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The smoking ban is not working in some entertainment venues in China. PM2.5 pollution induced by cigarette smoking in these
places is still unknown. In this study, we took mahjong clubs as target places, monitored the real-time PM2.5 concentration, and
recorded on-site inspection information to investigate the PM2.5 pollution characteristics induced by cigarette smoking. In
occupied and smoking rooms, the geomean and median values of PM2.5 concentration were 276 and 347μg/m3. The number
of smoking persons in room is the dominant factor to enhance PM2.5 levels. For each additional person smoking in the room,
PM2.5 increased by 32% (95% CI: 31%, 33%). Regarding adjacent nonsmoking rooms, PM2.5 increased due to the air
penetration from smoking rooms and the increase trend usually had a lag time of 20 minutes. The geomean values of PM2.5
concentrations were 109μg/m3 in the nonsmoking and occupied rooms and 148 μg/m3 in the vacant rooms. To close the door
of the room is the most effective measure to alleviate the PM2.5 penetration. The geomean values of 24-hour and annual
average excess exposure concentration if spending 5 hours/day and 2 days/week in mahjong club were 32.1 and 9.2 μg/m3,
respectively; both exceeded the World Health Organization’s air quality guidelines, 15 and 5μg/m3, respectively. Our results
revealed severe PM2.5 pollution and exposure risk by cigarette smoking in entertainment venues, as well as the penetration
effect on adjacent nonsmoking areas. The smoking bans should be strictly enforced in entertainment venues, and the setting of
smoking areas in indoor public places should be scientific to avoid diffusion into nonsmoking areas.

1. Introduction

Fine particulate matters could cause adverse health out-
comes on human beings. It was estimated that millions
of premature deaths were attributable to air pollution
globally [1]. Apart from ambient air pollution, indoor
air pollution (IAP) is catching raising concern since peo-
ple spent most time indoor. A bulk of publications
focused on IAP resulting from strong internal emissions,
e.g., IAP in rural homes associated with residential fuel
combustion [2–4] and smoking [5, 6], calling for more
attention on IAP due to its negative impact on human
health [7, 8].

Smoking is well recognized as a contributor to IAP to
threaten health of both passive and active smokers [9]. In a
field study in rural Chinese homes, smoking is found as a
significant influence factor to the exposure to PM2.5 and
PAHs [10]. Thus, it is crucial to pay attention to the IAP
related to smoking. In China, some developed megacities
such as Beijing and Shanghai have implemented strict smok-
ing ban [11]. This ban prohibited smoking in indoor envi-
ronments including offices and restaurants, which no
doubt protected nonsmokers from exposure to high air pol-
lutants from cigarette smoke. Unfortunately, in some enter-
tainment venues, there is still a long way to avoid smoking.
As a recreational activity, playing mahjong is popular in
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countries in eastern Asia, especially in China due to its pos-
itive impact on psychological health [12]. Many mahjong
clubs in China provided space for mahjong likers. During
the entertainment, four or more people stayed in a relatively
enclosed room for several hours, with unprohibited smok-
ing. It is reasonable to expect highly polluted air pollution
in mahjong clubs, which unfortunately has been ignored
for a long time. It is essential to evaluate the IAP in non-
smoke-free mahjong clubs for making future control
policies.

In this study, typical mahjong clubs were selected to
investigate the impact of smoking on indoor PM2.5 pollution
and human exposure using real-time PM2.5 monitors. The
influence of cigarette combustion on indoor PM2.5 was dis-
cussed based on the high time resolution data. The result is
expected to provide new insight of air pollution in relatively
enclosed rooms with strong internal sources and also help
policymakers to protect human health by enacting a stricter
ban.

2. Methods

2.1. Sampling Sites and Population Recruitment. The field
sampling was conducted in Nanchong, Sichuan province,
where mahjong is a popular entertainment [13]. Three typi-
cal mahjong clubs were selected for the investigation. All
three clubs were usually open for six hours from 13 to 19
o’clock, sometimes lasted until 20 or 21 o’clock. Club 1 has
13 rooms, each of which contains only one table for four
people playing mahjong, and two more mahjong tables are
in the hall (Figure S1). It is in a suburban location, just on
a busy road. Both Clubs 2 and 3 have two rooms, no extra
table in hall, and are located in residential communities,
20–50 meters away from the nearest traffic road
(Figure S1). All spaces in three clubs, including each room
and hall, were equipped with separate windows and air
conditioners (AC), which were all open or operating when
there were people in the space. The door of the room was
closed when it was occupied and open when vacant. The
room size ranged 22.5–90m3, averaging 45:1 ± 18:2m3.
Temperature and relative humidity (RH) were quite stable
due to the use of AC, with the mean of 29:7 ± 4:0°C and
51:6 ± 8:2%. Smoking is not forbidden in these clubs. 51%
of the rooms had cigarette butts at the end of sampling day
(Table 1).

