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Abstract

Effects of Outdoor Smoke-Free Policy at Bus Stops on
Outdoor Tobacco Smoke Exposure in Seoul

Hyeri Cho
Department of Environmental Health
Graduate School of Public Health
Seoul National University

The Seoul Metropolitan government implemented an outdoor smokefree policy at centerline bus stops from December 2011 and began imposing
fines for smoking at these bus stops from March 1, 2012. Although significant
improvement in indoor air quality due to indoor smoke-free policy has been
well documented, impact of outdoor smoke-free policies has not been
established. The objectives of this study were to determine the levels of
compliance with the outdoor smoke-free policy and to identify the factors
associated with outdoor PM2.5 concentrations at the bus stops in Seoul.
This study was conducted at 100 bus stops including 50 centerline
bus stops (located in the middle of main streets) and 50 roadside bus stops in
Seoul, Korea. Smoking was observed and PM2.5 concentrations were
measured at the same locations in autumn 2011 and spring 2012. Using realtime aerosol monitor, PM2.5 was measured for 30 minutes at 1-second
i

intervals. Because ambient air pollutants can fluctuate rapidly due to
environmental conditions, a ‘peak analysis’ method was developed to
determine the outdoor PM2.5 exposure from cigarette smoke. Using the newly
established definition of ‘peak’, the peak frequency (number of peaks per hour)
and peak concentration were determined at each bus stop.
The occurrence of smoking at 100 bus stops in Seoul was observed
before and after the implementation of the smoke-free policy. Smoking was
observed at 46% and 37% of the 100 bus stops before and after the
implementation of the smoke-free policy, respectively. At the centerline bus
stops where the policy was applied, smoking occurrence was decreased by 75%
after implementation of the smoke-free policy. However, at roadside bus stops
where the policy was not applied, smoking was observed at 76% and 70% of
the bus stops before and after the policy, respectively.
The peak analysis indicated that the PM2.5 peak frequency was
significantly associated with the bus stop location, season, occurrence of
smoking, and the number of buses servicing a route. The PM2.5 peak
concentrations were significantly associated with season, occurrence of
smoking, and the number of buses servicing a route. Smoker status was
categorized as standing or walking-through, and peak concentrations at bus
stops were significantly higher with standing smokers than with walkingthrough smokers. Higher peak PM2.5 concentrations were recorded when
smokers were positioned closer to the monitor. For standing smokers, peak
frequency decreased with increasing distance from the monitor, but this effect
was not significant.
ii

This study found non-compliance with the outdoor smoke-free
policy at centerline bus stops in Seoul. More people smoked at roadside bus
stops where the policy was not applied. The Smoke-free policy should be
applied to both centerline and roadside bus stops to reduce outdoor tobacco
smoke exposure at bus stop in Seoul. The PM2.5 peak frequency and peak
concentrations were significantly associated with the occurrence of smoking,
smoker status, and distance from the smoker to the monitor. Further research
using ‘peak analysis’ is needed to measure smoking-related exposure to fine
particulate matter in other outdoor locations.
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I. Introduction

Secondhand smoke (SHS) is the mixture of main stream and side
stream smoke contained more than 7,000 chemicals and approximately 70
carcinogens (U.S. Department of Health and Human Services, 2006).
Exposure to SHS presents serious health risks, such as asthma, respiratory
disease, and lung cancer, to those who inhale the various harmful toxins
(Eriksen et al., 1988; U.S. Department of Health and Human Services, 2010).
SHS has also been reported to have a role in causing ischemic heart disease
(Wells, 1994). In some recent studies, adverse health outcomes in both
children and adults have reported. The relationship between SHS exposure
and a reduction in the cognitive ability of children has been shown (Yolton et
al., 2005). In addition, increased levels of respiratory disease in adults
exposed to SHS in work environments and an increased incidence of cancer in
people who have been exposed to SHS in their childhood homes have been
reported (Vineis et al., 2005).
To protect the health of citizens and workers, indoor smoke-free
policies and laws have been implemented by various countries, states and
municipalities (Lee et al., 2009). Significant improvements in indoor air
quality have been reported after the implementation of indoor smoke-free
policies. For example, indoor PM2.5 concentrations immediately decreased by
decreasing 79% following the implementation of an indoor smoke-free policy
in Georgetown, Kentucky, USA (Lee et al., 2007). In Scotland, indoor PM2.5
concentrations were reduced by 92% after smoke-free legislation was
1

implemented (Semple et al., 2007). Following an indoor smoking ban in Italy,
PM2.5 levels decreased significantly from 119.3 µg/m3 to 38.2 µg/m3 (Valente
et al., 2007).
When SHS occurs outdoors, it is referred to as outdoor tobacco
smoke (OTS). OTS can be as dangerous as indoor SHS depending on the
specific environmental conditions such as the weather, wind speed, wind
direction, and temperature (Repace, 2000). Some countries including the
United States, Australia, and New Zealand have addressed the health threat
from OTS by implementing outdoor tobacco-free areas such as at college
campuses, outdoor stadiums, parks, and beaches (Klein et al., 2007; Lee et al.,
2010).
As of 2012, 85 of 244 local governments in Korea prohibit outdoor
smoking in some public places such as main streets, parks, and children’s
playgrounds. The Seoul metropolitan government began enforcing an outdoor
smoking policy to reduce OTS exposure in public places on March 1, 2011,
which has subsequently been gradually expanded. Since December 2011, 295
centerline bus stops which located in the center of main roads have been
designated as non-smoking areas by the city council. Roadside bus stops in
Seoul are expected to be designated as non-smoking areas in 2014.
In Seoul, bus stops are located in the middle, or on the side, of main
roads. Bus stops are public places where people can board or disembark a bus
safely. People who are sensitive to respiratory disease such as infants and the
elderly as well as non-smokers may use bus stops. Because bus stops are
located close to roads with high traffic volumes, passengers can be exposed to
2

hazardous substances contained in automobile exhaust gas, including
particulate matter less than 2.5 μm aerodynamic diameter (PM2.5) (Gertler et
al., 2000; Westerdahl et al., 2005). When smoking occurs at bus stops, people
may be exposed to an additional PM2.5 burden from burning cigarettes (Hess
et al., 2010).
Although indoor smoke-free regulations have significantly improved
indoor air quality, the effects of outdoor smoking policies have not been
documented (Parry et al., 2011; Repace, 2007). Because there is a lack of
published OTS monitoring data, the debate over the validity of outdoor
smoking policies is ongoing (Klepeis et al., 2007). The objectives of this
study were to determine whether the implementation of an outdoor smokefree policy at bus stops in Seoul has been effective and to identify the factors
that influence PM2.5 concentrations at bus stops.
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II. Methods

