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Uncertainty remains on the threshold of ventilation rate in airborne transmission of SARS-CoV-2. We analyzed a
COVID-19 outbreak in January 2020 in Hunan Province, China, involving an infected 24-year-old man, Mr. X,
taking two subsequent buses, B1 and B2, in the same afternoon. We investigated the possibility of airborne
transmission and the ventilation conditions for its occurrence. The ventilation rates on the buses were measured
using a tracer-concentration decay method with the original driver on the original route. We measured and
calculated the spread of the exhaled virus-laden droplet tracer from the suspected index case. Ten additional
passengers were found to be infected, with seven of them (including one asymptomatic) on B1 and two on B2
when Mr. X was present, and one passenger infected on the subsequent Bl trip. B1 and B2 had time-averaged
ventilation rates of approximately 1.7 and 3.2 L/s per person, respectively. The difference in ventilation rates
and exposure time could explain why B1 had a higher attack rate than B2. Airborne transmission due to poor
ventilation below 3.2 L/s played a role in this two-bus outbreak of COVID-19.

[2]. The enclosed and often crowded air cabins, metro trains or bus
cabins increase human-to-human contact frequency and favor trans-

1. Introduction

Human mobility significant impacts on the spatiotemporal trans-
mission dynamics of infectious diseases, both globally and locally at city
scale. The significance of human mobility and rapid global spread of
infectious diseases had already been evidenced by the SARS epidemic in
2003 and the influenza A(H1N1) pandemic in 2009 before the current
COVID-19 pandemic. Mass transportation can lead to rapid spread of
emerging respiratory infections by either bringing infected individuals
from the epicenter to a distant city [1] or becoming an infection venue
where transmission takes place between the infected and the susceptible

mission of respiratory viruses and other infectious diseases that are
spread by close contact. The role of air travel has been demonstrated
using computer modelling in seeding global epidemics [3]; local traffic
also has a role in local epidemics, for example by driving spatial trans-
mission of influenza viruses [4]. The increasing importance of trans-
portation in disease spread nowadays may be seen by the advances in
transport systems and improvement in human transport infrastructure
over the past century at the global and local scales. For example, more
passengers than ever use rapid transit systems. In 2017, 168 million
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traveled daily via metro systems available in 182 cities, a growth of 70%
in new metros since 2000 [5]. In China, there had been a rapid growth in
passengers from 2012 to 2014 for cities, including the Beijing (+39%)
and Shanghai (+25%) metro systems.

Despite the perceived or observed infection risk, it is not known what
major environmental factors determines the infection risk after expo-
sure. In 2003, some passengers who shared a flight from Hong Kong to
Beijing with one symptomatic SARS patient were infected while others
were not [6]. No passengers were infected in a Guangzhou-to-Huizhou
China coach bus with a MERS (Middle East Respiratory Syndrome) pa-
tient in May 2015 [7]. In-flight transmission of SARS-CoV-2 has also
been reported (e.g. Refs. [8-10]. In most of these reported outbreaks,
lack of data on passenger contact and ventilation rate of the infection
venue hindered the in-depth analyses of the factors that impact on
infection risk.

The transmission routes of SARS-CoV-2 in transportation remain to
be investigated. The possibility of airborne transmission has been
recognized by major health authorities since October 2020 [11,12].
According to the well-known Wells-Riley equation [13], the require-
ment for the minimum ventilation rate at an acceptable infection risk
may be estimated if the quanta generation rate is known. However,
significant uncertainty exists in estimating quanta generation rate and
significant differences also exist in existing estimated values [14-16].
Alternatively, the ventilation rates can be measured in the infection
venues involved in COVID-19 outbreaks. To the best of our knowledge,
there is unfortunately a lack of a detailed measurement of ventilation
rates in the infection venues in nearly all existing studies of COVID-19
outbreaks (e.g. Refs. [16-22].

We investigated the ventilation requirement by exploring possible
airborne transmission in a COVID-19 outbreak in January 2020 in
Hunan Province, China, involving two buses, bus B1 and minibus B2,
with 10 non-associated infected passengers. We collected

Total duration: 3 hr 20 min

Busy urban/suburban Suburban
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epidemiological data, bus itineraries, the seating plans of passengers,
and the details of the ventilation systems and operation, and we per-
formed detailed ventilation and dispersion measurements on the two
buses with the original drivers on the original route.