382 person-times visited the clubs during our sampling
campaign and stayed for 4:9 ± 1:1 hours averagely
(Table 1). 179 females and 203 males were included, aging
from 15 to 80, with the mean and median values of 44 ± 11
and 46, respectively. 35% of visitors were active smokers.

2.2. PM Measurement. The optical real-time PM2.5 monitors
(Zefan Technol., China) were used in this filed campaign, of
which the operation details could be found elsewhere [14,
15]. The PM2.5 data was recorded with a 5-second interval
for 24 hours. Prior to the field campaign, all the PM2.5 mon-
itors were calibrated for at least 15 days against a particulate
matter monitor (model 5030 synchronized hybrid ambient
real-time particulate monitor, Thermo Scientific). The mon-

itors were placed in each separate room at the height of
1.5m and about 1.0m away from the walls. The ambient
(outdoor) PM2.5 was measured at the roof of a 3-floor
building.

2.3. Excess Exposure Concentration Assessment. Excess PM2.5
exposure concentrations were averaged in 24 hours and a
year (annual), according to the World Health Organization
global air quality guidelines (WHO AQG). The recommen-
dation of a short-term (24-hour) AQG level of 15μg/m3

and an annual AQG level of 5μg/m3 was used herein for
comparison [16].

We assumed five hours per day and two days per week
staying in club based on our survey. Therefore, the average
excess PM2.5 exposure concentrations of 24-hour and annual
averaging time are shown in Equations (1) and (2), where
CE−24h and CE−ann are the average excess exposure concen-
trations (μg/m3) of 24-hour and annual averaging time,
respectively, C is the mean concentration (μg/m3) indoors
from 13 to 19 o’clock, and Coutdoor is the mean concentration
(μg/m3) outdoors from 13 to 19 o’clock.

CE−24h =
C − Coutdoorð Þ × 5 hoursð Þ

24 hoursð Þ , ð1Þ

CE−ann =
C − Coutdoorð Þ × 5 hoursð Þ × 2 daysð Þ

24 hoursð Þ × 7 daysð Þ : ð2Þ

2.4. Data Analysis. Due to the skewed distribution of PM2.5,
the geometric mean values were presented, together with
medians and ranges. Indoor to outdoor ratio (I/O) of
PM2.5 concentration was calculated to evaluate the relation-
ship between indoor and outdoor concentrations. The
Mann–Whitney U test was conducted for comparison
between two groups, e.g., indoor and outdoor PM2.5. Pear-
son’s correlation test was used for identifying the correlation
of PM2.5 in different groups. General linear regression model
(GLM) was used to identify the influence factors. Both
indoor PM2.5 and outdoor PM2.5 were log-transformed in
GLM. The change and 95% confidence interval (95% CI)
of PM2.5 concentration were calculated at each unit incre-
ment of influencing factors except for doubling values of
outdoor PM2.5 in GLM.

All statistical tests were two-sided with a type-I error rate
of 0.05. Data were analyzed using SPSS (SPSS, Inc.) and R
version 4.0.1 (R Core Team, 2021).

3. Results and Discussion

3.1. Indoor and Outdoor PM2.5 Levels. During open hours
(13–19 o’clock), the geometric mean value of indoor PM2.5
levels was 174μg/m3 (range: 10–2174μg/m3), and the
median value was 178μg/m3. The geomean and median
PM2.5 levels were 276 and 347μg/m3 in the occupied and
smoking rooms, 109 and 109μg/m3 in the occupied but
nonsmoking rooms, and 148 and 169μg/m3 in the vacant
rooms. The geomean of outdoor PM2.5 was 22.8μg/m3

(ranging 10.0–94.0μg/m3), and the median was 20.0μg/m3.
The outdoor PM2.5 was significantly much lower than
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indoor PM2.5. As presented in Figure 1, the ratio of indoor to
outdoor PM2.5 (I/O) began to rise at 13 o’clock, peaked
(~20) one hour later at around 14 o’clock, and maintained

the level (I/O > 10) until club closed at 19 o’clock. Indoor
sources in clubs were the overwhelming contributors to
indoor PM2.5, and the time of occurrence was completely

Table 1: Detailed information of sampling site and population in the mahjong clubs of this study.