2.1 Sampling sites

This study was conducted at 100 bus stops in Seoul, Korea.
Measurements were made at 50 centerline bus stops and 50 roadside bus stops.
A bus stop was considered to extend for 10 m to either side of the bus stop
sign because the length of a typical bus was 10 m. The bus stops were
purposely selected to be well distributed throughout the city. PM2.5
concentrations were measured in the period between 7:00 AM and 8:00 PM
on weekdays, which included the business rush hours. The first measurement
was conducted in November 2011. The outdoor smoke-free policy at
centerline bus stops was implemented on December 1, 2011. The PM2.5
concentrations were measured again at the same locations in March 2012,
after the city council began imposing fines for violation of the outdoor smokefree policy.

4

2.2 PM2.5 measurement

The PM2.5 concentration was measured using a Sidepak aerosol
monitor (Model AM510, TSI Inc., MN, USA), which consists of a portable
nephelometer with a 2.5 µm impactor. The equipment was used for stationary
monitoring and recorded real-time PM levels as mass concentration data. At
both centerline and roadside bus stops, the aerosol monitor was set on a tripod
adjacent to the bus stop sign at a height of 1.5 m. Prior to each measurement,
the monitor was zero-calibrated with a HEPA filter and the air flow rate was
set to 1.7 L/min. PM2.5 concentrations were measured every second over a 30minute period at each sampling site. The measured value was corrected by a
conversion factor of 0.295 obtained from a calibration against a gravimetric
measurement (Lee et al., 2008).
During aerosol monitoring, specific factors related to PM2.5 levels
were investigated at each bus stop, i.e., rush hour or non-rush hour, location of
bus stop (centerline or roadside), number of lanes, number of buses servicing
a route, occurrence of smoking, numbers of smokers, and distance between
smokers and the monitor. Temperature and relative humidity at each location
were measured at 5-minute intervals using a thermo-hygrometer (Model U10,
Onset, MA, USA).

5

2.3 Peak analysis

Because ambient air pollutants can rapidly fluctuate due to
environmental and physical conditions such as wind direction and wind speed,
a new analytical method called ‘peak analysis’ was developed to determine
outdoor PM2.5 exposure from cigarette smoke. Although several previous
studies have used the term ‘peak’ (Buonanno et al., 2011; Cameron et al.,
2010), it has not been clearly defined. In this study, ‘peak’ was defined as a
point where the concentration difference in 1 second (Ci - Ci-1) was greater
than 35 µg/m3. The selection of 35 µg/m3 for defining the peak was
determined by the distribution of the difference between Ci and Ci-1 at bus
stops where no smoking occurred. Although the 99.5 percentile of the
distribution was 33 µg/m3, 35 µg/m3 was selected because this value is the 24hour US National Ambient Quality Standards for PM2.5. When there was more
than one peak within a 9-second period (Ci-4 ~ Ci+4), the maximum
concentration within the 9-second interval was selected as a peak. Nine
seconds was considered to represent the time taken for one puff of cigarette
smoke and was evenly divided before and after a peak. The peak frequency
(number of peaks per hour) and average peak level were calculated for each
bus stop.

6

2.4 Statistical analysis

Using the field observational data, the occurrences of smoking
before and after the smoke-free policy were compared to determine the levels
of compliance with the smoke-free policy at centerline bus stops. Using the
30-minute integrated concentrations at each bus stop, statistical significance
was tested for each factor that was considered to affect the PM2.5
concentrations. Categorical data, such as the season, location of bus stop, rush
hour or non-rush hour, and occurrence of smoking, were examined using
Student’s t-test. The number of buses servicing a route and the number of
lanes were examined using Student’s t-test and analysis of variance
(ANOVA), respectively, after being classified into cumulative distribution
groups. Using significant variables identified in the univariate analysis, a
multiple regression analysis was conducted to identify factors associated with
the average PM2.5 concentrations at bus stops.
Descriptive ‘peak analysis’ results were determined. Because PM2.5
peak concentrations were non-normally distributed, a natural

log-

transformation (ln-transformation) was applied to the peak concentrations.
Using the PM2.5 peak frequency and ln-transformed peak concentrations, a
Student’s t-test was conducted by season, location of bus stop, rush hour or
non-rush hour, and occurrence of smoking. ANOVA was conducted using the
peak frequency and ln-transformed peak concentration for the number of
buses servicing a route and the number of lanes. The factors associated with
PM2.5 peak frequency and concentrations at bus stops were determined by
7

multiple regression analysis using the significant variables identified in the
univariate analysis.
To determine exposure to peak PM2.5 levels from standing at the bus
stop, a statistical analysis was conducted by smoker status. Smoker status was
classified by observation into either standing at the bus stop or walkingthrough the bus stop. The relationship between the distance from a smoker to
the monitor was determined using standing smokers. The effect of the number
of smokers was also identified. The SAS 9.3 statistical package (SAS Institute
Inc., Cary, NC, USA) was used for statistical analysis and graphs were drawn
in SigmaPlot 10.0 (Systat Software Inc., San Jose, CA, USA).
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III. Results