2. Method
2.1. Epidemiological analysis

We obtained the dates of symptom onset and the seating arrange-
ments on the two buses, and interviewed the drivers and passengers. All
infected individuals were confirmed using throat swabs and analyzed by
real-time polymerase chain reaction with reverse transcription (RT-
PCR). The information collected also included the demographic data,
travel history, and symptoms of the infected individuals. We also ob-
tained details of the buses’ air conditioning and ventilation systems, and
hourly weather data for January 22 in Changsha and city D. The closed-
circuit television (CCTV) records of the two buses were reviewed by the
co-authors from Hunan CDC in the early phase of the investigations, but
unfortunately, the records were erased thereafter, however four
screenshot images of B1, two screenshot images of B2, and the depar-
ture/arrival video clips of B2, were kept.

The 47-seat bus Bl is fully enclosed, with a luggage compartment
and a toilet on the lower deck and the passenger cabin on the upper deck
(Fig. 1A). Its passenger cabin is 11.4 m long, 2.5 m wide, and 2 m high.
The driver’s seat is at a mid-level between the two decks. There were 46
passengers during Mr. X’s journey. Seat 8C was empty. Forty-two pas-
sengers boarded using the front door at Changsha, two late passengers
(seats 13B and 13E) at Changsha used the back door, and two other
passengers (seats 13D and 9C) were picked up using the front door by
the roadside 40 min after departing from Changsha. Four non-infected
passengers were dropped off 16 km from City D station. The bus is

Fig. 1. (Color Online) The two buses,
seating plans, journeys, and distribution of
confirmed cases of SARS-CoV-2 infection by
seat numbers. (A) bus B1; (B) bus B2. The
seat numbering has been assigned by the
authors. Seat D is where the driver sat, and
Seat C on B2 was reserved for the bus
conductor, although she actually sat in the
luggage area during the journey. The seat
number in deep red on each seating plan
indicates the possible location of the index
case. Seat numbers in light red indicate
where the infected individuals sat. The
duration and journey length of each route
are also shown. The passenger in seat 9D on
Bl from Changsha to city D was infected,
and the passenger in the same seat on the

20-30 km/hr 30-40 km/hr
x return trip from city D to Changsha also
' river became infected (shown in brown with a
Changsha 15 krp Plck_-up 177 km _ Drop-off 3 krp . bol ith K
40 min 5 min 2hr25min 5 min 5min City D separate seat symbol). Seats with a mas
means the corresponding passengers wore a
= o — facial mask and seat 4A on bus B2 is where
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" o day. (For interpretation of the references to
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&’ ﬁ@ B S o o g} s o colour in this figure legend, the reader is
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Fig. 1. (continued).
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equipped with an air conditioning system for cooling only, which was
turned off during the trip. We also took the bus to a mechanic and repair
station to examine its air conditioning and ventilation design. One
ceiling-mounted outdoor air supply is provided at the rear and one
ceiling exhaust at the front. The heating system includes floor-level
convective radiators on both sides of the bus, although only the one at
the driver side was functional. It was turned on.

B2 is a 17-seat air-conditioned minibus with both a driver and a
ticket conductor. The cabin measures 5.5 m long, 2.5 m wide, and 2 m
high. The windows were operable, and the driver recalled that his small
window and two other windows were open occasionally. These opening-
window areas are shown in brown or blue in Fig. 1B. The air condi-
tioning system on the bus was not turned on at the time. A total of 16
passengers were on board, and all boarded the bus at the departing
station or close to it. Two seats were empty, and a mother in Seat 4A held
a 3-year-old child. Except for two passengers who got off 12 km before
the final stop, including one infected passenger (Seat 5A), all others got
off at or close to the final stop, including the index case. The whole
journey of B2 took 60 min by the time the index case got off.

We studied the infection data on the two buses and explored the
association between the attack rates and ventilation rates. On B1, we
studied the infection data with regard to seating location and used a chi-
square test to explore the relationship between a passenger’s location (i.
e., seat) and his/her probability of becoming infected. The seats were
first grouped according to distance from the index case’s seat, i.e., rear
seats (rows 8-13) and front seats (rows 1-7). We also grouped the seats
according to the aisle, i.e., the driver side and the opposite side.

2.2. Experimental tracer gas measurement and computer simulations

The tracer measurement was carried out on B2 on April 5-7 and on
B1 on April 9-11. The weather on April 11 was similar to January 22,
with low air temperature (5-11 °C). However, on the other measure-
ment days, the temperatures were mostly 10 °C higher than on January
22 (11-22 °C on April 5-7 and 20-30 °C on April 9-10). We considered
various combinations of air conditioning/heating and windows open/
closed to simulate the airflow at the time of infection. Metallic sheet
cylinders filled with hot water were used to reproduce the thermal
plumes above the passengers. Between 9 and 11 members of our
experimental group sat on selected seats while these warm metallic
cylinders were placed on all other seats.