Characteristic Valuea Indoor PM2.5 pb

Site

Number (site-time) 105 /

Opening hours 13 : 00-19 : 00 /

Room size (m3)

Mean ± standard deviation 45:1 ± 18:2 288 ± 294 <0.001
Median 37.5 178

Ventilation

Opening window number

1 98 (93%) 304 ± 301 <0.001
2 7 (7%) 133 ± 83:8

Working air conditioner number

0 18 (17%) 180 ± 109 <0.001
1 17 (16%) 404 ± 412
2 60 (58%) 309 ± 296
4 10 (9%) 228 ± 204

Temperature (°C)

Mean ± standard deviation 29:7 ± 4:0 288 ± 294 <0.001
Median 29.3 178

Relative humidity (RH, %)

Mean ± standard deviation 51:6 ± 8:2 288 ± 294 <0.001
Median 51.5 178

Cigarette butts found in room

Yes 54 (51%) <0.001
Number (mean ± standard deviation) 28 ± 25 410 ± 342
Number (median) 20

No 49 (47%) 149 ± 122

Population

Number (person-time) 382 /

Gender

Female 179 (47%) /

Male 203 (53%) /

Age (year)

Mean ± standard deviation 44:3 ± 11:5 /

Median 46.0 /

Active smoker

Yes 112 (35%) /

No 211 (65%) /

Staying duration (hours)

Mean ± standard deviation 4:9 ± 1:1 /

Median 5.0 /
aValues are expressed as means ± standard deviations for room size, temperature, relative humidity, cigarette, age and staying hours, and as numbers and
percentages for ventilation, cigarette, gender, and active smoker. bSpearman’s correlation analysis was used to assess the correlations between room size/
temperature/relative humidity, and indoor PM2.5. The Mann–Whitney U test or Kruskal-Wallis H test was used to assess indoor PM2.5 differences among
other categories.
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synchronized with open hours, corroborating the contribu-
tion of human activity, i.e., smoking.

A study conducted in other entertainment venues (game
rooms, pubs, and billiards halls) in South Korea reported

lower PM2.5 levels (averaging 29–134μg/m3, Table S1)
[17], while in other public places, including restaurants,
bars, cafes, and smoking rooms in airport, several reports
found close PM2.5 levels to this study. For example,
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Figure 1: Diurnal ratio of indoor and outdoor PM2.5 from the studied mahjong clubs during the sampling period. The dark blue dots are the
means, and the light blue areas are the standard deviations.

Cl
ub

 1
Cl

ub
 2

Cl
ub

 3
Ro

om
 v

ol
um

e
O

ut
do

or
 P

M
 2

.5
Te

m
pe

ra
tu

re RH
Cl

os
ed

 d
oo

r
Sm

ok
in

g 
pe

rs
on

Ci
ga

re
tte

O
pe

n 
w

in
do

w
O

pe
ra

tin
g 

A
C

–60%

–40%

–20%

0%

20%

In
do

or
 P

M
2.

5 c
ha

ng
e

(a)

Cl
ub

 1

Cl
ub

 2

Cl
ub

 3

O
ut

do
or

 P
M

 2
.5

Sm
ok

in
g 

pe
rs

on

O
pe

n 
w

in
do

w

–40%

–20%

0%

20%

40%

(b)

O
ut

do
or

 P
M

 2
.5

Te
m

pe
ra

tu
re RH

O
pe

n 
w

in
do

w

–40%

–20%

0%

20%

40%

(c)

Figure 2: The change (estimation and 95% CI) of indoor PM2.5 associated with each unit increment of influencing factors except for
doubling outdoor PM2.5 in all rooms (a), occupied rooms (b), and vacant rooms (c).
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designed smoking rooms in restaurants, cafes, and bars in
Kazakhstan had a mean level of 648μg/m3; in the separate
smoking zones, still connected with the nonsmoking areas,
the mean PM2.5 levels were close with the nonsmoking
rooms in our study, which was 182μg/m3; diffusion of
particulate matters made the nonsmoking zones have a
level of 56μg/m3 [18]. The independent smoking rooms in
various airports all around the world reported mean PM2.5
levels from 152 to 532μg/m3 [19, 20].