3.1 Observation of smoking at bus stops

The occurrence of smoking at 100 bus stops in Seoul was observed
before and after the implementation of the smoke-free policy at centerline bus
stops. Table 1 shows the occurrence of smoking at 50 centerline bus stops and
50 roadside bus stops. Smoking was observed in 46% and 37% of the 100 bus
stops before and after the implementation of the smoke-free policy,
respectively. Before implementation of the policy, smokers were observed at
16% of the 50 centerline bus stops and 76% of the 50 roadside bus stops.
After policy implementation, smokers were observed at only 4% of the 50
centerline bus stops. However, smoking was still found at 70% of the 50
roadside bus stops.
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Table 1. The occurrence of smoking at bus stops in Seoul before and after the
implementation of the outdoor smoke-free policy
Before policy

After policy

Autumn 2011

Spring 2012

N

Centerline bus stop

50

8

2

Roadside bus stop

50

38

35
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3.2 PM2.5 exposure at bus stops

Outdoor PM2.5 concentrations were measured twice at the same bus
stops. The average PM2.5 concentration for all bus stops was 26.0 ± 14.7
µg/m3. The average PM2.5 concentrations were 20.0 ± 11.8 µg/m3 in autumn
2011 and 31.9 ± 14.9 µg/m3 in spring 2012. The PM2.5 concentrations in
spring were significantly higher than in autumn (p<0.0001). Outdoor PM10
concentrations in the Seoul metropolitan area were available from the Seoul
city government (http://cleanair.seoul.go.kr/). During the monitoring period,
average ambient PM10 concentrations in Seoul were 41.6 ± 5.8 µg/m3 in
autumn 2011 and 57.6 ± 7.6 µg/m3 in spring 2012. The average temperatures
were 19.8 ± 5.3°C in autumn 2011 and 21.7 ± 3.2°C in spring 2012. The
average relative humilities were 30.4 ± 7.6% in autumn 2011 and 33.2 ± 11.2%
in spring 2012.

11

Figure 1. Cumulative frequency of PM2.5 concentrations by season.
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Univariate analysis revealed that several variables were significantly
associated with 30-minute average PM2.5 concentrations at bus stops (see
Table 2). Average PM2.5 concentrations at bus stops varied significantly
between seasons and bus stop locations. Average PM2.5 concentrations were
significantly higher in centerline bus stops than in roadside bus stops
(p=0.0043). However, average PM2.5 concentrations did not vary significantly
with time (p=0.4268), occurrence of smokers (p=0.1856), number of buses
servicing a route (p=0.0642), or number of lanes (p=0.5627).
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Table 2. Results of the univariate analysis for 30-minute integrated PM2.5
concentrations at bus stops
Mean ± SD
Variable

(µg/m3)

SE

95% CI

p-value

Spring

31.9 ± 14.9

1.5

(28.9, 34.8)

<.0001

Autumn

20.0 ± 11.8

1.2

(17.7, 22.4)

Centerline

28.7 ± 15.3

1.5

(25.6, 31.8)

Roadside

23.3 ± 13.5

1.4

(20.6, 25.9)

Non-rush hour

25.8 ± 14.7

1.2

(23.4, 28.2)

Rush hour

26.3 ± 14.8

2.0

(22.2, 30.3)

Smoking

24.8 ± 14.4

1.6

(21.7, 28.0)

Non-smoking

26.7 ± 14.8

1.4

(24.0, 29.5)

1–10

24.2 ± 13.8

1.5

(21.2, 27.1)

11–21

27.4 ± 15.2

1.4

(24.5, 30.2)

<4

24.2 ± 13.2

2.1

(20.0, 28.4)

4

27.1 ± 15.2

1.6

(23.9, 30.2)

>4

25.8 ± 15.1

1.8

(22.2, 29.4)

Season

Bus stop location
0.0043

Time
0.4268

Smoking
0.1856

Number of buses
servicing a route
0.0642

Lanes

SE: Standard error
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0.5627

Using the significant variables identified in the univariate analysis,
multiple regression analysis was conducted. The significant variables for
average PM2.5 concentration were the season and bus stop location. Table 3
presents the results of the multiple regression analysis. The average PM2.5
concentration at bus stops varied significantly between seasons and between
bus stop locations. In spring, the PM2.5 concentration was significantly higher
than in autumn (p<0.0001). The centerline bus stops had a higher PM2.5
concentration than the roadside bus stops (p=0.0041).
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Table 3. Multiple regression analysis by a general linear model for 30-minute
integrated PM2.5 concentrations

Variable

β

SE

Intercept

34.6

1.6

-11.8

1.9

(-15.5, -8.1)

<.0001

-5.4

1.9

(-9.1, -1.7)

0.0041

95% CI

p-value

<.0001

Season
Spring (reference)
Autumn
Bus stop location
Centerline (reference)
Roadside
β: Regression coefficient
SE: Standard error

16

3.3 Short-term exposure to PM2.5 at bus stops

A ‘peak analysis’ was conducted to identify the exposure to PM2.5
from outdoor tobacco smoking. The average PM2.5 peak frequency was 15.0 ±
19.4 peak/hr and the geometric mean of peak concentration was 87.6 µg/m3
(geometric standard deviation: GSD=1.5). The peak frequencies were 13.0 ±
19.8 peak/hr in autumn 2011 and 17.1 ± 18.8 peak/hr in spring 2012. The
geometric means of the peak concentration were 83.3 µg/m3 (GSD=1.6) in
autumn 2011 and 90.7 µg/m3 (GSD=1.4) in spring 2012. PM2.5 peak
frequency and peak concentration in spring were significantly higher than the
corresponding values in autumn (p=0.0356 for peak frequency and p=0.0253
for peak concentration).
The results of the univariate analysis of peak frequency and peak
concentration are shown in Table 4. At centerline bus stops, the peak
frequency was 18.2 ± 22.8 peak/hr and the peak concentration was 87.8 µg/m3
(GSD=1.4). Peak frequency at centerline bus stops was significantly higher
than at roadside bus stops (p=0.0132), but peak concentration was not
significantly higher (p=0.4271). At bus stops where smoking occurred, the
peak frequency and peak concentration were significantly higher. The
geometric mean of peak concentration at bus stops where smoking occurred
was 110.6 µg/m3 (GSD=2.0), which was 24.5 µg/m3 higher than the level at
bus stops with no smokers (p<0.0001). The difference in the peak
concentrations between bus stops where smoking occurred and non-smoking
bus stops was greater than the difference for all the other variables. Peak
17

