to detect the protection levels of several common

masks, we reviewed and analyzed the experimental research

results of N95, surgical, and homemade masks according to the

four papers (Davies et al. 2013; Lee et al. 2008; Noti et al. 2012;

Weber et al. 1993), and used filtration efficiency as the indicator,

obtaining the efficiency distribution characteristics along with

different particle sizes of the masks, as depicted in Fig. 3.

It can be seen that the five different types of N95 masks do

show excellent filtration efficiency for all particle sizes. The fil-

tration efficiency of three surgical masks and one homemade

mask are obviously lower than that of N95 masks, especially

for small droplets less than 1 μm in diameter. However, it is

undeniable that various types of masks can achieve the blocking

effect of exhaled droplets to different degrees. The filtering effi-

ciency of N95 masks remained stable above 98% (Lee et al.

2008; Noti et al. 2012), surgical masks ranged from 75 to 93%

(Davies et al. 2013; Lee et al. 2008; Noti et al. 2012). Even

homemade masks can have a filtering efficiency of 71–82%.

Hence, according to the papers, we assumed that the average

filtration efficiency of N95, surgical, and homemade masks were

98, 80, 70%, and could reduce the amount of contaminated air

inhaled to 0.03, 0.2, and 0.3p, respectively.

Results

Quantum generation rate of SARS-CoV-2 on the
Diamond Princess Cruise Ship

Figure 4 shows the daily number of new confirmed cases and

cumulative cases of the Diamond Princess Cruise Ship from

3rd February to 23rd February. On 3rd February, 10 people

were firstly confirmed as infected, and subsequently, the cu-

mulative number of confirmed cases gradually increased over

time, reaching a peak of 99 people on 17th February. By 23rd

February, the total cumulative confirmed cases were 691.

According to Fig. 4, we quantified the daily infection rate

byMonte Carlo simulation, and optimized the statistics by the

K-S method. The infection rate of the Diamond Princess

Cruise Ship fitted to a log-normal distribution was LN

(0.0173, 2.058).

Then, we substituted the fitted infection rate and parame-

ters in Table 1 into Eq. (3). After the K-S optimization fitting,

the quantum generation rate LN (184.64, 2.1) was obtained, as

shown in Fig. 5. It can be seen that the median of the quantum

generation rate of SARS-CoV-2 is 185.63, which is about six

times that of SARS (Chen et al. 2006). The distribution fitted

to the long-normal distribution was with a geometric mean of

184.64 and a geometric standard deviation of 2.1.

Basic reproductive number R for air-conditioned
buses

Figure 6 is the log-normal distribution curve of R for the two

buses based on the fitted quantum generation rate of SARS-

CoV-2 in the “Quantum generation rate of SARS-CoV-2 on

the Diamond Princess Cruise Ship” section. This figure was

obtained by combining the parameters of the air-conditioned

bus in Table 2 with the basic reproductive number R predic-

tion Eq. (4), after optimizing the goodness fit of distribution

by the K-S method. It can be noticed that the SARS-CoV-2

basic reproductive number R for the 48-seat bus after fitted

log-normal distribution is LN (7.48, 1.92), shown in Fig. 6a.

The median value is 7.48. Figure 6b shows that the SARS-

CoV-2 basic reproductive number R for the 18-seat minibus is

LN (2.96, 1.81), with a median value of 3.07. The results
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showed that the predicted median value R for the bus and

minibus in urban transportationwas close to the actual number

of infections, which proved the reliability of the estimated

COVID-19 transmission probability by using the revised

Wells-Riley model.

Impact of various masks on COVID-19 epidemic pre-
vention and control

Substituting the modified breathing rate in the above “The

mask intervention” section into Eq. (4), we forecasted the

basic reproduction number Rwhen all passengers are wearing

masks on the bus and minibus. Figure 7 shows the log-normal

distribution of the SARS-CoV-2 basic reproductive number R

of all passengers on the bus without masks, entirely wearing

N95 masks, surgical masks, and homemade masks. It is found

that the R is 7.48 without wearing masks. After wearing

masks, R decreases to 0.16 (N95 masks), 1.62 (surgical

masks), and 2.53 (homemade masks). Even the controversial

homemade masks can lower the basic reproductive number R

to 2.53, a 66% reduction in transmission risk.