There were two parts to the tracer gas measurement. In part 1, we
released ethane gas through a pipe of 8 mm inner diameter with a speed
of 1.5 m/s at 32-34 °C, with the pipe outlet placed on an experimental
worker’s head. The release was designed to mimic the index case’s
exhalation. We monitored the tracer gas concentrations at nine seats or
points, including those seats where some of the infected persons had sat;
see Figure S2. We also detected the airflows at the outdoor-air supply fan
and exhaust fan in B1 and at door/window openings in B2 during these
tests. In part 2, the ventilation rate was measured using the tracer-
concentration decay method. Unfortunately, the experiments in part 1
were performed on both buses with the wrong initial seating plans, i.e.,
with all seats occupied (Figure S4).

For CFD modeling [23-25], the widely used software package Ansys
Fluent (Ansys, Canonsburg, PA, USA) was adopted, which is a



C. Ou et al.

three-dimensional, general-purpose CFD software package for modeling
airflows. The virus-laden water droplets generated from the index case
were assumed to rapidly evaporate after a few seconds in the air. We
approximated the exhaled droplet nuclei as a passive scalar and
neglected the deposition effect. Our computational fluid dynamics
(CFD) modeling was first performed under the experimental conditions
(Figure S3) for validation, and then with the correct seating plan on both
buses.

3. Results

On 22 January 2020, the 47-seater bus B1 had 46 passengers during
the 3 h 20 min journey from Changsha to City D, and the 17-seater bus
B2 had 16 passengers during the 1 h journey from City D to a small town
immediately after Mr. X’s village. We identified nine secondary symp-
tomatic infections, one asymptomatic secondary infection and two ter-
tiary symptomatic cases. The epidemic curve for the nine symptomatic
secondary infections is shown in Fig. 2. Among the 10 confirmed sec-
ondary cases, 7 were on B1 from Changsha to City D, 2 on B2 from City D
to the countryside, and 1 on Bl during its return to Changsha. The
passenger infected in seat 9C on B1 was asymptomatic. Case 6A on Bl
led to one tertiary infection. Case 4C on B2 led to another tertiary
infection. Thus, 13 infected cases were associated with this cluster,
including the index case.

These infected cases were identified by contact tracing after the
index case Mr. X was confirmed as the first case in city D. A total of 243
close contacts and suspected cases were subsequently identified as
associated with the index case. Nasal swabs were collected and tested
with RT-PCR. Note that there was no confirmed case of COVID-19 in city
D and only four in Changsha as of January 22, although it was later
found that there were 9 cases with onset of symptoms in city D, and 23 in
Changsha (Figure S1). The remaining 231 close contacts all tested
negative and were released after 14 days of isolation. No other exposure
history was identified. The outdoor air temperature in Changsha on
January 22 was 6-9 °C with a 3-5-m/s northwesterly wind and rain, and
in city D the temperature was 7-11 °C, with a 3-5-m/s northeasterly
wind and light rain.

The index case was a 24-year-old man who worked in Changsha, and
who had probably been exposed to SARS-CoV-2 on January 18 and 19
when he dined and worked with his colleagues there. He first developed
symptoms on January 22 after the bus journeys. One of these colleagues
had the onset of symptoms on January 16, and was confirmed later as a
COVID-19 patient.

The infected seats and the seating plans of the two buses are shown in
Fig. 1. The suspected index case sat in seat 12D on B1 and seat 4C on B2.
On B1, the furthest infected case sat in the front row in seat 1D (9.46 m
from the index case). Nearly all passengers, including the index case, got
on the bus via the front door, except the two late passengers at the
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departing station, who used the back door. The remaining incomplete
video record also shows that five non-infected Bl passengers wore
masks, but one of them took off the mask for part of the time, and none of
the infected cases wore masks. The suspected index case did not use the
toilet during the journey.

Bus B1 stayed in city D for 30 min for simple cleaning only, without
any disinfection at that time. On the return trip of B1 to Changsha, the
passenger who sat in seat 9D (shown in brown in Fig. 1A) became
infected, with onset on January 24. No contact or interaction between
the index case and the new passenger in seat 9D was identified. By
January 28 when the index case was confirmed, bus B1 had already been
fully disinfected multiple times, making environmental sampling
impossible. The passengers at the rear seats had a nearly identical
infection probability to those at the front seats (Table 1). However, the
infection risk was much higher for the passengers on the driver side than
those on the opposite side.