frequency and peak concentration were significantly higher when there were
more buses servicing a route (p=0.0059 for peak frequency and p=0.0033 for
peak concentration). Peak frequency and peak concentration were not
significantly associated with rush hour or the number of lanes.
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Table 4. Results of the univariate analysis for PM2.5 peak frequency and peak
concentrations at bus stops
Peak frequency
(# peak/hr)

Peak concentration
(µg/m3)

Mean ± SD

GM (GSD)

Spring

17.1 ± 18.8*

90.7 (1.4)*

Autumn

13.0 ± 19.8*

83.3 (1.6)*

18.2 ± 22.8*

87.8 (1.4)

*

87.4 (1.6)

Rush hour

13.8 ± 13.6

89.2 (1.5)

Non-rush hour

15.4 ± 21.2

87.0 (1.5)

Smoking period

18.5 ± 29.4*

110.6 (2.0)*

Non-smoking period

13.5 ± 12.9*

86.1 (1.4)*

1-10

11.9 ± 13.7*

84.5 (1.4)*

11-21

17.7 ± 22.9*

89.6 (1.5)*

<4

12.3 ± 17.1

84.6 (1.5)

4

15.6 ± 17.4

89.1 (1.5)

>4

16.6 ± 23.4

89.1 (1.4)

Variable

Season

Bus stop location
Centerline
Roadside

13.0 ± 16.6

Time

Smoking

a

Number of buses servicing a route

Lanes

*

: Statistically significant by Student’s t-test (p<0.05)

a

: A Smoking period was defined as when there were smokers at a bus stop and a non-smoking

period was defined as when there were no smokers at a bus stop.

19

Using the significant variables identified in the univariate analysis, a
multiple regression analysis of peak frequency was conducted. The significant
variables were season, bus stop location, occurrence of smoking, and number
of buses servicing a route. Table 5 presents the results of the multiple
regression analysis. Peak frequency varied significantly with season, bus stop
location, occurrence of smoking, and number of buses servicing a route. The
peak frequency in spring was significantly higher than in autumn (p=0.0382).
The PM2.5 peak frequency at centerline bus stops was significantly higher than
at roadside bus stops (p=0.0061). The Peak frequency at bus stops where
smoking occurred was significantly higher than that at bus stops without any
smokers (p=0.0022). The peak frequency was significantly higher where more
buses were servicing the routes (p=0.0399).
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Table 5. Multiple regression analysis by a general linear model for PM2.5 peak
frequency

Variable

β

SE

Intercept

29.57

3.33

-4.67

2.24

(-9.08, -0.26)

0.0382

-6.95

2.51

(-11.90, -2.00)

0.0061

-8.09

2.62

(-13.26, -2.93)

0.0022

4.75

2.30

(0.22, 9.27)

0.0399

95% CI

p-value
<.0001

Season
Spring (reference)
Autumn
Bus stop location
Centerline (reference)
Roadside
Smoking a
Smoking period (reference)
Non-smoking period
Number of bus servicing a routes
1–10 (reference)
11–21
β: Regression coefficient
SE: Standard error
a

: A Smoking period was defined as when there were smokers at a bus stop and a non-smoking

period was defined as when there were no smokers at a bus stop.
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Using the significant variables identified in the univariate analysis, a
multiple regression analysis for ln-transformed peak concentration was
conducted. The significant variables were season, occurrence of smoking, and
number of buses servicing a route. Table 6 presents the results of the multiple
regression analysis. Peak concentration varied significantly by season,
occurrence of smoking, and number of buses servicing a route. The peak
concentrations in spring were higher than in autumn (p<0.0001). Peak
concentrations at bus stops where smoking occurred were significantly higher
than at bus stops with no smokers (p<0.0001). The PM2.5 peak concentration
was significantly higher where more buses were servicing a route (p=0.0080).
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Table 6. Multiple regression analysis by a general linear model for lntransformed PM2.5 peak concentrations
Variable

β

SE

Intercept

4.77

0.04

-0.09

0.02

(-0.13, -0.05)

<.0001

-0.25

0.04

(-0.33, -0.18)

<.0001

0.06

0.02

(0.01, 0.10)

0.0080

95% CI

p-value
<.0001

Season
Spring (reference)
Autumn
Smoking

a

Smoking period (reference)
Non-smoking period
Number of buses servicing a route
1–10 (reference)
11–21
β: Regression coefficient
SE: Standard error
a

: A Smoking period was defined as when there were smokers at a bus stop and a non-smoking

period was defined as when there were no smokers at a bus stop.