Figure 8 shows the log-normal distribution of the minibus

basic reproductive number R under four scenarios: without

masks, N95 masks, surgical masks, and homemade masks.

As shown in Fig. 8, the value of R without wearing masks is

3.07. After wearing it, R decreases to 0.07 (N95 masks), 0.67

(surgical masks), and 1.01 (homemade masks), respectively.

In other words, under the condition that all passengers are

wearing surgical masks, the basic reproductive number R

would be directly reduced to 0.67, which means that if there

is a SARS-CoV-2 carrier on the bus while all other passengers

are wearing surgical masks, the risk of infection would be

effectively controlled. Moreover, a secondary transmission

risk would hardly occur.
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However, different countries had various attitudes towards

wearing masks during the COVID-19 pandemic due to their

culture and customs. After the outbreak of COVID-19, main-

land China, Hong Kong, Taiwan, South Korea, and other

Asian regions quickly responded to the national mask-

wearing strategy (Feng et al. 2020). Whereas, some

European, American, and Japanese administrative staff be-

lieved that there was little evidence that masks could effec-

tively prevent respiratory infections, and thought that it was

unnecessary to encourage the whole population to wear masks

(Federal Ministry of Health, Germany 2020; National Health

Service 2020). So it was hard to convince all the people to

wear masks. Figure 9 simulates the R for an air-conditioned

bus with the changing mask-wearing rate k. It can be

concluded that: (1) despite the various mask types, R dramat-

ically decreases with the increase mask-wearing rate, and any

kind of masks can play significant roles in controlling the

spread of the epidemic. (2) The larger mask-wearing rate can

markedly reduce the transmission risk. Besides, when k is very

small, the slight reduction of R has little effect on the preven-

tion and control of the epidemic, which means the importance

of calling on the entire population to wear masks.

Discussions

The impact of the bus scheduling on enclosed
transportation

The air-conditioned bus is one of the most common public

transportation for long and short trips, as well as commutes.

The driving distance and number of passengers are relatively

fixed regardless of a long trip or short trip, but city bus sched-

uling is fluctuating due to different time of a day and bus

routes. In order to evaluate the impact of changes in travel

time and number of passengers on a bus, this study used the

transmission model to estimate the COVID-19 basic repro-

ductive number R for air-conditioned buses under different

bus scheduling, as shown in Figs. 10 and 11.

Figure 10 shows the variation of bus basic reproductive

number R with the number of people at different exposure

times. Assuming that the number of passengers n = 48, when

the travel time is reduced from t = 2 h to t = 1 h, the bus basic

reproductive number Rwould decrease from 7.68 to 3.82. The

risk of infection is dramatically reduced. However, if the num-

ber of passengers is changed from n = 48 to n = 24, keeping

the travel time t = 2 h fixed, the Rwould decrease from 7.68 to

6.57. Similarly, predictions were made for the minibus.
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Figure 11 shows the values of the minibus basic reproductive

number R for different exposure times alongside the changing

number of passengers. Assuming that the number of passen-

gers n = 18 fixed and changing the travel time from t = 1 h to

t = 0.5 h, the R would decrease from 3.52 to 1.65. It reduces

the transmission risk more than 50%. However, curtailing the

number of passengers from n = 18 to n = 9 while keeping the

travel time t = 1 h, R shall be reduced by only about 24%.

Thus, reducing the exposure time in closed traffic is more

sensitive to the impact of infection risk than limiting the num-

ber of passengers.

However, it is not practical to change the traffic exposure

time for fixed travel distances. Several applicable suggestions

can be implemented during an outbreak. Firstly, the long-

distance bus of each day can be appropriately reduced.