3.2. Influencing Factors. The distributions of indoor and out-
door PM2.5 using different time resolutions and periods are
shown in Figure S2. When using 15min resolution, indoor
PM2.5 during open hours performed bimodal distribution.
Prominently, the higher one (~452μg/m3) was from
occupied and smoking rooms. General linear models
identified that the rooms with closed doors had -62%
reduction (95% CI: -64%, -60%) of PM2.5 (Figure 2(a)),
which was the most effective factor. According to the on-
site inspection, only occupied rooms had closed doors, and

all vacant rooms had opened doors. For example, Room 1
in Club 1 had the lowest level of PM2.5 when door was
closed without cigarette consumption but higher level
when it was vacant with open doors (Figure S3). Therefore,
we speculated that the lower peak of bimodal distribution
was from the vacant rooms.

Figure 3(a) presents the diurnal characteristics of indoor
PM2.5 in occupied rooms and vacant rooms, respectively,
portraying a synchronous trend. They also presented a sig-
nificantly positive correlation (R2 = 0:91, Figure 3(b)). A
lag time about 20 minutes during both increase and decay
periods substantiated that PM2.5 diffusion from smoking
rooms is the largest contributor to vacant rooms. Therefore,
the lower peak of the bimodal distribution reflects the pene-
tration of smoking air pollution into adjacent rooms. Both
peaks were actually induced by smoking, of which one was
mainly from the emission and the other was from
penetration.

Among occupied rooms, we found significant effects of
different clubs, room size, outdoor PM2.5, temperature, RH,
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Figure 3: (a) Diurnal characteristics (means and standard deviations) of indoor PM2.5 from occupied and vacant rooms and (b) correlation
of indoor PM2.5 between occupied rooms and vacant rooms.
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smoking people number in room, cigarette number, open
window number, and operating AC number on indoor
PM2.5 levels (Table S2), while several factors play a very
limited role in PM2.5, e.g., room size, RH, and cigarette
number. Different clubs, outdoor PM2.5, smoking people
number in room, and open window number affected
indoor PM2.5 of occupied rooms mostly (Figure 2(b)). For
each additional person smoking in the room, PM2.5
increased by 32% (95% CI: 31%, 33%). Since mahjong is
usually played by four people, PM2.5 levels will not rise
indefinitely. A -10% reduction of indoor PM2.5 was
associated with doubling outdoor PM2.5. Higher outdoor
temperatures might make people close the window, which
lowered the ventilation rates and enhanced indoor PM2.5
levels; meanwhile, outdoor temperature was negatively
associated with outdoor PM2.5 levels (p < 0:05), which
resulted in the negative association between outdoor and
indoor PM2.5 levels. Each open window was associated
with -13% less of PM2.5, suggesting the effectiveness of
open windows and higher air change rates on indoor air
pollution alleviation [21].

With respect to vacant rooms, all were in Club 1 and had
opened doors. Room size, outdoor PM2.5, temperature, RH,
and open window number had significant effects on indoor
PM2.5 (Table S3). After excluding room size, temperature
and open window numbers affected mostly (Figure 2(c)).
For each incremental degree of temperature, indoor PM2.5
reduced -16% (95% CI: -17%, -16%). All occupied rooms
turned on ACs to maintain a cool environment during
sampling period. Cold air could diffuse from occupied
rooms to the vacant rooms, together with smoking PM2.5,
resulting in an inverse association between indoor
temperature and indoor PM2.5. Each open window was
associated with -23% (95% CI: -27%, -18%) reduction of
PM2.5, playing a more effective role in vacant rooms.
Meanwhile, doubling outdoor PM2.5 enhanced indoor

PM2.5 by 6.7% (95% CI: 4.3%, 9.1%), informing the
external penetration of outdoor PM2.5 [14].