23

3.4 Short-term exposure to PM2.5 due to smoking at bus
stops

The status of smokers at bus stops was categorized as either standing
or walking-through. Figures 2 and 3 show the distributions of peak frequency
and peak concentration by smoker status, respectively. Peak frequency did not
vary significantly by smoker status (p=0.3698). The peak frequency was 17.1
± 32.3 peak/hr with smokers standing at the bus stop and 16.6 ± 23.4 peak/hr
with smokers walking through the bus stop. However, the peak concentration
with standing smokers was significantly higher than with walking-though
smokers (p<0.0001). The geometric mean of peak concentrations were 479.9
µg/m3 (GSD=2.7) with standing smokers and 104.6 µg/m3 (GSD=1.7) with
walking-through smokers.
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Figure 2. Distribution of peak frequency by smoker status.
Note. Boxes show the median as a center bar, the 25th and 75th percentiles as a box,
the 10th and 90th percentile values as the whiskers, and the mean as a dashed line. The
upper and lower symbols are 95th and 5th percentile values, respectively.
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Figure 3. Distribution of peak concentration by smoker status.
Note. * p<0.05 is considered statistically significant for Student’s t-test. Boxes show
the median as a center bar, the 25th and 75th percentiles as a box, the 10th and 90th
percentile values as the whiskers, and the mean as a dashed line. The upper and lower
symbols are 95th and 5th percentile values, respectively.
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The peak frequency and peak concentration with distance from the
monitor are shown in Figures 4 and 5, respectively. Peak frequency did not
vary significantly when the distance of the smoker from the monitor was
increased (p=0.2104), although peak frequency tended to decrease with
increasing distance from the monitor. When a smoker was less than 1 m from
the monitor, the peak frequency was 27.5 ± 37.4 peak/hr. When a smoker was
standing between 1 and 5 m from the monitor, the peak frequency was 19.7 ±
36.0 peak/hr. Peak frequency was 9.1 ± 21.8 peak/hr when a smoker was
standing between 5 and 10 m from the monitor. Peak concentrations
significantly decreased with increasing distance from a smoker (p=0.0053).
The geometric mean of peak concentration was 213.5 µg/m3 (GSD=3.4) when
a smoker was less than 1 m from the monitor, 100.6 µg/m3 (GSD=1.6) when a
smoker was within the range of 1 to 5 m from the monitor, and 84.0 µg/m3
(GSD=1.5) when a smoker was standing between 5 and 10 m from the
monitor.
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Figure 4. Distribution of peak frequency by distance.
Note. Boxes show the median as a center bar, the 25th and 75th percentiles as a box,
the 10th and 90th percentile values as the whiskers, and the mean as a dashed line. The
upper and lower symbols are 95th and 5th percentile values, respectively.
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Figure 5. Distribution of peak concentration by distance.
Note. * p<0.05 is considered statistically significant for Student’s t-test. Boxes show
the median as a center bar, the 25th and 75th percentiles as a box, the 10th and 90th
percentile values as the whiskers, and the mean as a dashed line. The upper and lower
symbols are 95th and 5th percentile values, respectively.
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IV. Discussion