Secondly, regulate passengers to sit at intervals so as to limit

the total population in vehicle. Thirdly, add rest-stops and ask

all the passengers to get off the car for air in order to reduce the

risk of transmission. That way, if a bus is running 1 h with 10

people, the basic reproductive number Rwould go from 7.7 to

2. Nevertheless, it should be pointed out that in the case of city

buses most passengers will not ride for a long time, usually 15

to 30 min, and the occupants getting on and off at each station

are random. Such uncertain factors work together, making it

difficult to accurately predict the situation through the model.

Yet, according to Fig. 10, even if the number of passengers is

reduced from 48 to 24, the basic reproductive number R of

SARS-CoV-2 only decreases by 15.9%. The transmission risk

is still very high. To conclude, exposure time on a city bus, to

a large extent, determines the risk of infection rather than the

number of passengers on board. The basic reproductive num-

ber R is about 0.5 for a 15-min ride and 1.5 for 30 min. It can

be deduced that taking a bus within 30 min, the infection risk

may be relatively low, according to the definition of the basic

reproductive number R, discussed in the “Transmission

Model” section.

Mask efficiency outward and inward

The above three types of mask filtration efficiency were cal-

culated based the cited papers in the “The mask intervention”

section. Among those papers, the experiments designed for

evaluating mask efficiency can be divided into outward ex-

periments and inward experiments. Outward defines that the

mask wearing contains outgoing particles to the environment,

while inward refers to the effect of mask on protecting an

individual from incoming particles. Accordingly, the inward

efficiency of mask is better than the outward (Van der Sande

et al. 2008).

The outward scenario is more suitable for mask-wearing

patients in a public occasion, which can prevent the outside

environment from pollution, especially in confined space.

Because for some respiratory pandemic, the coarse aerosols

are researched to be generated at the upper respiratory tract

while the fine aerosols reflected infection in the lung (Leung

et al. 2020). They are independent; thus, the viral load in the

fine aerosol are 8.8-fold more than that in coarse aerosols

(Milton et al. 2013). For example, sneezes will generate abun-

dant large droplets (Yan et al. 2018), which are likely to cause

close and indirect contact transmission, and wearing surgical

masks can reduce large aerosol by 25-fold. Even if surgical

masks reduce fine aerosol by only 2.8-fold compared to large

aerosol, it can reduce overall 3.4-fold of viral aerosol shedding

(Milton et al. 2013). But there are differences in the effective-

ness of masks against diverse viruses. Surgical masks seem to

be more efficient for both coarse aerosols and fine aerosols of

coronavirus (Leung et al. 2020). Therefore, in the public trans-

portation, patients wearing surgical masks could reduce the

emission of exhaled particles into the environment.

The inward scenario refers to the individual who has a risk

in staying in the pathogen-load aerosol environment, especial-

ly for the health-care workers. Surgical masks cannot prevent

all the aerosol from penetrating through the masks, and the

leak of submicrometer-size aerosols may also curtail the pro-

tective factor (Weber et al. 1993). The leakage characteristics

are related with different types of surgical masks. Even if, the

surgical masks can achieve the reduction factor from 1 to 55,

an average of 6 (Health and Safety Executive UK 2008;

Makison Booth et al. 2013). Homemade masks perform less

efficient than surgical masks, especially preventing fine aero-

sols from penetrating. As the exposure time becomes longer,

wearing surgical masks keeps a relative stable efficiency,

while homemade masks perform gradually better, narrowing

the gap between surgical masks. Therefore, homemade masks

may still achieve important protection degree, even though

they perform less strong than surgical masks. Besides,
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homemade masks can be made in ordinary families, which

will not be constricted by limited supplies. As can be seen,

for the reproductive number of minibus which may not be

very high, equal to 3.07, a small reduction in transmissibility

bywearing homemademasks may be sufficient for decreasing

the reproduction number to 1.01, achieving 67% improvement

in the epidemic prevention, nearly controlling the transmis-

sion. Greater reduction may be achieved for the COVID-19

that is predominantly carried by large droplets (Van der Sande

et al. 2008; Wenzhao Chen et al. 2020; World Health

Organization 2020).