3.3. Average Excess Exposure Concentrations. The 24-hour
and annual average excess PM2.5 exposure concentrations
were assessed based on the assumption of 5 hours/day and
2 days/week staying in mahjong club (Figure 4). The geo-
mean and median values of 24-hour average excess exposure
concentration were 32.1 and 35.4μg/m3 (range: 0.01–204μg/
m3). 79% of the 24-hour average excess exposure concentra-
tions exceeded 15μg/m3, the WHO AQG for 24-hour aver-
aging time [16]. The geomean and median values of
annual average excess exposure concentration were 9.2 and
10.1μg/m3 (range: 0.003–58.4μg/m3). 75% of the annual
average excess exposure concentrations exceeded 5μg/m3,
the WHO AQG for annual averaging time [16]. Although
the highest average excess exposure concentrations appeared
in occupied rooms, more average excess exposure concentra-
tions in vacant rooms exceeded the corresponding WHO
AQG.

Both 24-hour and annual average results indicated a very
serious air quality problem in non-smoke-free mahjong
club, and it is also substantiated that PM2.5 diffusion from
smoking area would significantly enhance the exposure in
adjacent nonsmoking area. We need to note that these are
excess concentrations, which should be added to the outdoor
concentrations, implying a median 10μg/m3 increase of
PM2.5 annually if spending 5 hours/day and 2 days/week in
mahjong club. Numerous studies have verified that a
10μg/m3 increment of PM2.5 will induce significant increase
of lower respiratory infection incidence [22, 23], mortality of
cerebrovascular disease [24, 25], chronic obstructive pulmo-
nary disease [26, 27], ischemic heart disease [25, 28], and
lung cancer [29, 30]. The WHO AQG defined the 24-hour
average concentration as the 99th percentile of the annual
distribution of 24-hour average concentrations (equivalent
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Figure 4: Boxplots of average excess PM2.5 exposure concentrations in (a) 24-hour and (b) annual averaging time in mahjong club. The
WHO AQG for 24-hour and annual averaging time are 15 and 5μg/m3, also shown in the figure.
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to 3–4 exceedance days per year) [16], while based on the
assumption of two days per week in mahjong, there were
over 100 exceedance days per year. Actually, we found many
mahjong players visited the club even every day, which tri-
pled the annual average exposure concentrations and
resulted in almost 100% exceedance days per year. That
demonstrates a very severe health risk for the mahjong club
visitors and needs immediate forbidden of smoking in mah-
jong clubs and similar entertainment venues.

3.4. Study Strengths and Limitations. There are several
strengths in the present study. Continuous real-time mea-
surements for a week in several venues ensured the quality
of data. In conjunction with the simultaneous monitoring
of multiple locations in the same venue, temporal and spatial
variability is more prominent. Detailed inspections and
records facilitated the recovery of the influencing factors
on indoor air quality. We recognize several limitations in
the study. Given the sampling in limited venues and cities,
our results may not reflect the comprehensive situation of
entertainment venues in China. This campaign was con-
ducted only in summer and may not characterize winter sit-
uations. Some information was not recorded in real time,
e.g., cigarette numbers, which limited the influence assess-
ment of these factors. More follow-up studies are warranted.

4. Conclusions

By taking mahjong clubs as target examples, this study
investigated the PM2.5 pollution characteristics induced by
cigarette smoking in entertainment venues. The PM2.5 con-
centrations usually peaked one hour later since the clubs
were open and maintained the levels until closed. The num-
ber of smoking persons in the room is the dominant factor
to enhance PM2.5 levels. Regarding adjacent nonsmoking
rooms, PM2.5 also increased due to the air penetration from
smoking rooms and the increase trend usually had a lag time
of around 20 minutes. To close the door of the room is the
most effective measure to alleviate the PM2.5 penetration.
The derived average excess exposure concentrations were
tens of times higher than the WHO air quality guidelines,
even in adjacent nonsmoking areas. The results suggested
that the smoking ban performs no function in several enter-
tainment venues in China. It also implied that attached
smoking space in indoor public places could jeopardize the
air quality and endanger people in nonsmoking areas. Our
study warns of the need to facilitate smoking bans in several
entertainment venues and also suggests that the setting of
smoking areas should be scientific and effective.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding authors upon request.

Additional Points

Highlights. (i) PM2.5 pollution induced by cigarette smoking
in entertainment venues is severe. (ii) The number of smok-

ing persons is the dominant factor to enhance PM2.5 levels.
(iii) PM2.5 in smoking rooms could penetrate into adjacent
nonsmoking areas. (iv) To close the door is the most effec-
tive measure to alleviate the PM2.5 penetration.
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