The occurrence of smoking at bus stops was observed before and
after the implementation of an outdoor smoke-free policy. Seoul metropolitan
city council has initiated an outdoor smoke-free policy only for centerline bus
stops. Smoking at centerline bus stops was found to have decreased slightly
following the implementation of the policy, but a few smokers were still
observed during this study. The occurrence of smoking at roadside bus stops
was significantly higher than at centerline bus stops as this study included
both smokers who were waiting at the bus stop and passing through the bus
stop. The smoke-free policy should be applied to both roadside and centerline
bus stops to better control of OTS exposure at bus stops.
PM2.5 concentrations at 100 bus stops were measured before and
after the implementation of the outdoor smoke-free policy. Although the
smoke-free policy commenced on December 1, 2011, fines were not imposed
until March 1, 2012. During this introductory period, the impact of the
outdoor smoke-free policy on PM2.5 concentrations at bus stops could not be
fully determined. Thus, PM2.5 concentrations measured in autumn 2011 and
spring 2012 were combined to determine the significant variables for
statistical analysis.
PM2.5 levels at bus stops often exceeded the 24-hour US National
Ambient Air Quality Standards of 35 µg/m3 for PM2.5. The average PM2.5
concentrations for all 100 bus stops were 20.0 ± 11.8 µg/m3 in autumn 2011
and 31.9 ± 14.9 µg/m3 in spring 2012. Although the average PM2.5
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concentrations were less than 35 µg/m3, 29% of the PM2.5 measurements at
the bus stops were higher than 35 µg/m3. In spring, 48% of bus stops had
PM2.5 concentrations higher than 35 µg/m3, whereas only 9% of bus stops had
PM2.5 concentrations higher than 35 µg/m3 in autumn.
The average PM2.5 concentration at bus stops was significantly
associated with season. Although the average PM2.5 concentration at bus stops
was significantly higher after the implementation of the smoke-free policy, the
difference might not be an effect of the policy. In Korea, PM levels in spring
are usually higher than in autumn. Although ambient monitoring stations in
Seoul measured PM10 concentrations, ambient PM2.5 data was not available.
Daily ambient PM10 measurements in Seoul indicated that the average PM10
concentration in autumn 2011 was 38% lower than in spring 2012. Although
PM2.5 levels were not measured, high correlations between PM2.5 and PM10
have been widely reported. In Seoul, a high correlation of 0.89 between
ambient PM2.5 and PM10 mass concentrations was reported in a previous study
(Kang et al., 2004). Particulate matter measured at a roadside site with a
heavy traffic volume in Hong Kong showed a correlation between PM2.5 and
PM10 of 0.78 for annual data (Chan et al., 2001). Strong correlations were also
reported between PM2.5 and PM10 at seven cities in Switzerland with
correlation coefficients of 0.85–0.95 (Gehrig et al., 2003).
In addition to season, bus stop location was identified as a significant
variable in the multiple regression analysis of 30-minute integrated PM2.5
concentrations at bus stops. PM2.5 concentrations at the centerline bus stops
were 19% higher than those at roadside bus stops. Centerline bus stops are
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located in the middle of main streets with heavy traffic volumes, and vehicles
run in both directions alongside the bus stops. A roadside bus stop is located
on the side of a street and vehicles run only along one side of the bus stop.
Therefore, exposures at centerline bus stops are likely to be more influenced
by vehicle exhaust. In London, UK, a relationship between particulate matter
in an urban area and traffic density was reported (Charron et al., 2005).
Outdoor PM2.5 concentrations were also significantly increased when truck
traffic volumes increased in the Netherlands (Janssen et al., 2001).
The occurrence of smoking was not significantly associated with 30minute integrated PM2.5 concentrations. Smoking occurred only for short
periods like 3-5 minutes during the 30-minute measurements. Unlike indoor
or outdoor settings with limited air movement, outdoor PM2.5 concentrations
can change instantly because of wind. Ambient fine particle air pollution can
be affected by wind speed or wind direction (Repace, 2000), and thus the
average PM2.5 concentration might not be the best way to determine OTS
levels. Therefore, ‘peak analysis’ was used to account for the temporal
fluctuations of outdoor PM2.5 when determining OTS exposure.
Peak analysis was used to identify the occurrence of smoking
outdoors. Peak frequency and peak concentration were significantly higher
when smoking occurred. When other variables were included in a multiple
regression analysis, peak frequency and peak concentration were significantly
higher when smokers were present than when no smokers were present. The
results demonstrated that peak PM2.5 could be used to determine OTS
exposure. Peak 30-second OTS concentrations were 4.2 times higher than the
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mean exposure level measured in the outdoor dining areas of restaurants and
cafés (Cameron et al., 2010). In another study reporting on OTS exposure,
“microplumes” were defined as thin concentrated smoke streams (Klepeis et
al., 2007).
Peak analysis demonstrated the impact of smoker status on OTS.
Peak frequency and peak concentration when a smoker standing at a bus stop
were higher than when a smoker was walking through a bus stop. Although
the peak concentration varied significantly with smoker status, differences in
peak frequency were not statistically significant. The exposure time is likely
to be longer when a smoker is standing at a bus stop than when they are
walking through. This suggests that there is a higher chance of exposure to
extremely high levels of PM2.5 when a smoker is standing at the bus stop.
When a smoker was standing at a bus stop, both peak frequency and
peak concentration decreased with increasing distance between the smoker
and monitor. Peak concentrations within 1 m of the smoker were 2.1 and 2.5
times higher than those within radiuses 1 to 5 m and 5 to 10 m, respectively.
The outdoor proximity effect, i.e., the average levels from a point source, was
inversely proportional to distance (Klepeis et al., 2009). PM concentrations
from OTS were quite high within 0.5 m from a burning cigarette and
decreased by more than half when the distance increased to 2 m (Klepeis et al.,
2007).
This study has several limitations. PM2.5 is not a unique tracer of
OTS because there are many other outdoor PM sources. However, respirable
particulate matter concentration is a tracer that might be related to actual
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exposure to environmental tobacco smoke, as well as nicotine, and is easy to
measure using continuous monitors (Eatough et al., 1989). The Sidepak
measurement was adjusted by a correction factor of 0.295. The conversion
factor was suitable for SHS, although the correction factor for a light
scattering aerosol monitor might vary under ambient conditions and with
different types of particles (Jenkins et al., 2004; Jiang et al., 2011).
Measurements using a light scattering aerosol monitor were 2.6 to 3.1 times
higher than those using a gravimetric method in a study of the non-smoking
and smoking sections of hospitals in Louisville, KY (Jenkins et al., 2004).
Although the use of the 0.295 correction factor might cause error, such
variation is not likely to be significant. Because smoking and smoker behavior
were not controlled, it was not possible to consider a range of different
smoking conditions. Location-specific meteorological information was not
measured because it may have produced a behavioral change in smokers. For
the case of a smoker standing at a bus stop, the relationship between the
number of smokers and PM2.5 concentrations was not determined. During the
field measurements, only one smoker was observed at 88% of the bus stops.
Some previous OTS studies have indicated that PM2.5 concentrations
significantly increase as the number of smokers increases (Brennan et al.,
2010; St.Helen et al., 2011; Stafford et al., 2010).
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V. Conclusion

This study found non-compliance with the outdoor smoke-free
policy at bus stops in Seoul. More people smoked at roadside bus stops where
the policy was not applied. The policy should be applied to both centerline
and roadside bus stops to reduce OTS exposure at the bus stops. Compliance
with the outdoor smoke-free policy is critical to achieving clean and
comfortable air quality.
Season and bus stop location were associated with outdoor 30minute PM2.5 concentrations. While smoking at bus stops was not associated
with 30-minute PM2.5 levels, a novel analytical method of ‘peak analysis’ was
able to determine OTS exposure. Peak frequency and peak concentration were
significantly associated with smoking occurrence. Peak concentration varied
significantly with smoker status and the distance from the smoker to the
monitor.

35

References

Brennan E., Cameron M., Warne C., Durkin S., Borland R., Travers M.J.,
Hyland A., and Wakefield M.A., Secondhand smoke drift: Examining
the influence of indoor smoking bans on indoor and outdoor air
quality at pubs and bars. Nicotine & Tobacco Research, 2010. 12(3):
p. 271-277.
Buonanno G., Fuoco F., and Stabile L., Influential parameters on particle
exposure of pedestrians in urban microenvironments. Atmospheric
Envionment, 2011. 45(7): p. 1434-1443.
Cameron M., Brennan E., Durkin S., Borland R., Travers M.J., Hyland A.,
Spittal M.J., and Wakefield M.A., Secondhand smoke exposure
(PM2.5) in outdoor dining areas and its correlates. Tobacco Control,
2010. 19(1): p. 19-23.
Chan L. and Kwok W.S., Roadside suspended particulates at heavily
trafficked urban sites of Hong Kong – Seasonal variation and
dependence on meteorological conditions. Atmospheric Environment,
2001. 35(18): p. 3177-3182.
Charron A. and Harrison R.M., Fine (PM2.5) and coarse (PM2.5-10) particulate
matter on a heavily trafficked London highway: Sources and
processes. Environmental Science & Technology, 2005. 39(20): p.
7768-7776.
Eatough D.J., Benner C.L., Tang H., Landon V., Richards G., Caka F.M.,
Crawford J., Lewis E.A., Hansen L.D., and Eatough N.L., The
36

chemical

composition

of

environmental

tobacco

smoke

III.