On B2, the distance between the seat where the index case sat and the
farthest infected person (seat 1B) was 2.33 m. Hence, close-contact
transmission might have occurred. After taking B2 and having arrived
in his village, which is only 1 km from the final stop in a small town, Mr.
X bought masks at a roadside pharmacy, donned one before returning
home, and then undertook self-quarantine in his own room, and did not
infect any of his family members.

The time-averaged ventilation rate was 1.72 L/s per person on Bl
and 3.22 L/s per person on B2. The ventilation rate of a bus depending
on the driving speed [26,27] and extent of window opening. The
measured ventilation rates are summarized in Table S1 and compared
with the attack rates on the two buses in Table 2. For both buses, the
relatively large value of air change per hour (ACH) (Table S1) suggests
that the steady-state assumption is valid [28]. The measured and pre-
dicted dispersion of the exhaled tracer gas from the index case is shown
in Figure S3 and Figure S4. On both buses, the distribution of the exhaled

Table 1

The infected passengers on bus B1l. The numbers of other passengers do not
include the index case. Note that the division between the front and rear seat
zones is arbitrary.

Zones No. of other No. of Attack P-
passengers infected rate value
cases
Distance Rear seats 19 3 15.8% 1.000*
from the (rows 8-13)
index case Front seats 26 4 15.4%
(rows 1-7)
Aisle* Driver side 24 6 25% 0.164%
Opposite 20 1 5%
side

* Passenger in seat 13E is ignored in the calculation.
# Chi-square test with continuity correction.

Fig. 2. (Color Online) The observed dates of symp-
tom onset of the index case (represented by a red
square), the six symptomatic passengers on bus Bl
from Changsha to City D (represented by blue
squares), one symptomatic passenger (with onset on
January 24) on B1 from D to Changsha (represented
by a blue square), and two symptomatic passengers
on the minibus B2 (represented by yellow squares).
The additional asymptomatic case on B1 is not shown
here. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web
version of this article.)
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Table 2
The observed attack rates, measured ventilation rates, and exposure times in the
two buses.

Parameters Bus B1 from Changsha to Minibus B2 (15:43
cityD (12:10 p.m. t0 3:30 p.  p.m. to 16:43 p.m.)
m.)
Number of persons (other 46 17
passengers + driver
(conductor))
Number of infected cases 7 2

except index case
Attack rate (%)
Ventilation rate
Exposure time

7/46, 15.2%
1.72 L/s per person
200 min

2/17,11.8%
3.22 L/s per person
60 min

Concentration (ppm)
1000
700
550
525

(A)

Concentration (ppm)
900

300

100

B)
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tracer gas was rather uniform due to the airflow patterns (Fig. 3). This
explains the relatively uniform distribution of the infected passengers on
both buses. The mean airflow pattern on Bl was dominated by the
thermal plumes above each person and their interaction with the supply
outdoor-airflow at the rear of the bus. The supply of outdoor air estab-
lished a cold air current that fell to the cabin floor, spread to the entire
cabin as a cold “gravity current” [28] then rose following the body
thermal plume of each individual passenger and eventually exhausted at
the bus’s front exhaust. It appears that the blockage of the floor-level
gravity currents by the toilet in the passenger cabin explains why the
contaminated supply air spread slightly more to the driver side than to
the opposite side. Our simulation showed that the mean concentration in
the driver-side half-volume was 24.5% greater than that of the

Fig. 3. (Color Online) Predicted spread of
the exhaled tracer gas in the buses. (A) B1;
(B) B2. The ventilation inflow is shown by
blue arrows, and outflow by red arrows. In
bus B1 simulation using CFD, the tracer gas
concentration at the mouth of index case is
31.83%, while that for bus B2, 43.77%. The
predicted average concentration on bus B1 is
603.2 ppm, and on bus B2 is 251.7 ppm. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)
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half-volume on the opposite side. The mean airflow pattern on B2 was
different from B1 in that the incoming wind flowing via the open back
window was pushed upwards and circulated to the front along the
ceiling. This probably explains how the passenger in seat 1B was
infected. The departure and arrival video clips showed that the index
case only passed the passenger at 1B while boarding, and that upon
arrival, the passenger at 1B disembarked first. The overall rear-to-front
airflow patterns on both buses were created by the wind pressure
distribution.

