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Abstract

Relationships between ambient fine 

(PM2.5) and coarse (PM2.5-10) 

particles and adverse health effects 

in metropolitan cities, Korea

Tae Young, Kim

Department of Environmental Health

The Graduate School

Seoul National University

Background: A number of epidemiological studies have been 

examined the relationships between PM2.5 (less than 2.5 ㎛ in 

aerodynamic diameter) or PM2.5-10 (less than 10 ㎛ and greater 

than 2.5 ㎛ in aerodynamic diameter) and adverse health effects. 

Objectives: We estimated the effects of PM2.5 or PM2.5-10 on all 

cause, respiratory, and cardiovascular mortality in Seoul, Busan, 
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and Incheon between 2006 and 2012.

Methods: We compared daily mortality data with air particles data 

using GAM (Generalized Additive Model) with Poisson distribution. 

We controlled meteorological variables and dummy variables for 

the day of week and holidays. We used 2-day moving averages 

and various single lag to estimate effects of air particles on 

mortality. Also we compared the results with using Two-pollutant 

model.

Results: We estimated a 0.34% (95% CI: 0.03, 0.64) increase of 

excess mortality for all ages and 0.52% (95% CI: 0.09, 0.96) for 

elderly in all cause mortality, 2.08% (95% CI: 0.74, 3.44) for all 

ages and 2.24% (95% CI: 0.83, 3.68) for elderly in respiratory 

mortality, and 0.90% (95% CI: 0.19, 1.62) for all ages in 

cardiovascular mortality with a 10 ㎍/m3 increase of PM2.5 in Seoul. 

In case of Busan, a 1.18% (95% CI: 0.64, 1.72) increase of 

excess mortality for all ages and 1.26% (95% CI: 0.62, 1.91) for 

elderly in all cause mortality and 2.25% (95% CI: 0.38, 4.15) for 

all ages and 2.43% (95% CI: 0.51, 4.38) for elderly in respiratory 

mortality were associated. We also calculated a 0.43% (90% CI: 

0.02, 0.95) increase of excess mortality for all ages and 0.66% 

(95% CI: 0.03, 1.29) for elderly in all cause mortality in Incheon. 

Busan showed higher associations of PM2.5 on mortality compared 

to other cities. Generally, PM2.5 was more associated to mortality 

than PM2.5-10. The results of single lag effects showed similar 
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tendency with lag0-1 results. In case of Two-pollutant model, the 

reduced value of effects of PM2.5 with PM2.5-10 in Seoul. All cities 

in this study showed the reduced results of excess mortality in 

case of PM2.5-10 with PM2.5.

Conclusion: Statistically significant associations between air 

particles and adverse health effects were observed in this study. 

Further studies are needed to improve the policy on air quality 

regulations with more detailed data in various Korean cities.

····································································

Keywords : PM2.5, PM2.5-10, Mortality, Metropolitan 

city, GAM (Generalized Additive Model)

Student Number : 2014-23361
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1. Introduction

  

1.1 Background

Many epidemiological studies have been identified the associations 

between ambient fine (less than 2.5 ㎛ in aerodynamic diameter) 

or coarse (less than 10 ㎛ and greater than 2.5 ㎛ in aerodynamic 

diameter) particles and adverse health effects, including all cause, 

cardiovascular, and respiratory mortality (Katsouyanni et al. 2009; 

III and Dockery, 2006; Samoli et al. 2013). For instance, Samoli et 

al. (2014), which studied about associations between PM2.5 or 

PM2.5-10 and all cause, respiratory, and cardiovascular mortality in 

10 European Mediterranean metropolitan areas, reported PM2.5 was 

associated with a 0.55% (95% CI: 0.27, 0.84) increase for all 

cause mortality at lag0-1, a 1.91% (95% CI: 0.71, 3.12) increase 

for respiratory mortality at lag0-5, and a 0.86% (95% CI: 0.15, 

1.57) increase for cardiovascular mortality at lag0-5. According to 

a WHO’s report, around the 3.7 million people including 

considerable number of Asian people died from PM2.5 over the 

world (WHO 2014). In addition, increases of urban populations in 

Asian countries owing to rapid economic growth may result in 

more serious health problem related to air particles in the future 

(Heo et al. 2014). 
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U.S. EPA (Environmental Protection Agency) revised the 

regulation standard of PM2.5 concentration for 24 hours from 65 ㎍

/m3 to 35 ㎍/m3, and one year from 15 ㎍/m3 to 12㎍/m3. In case 

of Korea, the standard for PM2.5, which came into force from 2015, 

was made into 50 ㎍/m3 for 24 hours and 25 ㎍/m3 for annual 

average concentration in 2011 (Bae 2014; EPA 2009).