Identification of conservative tracers of environmental tobacco smoke.
Environment International, 1989. 15(1–6): p. 19-28.
Eriksen M.P., LeMaistre C.A., and Newell G.R., Health hazards of passive
smoking. Annual Review of Public Health, 1988. 9(1): p. 47-70.
Gehrig R. and Buchmann B., Characterising seasonal variations and spatial
distribution of ambient PM10 and PM2.5 concentrations based on longterm Swiss monitoring data. Atmospheric Environment, 2003. 37(19):
p. 2571-2580.
Gertler A.W., Gillies J.A., and Pierson W.R., An assessment of the mobile
source contribution to PM10 and PM2.5 in the United States. Water,
Air, & Soil Pollution, 2000. 123(1): p. 203-214.
Hess D.B., Ray P.D., Stinson A.E., and Park J.Y., Determinants of exposure
to fine particulate matter (PM2.5) for waiting passengers at bus stops.
Atmospheric Environment, 2010. 44(39): p. 5174-5182.
Janssen N.A.H., van Vliet P.H.N., Aarts F., Harssema H., and Brunekreef B.,
Assessment of exposure to traffic related air pollution of children
attending schools near motorways. Atmospheric Environment, 2001.
35(22): p. 3875-3884.
Jenkins R.A., Ilgner R.H., Tomkins B.A., and Peters D.W., Development and
application of protocols for the determination of response of real-time
particle monitors to common indoor aerosols. Journal of the Air &
Waste Management Association, 2004. 54(2): p. 229-241.
Jiang R.T., Acevedo-Bolton V., Cheng K.C., Klepeis N.E., Ott W.R., and
37

Hildemann L.M., Determination of response of real-time SidePak
AM510 monitor to secondhand smoke, other common indoor aerosols,
and outdoor aerosol. Journal of Environmental Monitoring, 2011.
13(6): p. 1695-1702.
Kang C.M., Lee H.S., Kang B.W., and Lee S.K., Atmospheric concentrations
of PM2.5 trace elements in the Seoul urban area of South Korea.
Journal of the Air & Waste Management Association, 2004. 54(4): p.
432-439.
Klein E.G., Forster J.L., McFadden B., and Outley C.W., Minnesota tobaccofree park policies: attitudes of the general public and park officials.
Nicotine & Tobacco Research, 2007. 9(Suppl 1): p. S49-S55.
Klepeis N.E., Gabel E.B., Ott W.R., and Switzer P., Outdoor air pollution in
close proximity to a continuous point source. Atmospheric
Environment, 2009. 43(20): p. 3155-3167.
Klepeis N.E., Ott W.R., and Switzer P., Real–time measurement of outdoor
tobacco smoke particles. Journal of the Air & Waste Management
Association, 2007. 57(5): p. 522-534.
Lee J.G.L., Goldstein A.O., Kramer K.D., Steiner J., Ezzell M.M., and Shah
V., Statewide diffusion of 100% tobacco-free college and university
policies. Tobacco Control, 2010. 19(4): p. 311-317.
Lee K., Hahn E.J., Pieper N., Okoli C.T., Repace J.L., and Troutman A.,
Differential impacts of smoke-free laws on indoor air quality. Journal
of Environmental Health, 2008. 70(8): p. 24-30.
Lee K., Hahn E.J., Riker C., Head S., and Seithers P., Immediate impact of
38

smoke-free laws on indoor air quality. Southern Medical Journal,
2007. 100(9): p. 885-889.
Lee K., Hahn E.J., Robertson H.E., Lee S., Vogel S.L., and Travers M.J.,
Strength of smoke-free air laws and indoor air quality. Nicotine &
Tobacco Research, 2009. 11(4): p. 381-386.
Parry R., Prior B., Sykes A.J., Tay J.L., Walsh B., Wright N., Pearce K.,
Richmond G., Robertson A., Roselan J., Shum P.Y., Taylor G.,
Thachanamurthy P., Zheng T.T., Wilson N., and Thomson G.,
Smokefree Streets: A pilot study of methods to inform policy. Nicotine
& Tobacco Research, 2011. 13(5): p. 389-394.
Repace J.L., Banning outdoor smoking is scientifically justifiable. Tobacco
Control, 2000. 9(1): p. 98.
Repace J.L., Benefits of smoke-free regulations in outdoor settings: beaches,
golf courses, parks, patios, and in motor vehicles. William Mitchell
Law Review, 2007. 34: p. 1621.
Semple S., Creely K.S., Naji A., Miller B.G., and Ayres J.G., Secondhand
smoke levels in Scottish pubs: the effect of smoke-free legislation.
Tobacco Control, 2007. 16(2): p. 127-132.
St.Helen G., Bernert J.T., Hall D.B., Sosnoff C.S., Xia Y., Balmes J.R., Vena
J.E., Wang J.S., Holland N.T., and Naeher L.P., Exposure to
secondhand smoke outside of a bar and a restaurant and tobacco
exposure

biomarkers

in

nonsmokers.