4. Discussion

The most striking feature of the outbreak is the occurrence of
infection in two subsequent buses due to the presence of the same sus-
pected index case on the same afternoon of January 22 with a gap of just
10 min between the two trips. This provides an opportunity to explore
the effect of bus ventilation rate on infection if airborne transmission
dominates. The attack rate was slightly higher on Bl than on B2,
although the same index case was present. Both buses were poorly
ventilated, with measured time-averaged ventilation rates of 1.72 L/s
per person on Bl and 3.22 L/s on B2. Both ventilation rates are much
lower than the commonly recommended 8-10 L/s per person according
to most authorities and professional societies (American Society of
Heating, Refrigerating and Air-Conditioning Engineers Standard 62.1,
2019). The minibus B2 was better ventilated than B1, as its driver and
passengers were able to open some windows for some of the time, even
though the outdoor air was cold (6-9 °C) with light rain. Buses are
known to be crowded environments. The area occupied by each person
was 0.60 m? on B1 and 0.72 m? on B2. The exposure time on B2 was also
shorter than on B1.

The index case already felt tired prior to taking the two buses. He
remained asymptomatic on both journeys. On B1, he sat next to the
window and close to the supply air jet, which carried some of his expired
droplets or droplet nuclei to the floor level, where they spread to the
front of the bus as a gravity current. The predicted blockage of this
gravity current by the toilet would have prevented some spread of the
expired droplets to the non-driver side of the passenger cabin, while a
slightly higher concentration of expired droplets was seen on the driver
side (Fig. 3A). This explains the higher attack rate on the driver side.
Similarly, on B2, his window was faulty and thus permanently open, as
found during our field study. The open window was the air supply for the
entire bus. This provided a ventilation inflow that spread his expired
droplets to the entire minibus cabin. Poor ventilation leads to infection,
but the airflow actually spreads the infectious virus droplets.

Airborne transmission of SARS-CoV-2 had been debated [29,30]
before US CDC (2020) and WHO [11] formally recognized it in October
2020 (US CDC, 2020; [11]. The possibility of airborne transmission may
be supported by the detection of the virus in airborne aerosols and its
survivability in fine aerosols. Sia et al. [31] demonstrated that
SARS-CoV-2 can be transmitted efficiently by aerosols between ham-
sters. Positive air samples of SARS-CoV-2 have been detected in hospital
wards and elsewhere (e.g., Ref. [32]. The new coronavirus can remain
viable in aerosols for hours with a median half-life of approximately 1 h
[33].

However, successful transmission is also determined by the room
ventilation. To minimize airborne transmission, a minimum ventilation
rate needs to be provided into an indoor space, and such a minimum
ventilation requirement is probably a function of the quanta generation,
number of infectors, exposure time of the susceptible and other physical
and biological parameters. Our study here provides evidence for the
probable airborne transmission of SARS-CoV-2 on two buses under a
ventilation rate of 3.2 L/s per person or less. The importance of venti-
lation for SARS-CoV-2 intervention has been recently recognized in at
least two major commentaries [34]; Li et al., 2021; [35-37].

The air flows on the two buses are approximately fully mixed as
shown in Fig. 3. The volume of air is 60.42 m® in Bus B1 and 21.69 m® in

Building and Environment 207 (2022) 108414

Bus B2. The air change rate is 4.8 h™! in B1 and 9.6 h™! in B2. We
adopted an aerosol deposition rate of 0.3 h~! and virus deactivation rate
of 0.63 h™! [16]. The pulmonary flow rate for test and breathing is 0.49
h~L. As the effective air change rate is (4.8 + 0.93) h~! onB1 and (9.6 +
0.93) h™! on B1, the use of steady state Wells-Riley equation is justified,
which gives an estimated quanta generation rate of 35.0 h™! on B1 and
58.3 h™! on B2, which are compared with 970 + 390 quanta/h in the
Skagit Valley Chorale outbreak [16], <1 quantum/h in resting condi-
tions by Buonanno et al. [14], and 14-48 quanta/h using a sing a
reproductive number-based fitting approach [15]. According to Sun
et al. [38], “... infectiousness profile of a typical SARS-CoV-2 patient
peaks just before symptom presentation”, which is also supported by
other studies (e.g. Refs. [39-41]). Our estimated larger quanta genera-
tion rate on B2 than B1 for the pre-symptomatic index case is also in
agreement with this theory of peak infectiousness just before the
symptom presentation, as the index case only developed symptoms after
the trip, and he did not infect others after the trip.