Even though, authorities and academics have no clear

guidelines on the wearing of types of masks under different

conditions (Roberge 2016). According to the masks efficiency

discussed from inward and outward protection, if both the

patient and susceptible individuals wear surgical masks in an

enclosed environment, the infection risks will dramatically

decrease. For the time when masks limited provide, home-

made masks could also confer a significant degree of protec-

tion, even though they are less strong than surgical masks.

From a public health point of view, mask is not the single

resort of interventions, but to integrate all effective interven-

tions for an optimal protection.

As to the health-care workers who normally have situations

in close exposure to an infectious aerosol environment, con-

sidering the leakage of surgical masks and less protection

against fine aerosols, it is better for them to wear correctly

fitting masks together with visors, N95 masks, or higher level

respiratory protection, which can substantially curtail short-

range exposure and long-term exposure to infectious aerosols

(Makison Booth et al. 2013; Lindsley et al. 2014).

Limitations and outlook

The premise of the Wells-Riley model is the assumption that

the air is well mixed which means all the susceptible people

have the same infection risk. So far, there is no method avail-

able that can estimate the quanta from an outbreak other than

the assumption. Even if we have used the revised Wells-Riley

equation, taking spatial variation into consideration, the sur-

vival of viruses in the air is full of uncertainty and complexity,

which shows it is unreasonable that the quanta value stays

unchanged along time. Hence, in order to improve the model,

future work should pay more attention to the virus survival

study under different environments together with their aero-

dynamic characteristics.

As to the masks, additional studies can explore mask pro-

tection efficiency against different groups of people. Since

fine aerosols generation correlates with health conditions,

ages, and the virus type also has an effect on masks. Taking

the heterogeneous performances of diverse masks into an es-

timation model, future recommendations for infection control

could be critically evaluated for different groups of people

based on a specific virus.

Conclusions

This study developed an innovative approach for estimating

the SARS-CoV-2 epidemiological parameters “quanta” in

confined spaces by applying the daily confirmed cases on

the Diamond Princess Cruise Ship.With the calculated “quan-

ta,” we also predicted the basic reproductive number R of

SARS-CoV-2 for air-conditioned buses through the Wells-

Riley model. Finally, we quantitatively evaluated the mitiga-

tion strategies for transportation transmission risk of COVID-

19 and personal protection measures by simulating different

mask-wearing modes, highlighting the role of wearing

masks as one of the public interventions. Our study

can be incorporated into the interdisciplinary field

among engineering, virology, epidemiology, and indoor

environment for better understanding of the complex

dynamic environment. This information could also pro-

vide key theoretical support for the related departments

to conduct control strategies and for scholars to opti-

mize relevant models. The main conclusions drawn

from this study are summarized as follows:

(1) The median value of the SARS-CoV-2 quantum gener-

ation rate in an enclosed vehicle space is 185.63 accord-

ing to the daily number of new confirmed cases reported

on the Diamond Princess Cruise Ship.

(2) An increase in the number of passengers slightly in-

creases the infection risks, while the longer exposure

time in a confined traffic space can heavily increase the

risks. In other words, reducing the passenger exposure

time in an enclosed vehicle space is more effective than

curtailing the number of passengers in regard to the im-

pact on the infection risk. Hence, it is advisable to reduce

the frequencies of long-distance driving with crowded

people during the outbreak. However, for this study, less

than 30 min exposure in public transportation is relative-

ly low for the infection risk.

(3) It is necessary to advocate wearing masks in public trans-

portation. A large mask-wearing percentage plays a sig-

nificant role in achieving successful reduction of the

transmission risk.
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