Environmental

Health

Perspectives, 2011. 120(7): p. 1010-1016.
Stafford J., Daube M., and Franklin P., Second hand smoke in alfresco areas.
39

Health Promotion Journal of Australia, 2010. 21(2): p. 99-105.
U.S. Department of Health and Human Services, The Health Consequences of
Involuntary Exposure to Tobacco Smoke: A Report of the Surgeon
General. Atlanta, GA: U.S. Department of Health and Human
Services, Centers for Disease Control and Prevention, Coordinating
Center for Health Promotion, National Center for Chronic Disease
Prevention and Health Promotion, Ofﬁce on Smoking and Health.
2006.
U.S. Department of Health and Human Services, How Tobacco Smoke Causes
Disease: The Biology and Behavioral Basis for Smoking-Attributable
Disease: A Report of the Surgeon General. Atlanta, GA: U.S.
Department of Health and Human services, Centers for Disease
Control and Prevention, National Center for Chronic Disease
Prevention and Health Promotion, Office on Smoking and Health.
2010.
Valente P., Forastiere F., Bacosi A., Cattani G., Carlo S.D., Ferri M., FigaTalamanca I., Marconi A., Paoletti L., Perucci C., and Zuccaro P.,
Exposure to fine and ultrafine particles from secondhand smoke in
public places before and after the smoking ban, Italy 2005. Tobacco
Control, 2007. 16(5): p. 312-317.
Vineis P., Airoldi L., Veglia F., Olgiati L., Pastorelli R., Autrup H., Dunning
A., Garte S., Gormally E., Hainaut P., Malaveille C., Matullo G.,
Peluso M., Overvad K., Tjonneland A., Clavel-Chapelon F., Boeing
H., Krogh V., Palli D., Panico S., Tumino R., Bueno-De-Mesquita B.,
40

Peeters P., Berglund G., Hallmans G., Saracci R., and Riboli E.,
Environmental tobacco smoke and risk of respiratory cancer and
chronic obstructive pulmonary disease in former smokers and never
smokers in the EPIC prospective study. British Medical Journal, 2005.
330(7486): p. 277.
Wells A.J., Passive smoking as a cause of heart disease. Journal of the
American College of Cardiology, 1994. 24(2): p. 546-554.
Westerdahl D., Fruina S., Saxb T., Fine P.M., and Sioutas C., Mobile platform
measurements of ultrafine particles and associated pollutant
concentrations on freeways and residential streets in Los Angeles.
Atmospheric Environment, 2005. 39(20): p. 3597-3610.
Yolton K., Dietrich K., Auinger P., Lanphear B.P., and Hornung R., Exposure
to environmental tobacco smoke and cognitive abilities among US
children and adolescents. Environmental Health Perspectives, 2005.
113(1): p. 98-103.

41

국문초록

Effects of Outdoor Smoke-Free Policy at Bus Stops on
Outdoor Tobacco Smoke Exposure in Seoul

서울시 실외 금연정책 실시와 버스정류장에서의 간접흡연

조 혜 리
환경보건학과
서울대학교 보건대학원

서울특별시는

2012

년

3

월,

서울시

소재의

중앙차로

버스정류장을 금연구역으로 지정하고, 실외 금연정책을 실시하였다.
실내 금연정책 시행 여부에 따른 간접흡연 노출에 대한 연구는 많이
이루어졌지만, 실외 금연정책 시행으로 인한 간접흡연 노출 실측
연구는 간접흡연에 대한 건강 위험성이 보고됨에도 불구하고 부족한
실정이다. 따라서 본 연구의 목적은 서울 시민들의 버스정류장에서의
실외 금연정책 이행여부를 조사하고, 버스정류장에서의 미세먼지
농도 수준에 영향을 미치는 인자 및 간접흡연에 따른 미세먼지 노출
수준을 파악하고자 한다.
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본

연구는

실시하였으며,
차로변

서울시

버스정류장

버스정류장

각

50

소재의
형태에

버스정류장
따라

개소를

100

중앙차로

선정하였다.

개소에서

버스정류장,
측정은

같은

장소에서 서울특별시 버스정류장 금연정책 실시 전인 2011 년
11 월과 금연정책 실시 이후인 2012 년 3 월, 총 2 회 실시하였다.
각

버스정류장에서

광산란

측정기를

이용하여

미세먼지(PM2.5)

농도를 1 초 간격으로 30 분 동안 측정하였다. 실외에서 흡연으로
발생한 유해물질은 바람 등의 물리환경적 요인에 의해 순간적으로
농도가 변할 수 있기 때문에, 순간 고농도인 ‘peak’ 를 정의하고
이를 활용한 분석을 실시하였다.
서울특별시 버스정류장 금연정책 실시 전, 총 100 개 버스
정류장 중 46 개소, 금연정책 실시 후에는 37 개소 정류장에서
흡연이 관찰되었다. 금연구역으로 지정된 중앙차로 버스정류장의
경우 흡연율이 75% 감소하였지만, 차로변 버스정류장은 금연정책
실시 전, 후의 큰 차이가 없었다.
Peak 를 이용한 분석 결과, PM2.5 peak frequency (단위 시간
당 peak 수)는 계절, 버스정류장 위치, 흡연 여부, 버스 노선 수에
따라 통계적으로 유의한 차이가 있었다. 또한 버스정류장에서의
PM2.5 peak 농도 수준은 계절, 흡연 여부, 버스 노선 수에 따라
통계적으로

유의한

차이가

있었다.

흡연

발생

시,

흡연자가

버스정류장에 정지한 상태일 경우 보행상태의 흡연자보다 PM2.5
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peak 농도 수준이 통계적으로 유의하게 높았다. 이 때 흡연자와의
거리가 가까울수록 PM2.5 peak 농도 수준이 유의하게 높았고, PM2.5
peak frequency 의 경우 흡연자와의 거리가 증가함에 따라 감소하는
경향을 보였지만 통계적으로 유의하지는 않았다.
본

연구를

통해

서울

시민들의

버스정류장

금연정책

이행여부를 파악할 수 있었다. 금연구역인 중앙차로 버스정류장에
비해 금연구역으로 지정되지 않은 차로변 버스정류장에서 더욱 많은
흡연자가

관찰되었다.

보다

효과적인

버스정류장

금연정책을

위해서는 서울시 소재의 전체 버스정류장을 금연구역으로 지정하는
것이 바람직할 것이다. 그리고 실외 간접흡연 노출수준을 파악하는데
peak 의 개념을 이용한 분석방법이 유용하게 활용될 수 있을 것이다.

주요어 : 금연정책, 실외, 미세먼지(PM2.5), 버스정류장, Peak
학 번 : 2011-22059
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