To ensure that there is less than one person to be infected on each
bus, the estimated minimum ventilation rate becomes 15.4 L/s per
person on Bl and 7.3 L/s per person on B2 using the estimated quanta
values. These estimated minimum ventilation rates are in the same order
of magnitude of the required minimum ventilation rate of 8-10 L/s per
person in offices and other public spaces as required by international
ventilation standards such as ASHRAE 62.1 (2019) [42].

Close contact between the index case and other passengers could also
have occurred. The index case arrived at Changsha West Bus Station
around 11:30 a.m. and picked up his bus ticket from a machine at the
station. He waited in the lounge for approximately 20 min. Although
many other passengers were waiting there, the index case was able to
find a seat. He did not know anyone or speak with anyone. Thousands of
buses are scheduled daily to depart from the station, and the fact that no
passengers on any other buses were found to be infected suggests that
the lounge room was probably not the infection venue. He was among
the first few passengers to board the bus B1. Close contacts were also
possible during boarding, de-boarding and luggage collection, but the
probability of meeting all seven infected passengers during such a short
encounter is low. At City D station, he was among the last passengers to
get off B1, and then walked straight through the station’s front square to
the minibus stop in approximately 10 min. He did not know or speak
with anyone at the station. He directly boarded the minibus as one of the
first few passengers, took a seat and scanned the conductor’s mobile
phone to pay for his ticket, and did not request a paper ticket. We cannot
find any evidence for the possibility of close contact transmission during
his non-seated periods. Only one infected passenger on B1 was within 2
m of the index case, whereas both infected passengers on B2 were
approximately within 2 m.

After stopping at city D station for 30 min, B1 began its journey back
to Changsha. One of the new passengers who came aboard during this
journey sat in seat 9D and became infected without encountering the
index case. It appears that the most likely explanation is the touching of
contaminated surfaces, such as the seat, i.e., the fomite route, but we do
not have any environmental evidence for this. Note that the passenger in
this seat was also infected during the same bus’s previous trip. The bus
was not disinfected at city D bus station. It is known that the virus can
survive on surfaces for hours (e.g., Ref. [43]). However, the fomite route
has been suspected to play a negligible role in SARS-CoV-2 infection
(Mondelli et al., 2020). There is also a possibility that airborne aerosols
were not completely removed after the index case left the bus. During
idling, the ventilation rate on B1 was measured to be only 0.62 ACH
(Table S1). Without considering the loss during the getting off period,
such a low air change rate would lead to a reduction of fine aerosol
concentration by only 26.7%.

We thus conclude that in addition to the possible close contact
transmission, long-range airborne transmission caused some of the in-
fections on B1 and also likely on B2. The outbreak occurred in crowded
spaces with insufficient ventilation at 3.2 L/s per person or less. This



C. Ou et al.

reveals a clear need for providing sufficient ventilation in transportation
and other indoor environments. To our knowledge, there is only one
another study of a COVID-19 outbreak in which the ventilation rates
were measured in the infection venue [44], in which an outbreak of
COVID-19 in a restaurant was studied, where nine members from three
non-associated families sitting in three separate tables were infected by
an index patient. The three families did not know each other and had
essentially no contact before, during or after the meal. The ventilation
rate was measured to be only 1 L/s per person in the restaurant.

Although we have not been able to determine the minimum venti-
lation requirement for mitigating airborne transmission of COVID-19,
however, it may be concluded that airborne transmission of COVID-19
outbreak in the indoor environment with passive or light activities
was likely when the ventilation rate is less than 3 L/s per person, with a
sufficient exposure period.

There are limitations in our study. First, we did not carry out virus
sequencing to confirm that all infected individuals were infected from
the index case. However, as of January 22, there were only 4 confirmed
cases and 23 symptomatic cases of COVID-19 in Changsha, a city with a
population of 8 million, and 0 confirmed cases and only 9 symptomatic
cases in city D with a population of 1.3 million (Figure S1). Thus, the
probability that the passengers on B1 and B2 were infected elsewhere in
the community is presumably very low. Second, the seating plans of the
infected passengers were identified wrongly at first due to the unusual
seat numbering systems used on the buses, and our field dispersion tests
were thus based on the wrong seating plans, as shown in Figure S3.
However, the measured ventilation rates were not affected by this initial
error. Additionally, the knowledge of asymptomatic infection was not
sufficient at the time of investigating this outbreak, and it is uncertain if
there were other asymptomatic cases on both buses.
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