Despite these present situations, there are few studies for the 

relationships between air particles including PM2.5 and PM2.5-10 and 

adverse health effects in both the world and Korea (Bae 2014). 

Therefore, we conducted the study on the negative effects of air 

particulate matters on human health in three major metropolitan 

cities, Seoul, Busan, and Incheon in Korea.

 

Previous studies found that the associations between mortality 

and air particles were bigger with lagged exposures than 

concurrent exposure, but these relationships can be different by 

cause of death (Braga et al. 2001; Franklin et al. 2007; Zanobetti 

et al. 2002). In this study, we examined the associations using 

2-day moving averages of exposure (lag0-1) and single-day 

exposure at various lag for each cause of death.  
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1.2 Objectives

In this study, we conducted the assessment of adverse effects of 

air particles (PM2.5 and PM2.5-10) on human health in three 

metropolitan cities (Seoul, Busan, and Incheon), in Korea, between 

2006 and 2012.
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2. Materials and Methods

2.1 Study area

We determined three cities (Seoul, Busan and Incheon) in Korea 

for our study as shown in Figure 1. These cities were selected on 

the basis of the availability of mortality and air pollutants data 

including especially PM2.5 and PM2.5-10 data continuously from 2006 

to 2012. Also, in terms of demographic point, Seoul, Busan, and 

Incheon are the most populous cities among the major cities in 

Korea in 2010.

Table 1 shows the population sizes of major cities in Korea 

from 2000 to 2010 at 5 years intervals. Seoul, the most populated 

city in Korea, Busan, and Incheon had 9,794,304, 3,414,950, 

2,662,509 population for each cities in 2010.
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Figure 1. Location of study area

unit: people, %

2000 2005 2010

Population % Population % Population %

Korea 46,136,101 100 47,278,951 100 48,580,293 100

City

Seoul 9,895,217 21.4 9,820,171 20.8 9,794,304 20.2

Busan 3,662,884 7.9 3,523,582 7.5 3,414,950 7.0

Incheon 2,475,139 5.4 2,531,280 5.4 2,662,509 5.5

Table 1. Population sizes of major cities in Korea

Korean Statistical Information Service, http://kosis.kr
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2.2 Data

2.2.1 Mortality data

Daily mortality data between 2006 and 2012 was obtained from 

Korean Statistical Information Service (http://kosis.kr). The 

mortality data separated into all cause (Non accidental and specific 

diseases, ICD-10, A00-R99), respiratory (ICD-10, J00-J99), and 

cardiovascular (ICD-10, I00-I99) deaths by the International 

Classification of Disease (ICD), 10th revision from WHO.

We also analyzed mortality data according to age classification, 

all ages and people aged 65 and over.

2.2.2 Air pollutants data

We obtained air pollutants data from Public Health and 

Environment Research Institute for each of the three cities. These 

data is being collected from automatic monitoring sites for each 

city. There are 35 automatic monitoring sites for air pollutants in 

Seoul, 19 sites for Busan, and 15 sites for Incheon. The 

concentration data of air pollutants is daily average value.
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2.2.3 Meteorological data

Daily meteorological data including temperature, relative humidity, 

and barometric pressure was obtained from the Korea 

Meteorological Administration (KMA).  

2.3 Statistical methods

We conducted time-series analysis to estimate the adverse health 

effects of air particles on daily mortality for three cities. For this 

analysis, we used the Generalized Additive Model (GAM) with 

Poisson distribution.

We controlled mean temperature, relative humidity, and 

barometric pressure. And the day of the week, holidays were 

included for dummy variables. The following is the analysis model.

  - (1)

In this model, E(Yt) is the number of expected deaths and β 

is regression coefficient, which means the rates of mortality 

involved with a unit increase of air particles. s is the spline 
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smoother and we applied time with 4 df (degree of freedom), 

temperature with 6 df, and meteorological variables with 3 df for 

each city.

Basically, we used 2-day moving averages (lag0-1: Cumulative 

exposure between the day and a days ago) to evaluate the 

adverse effects of air particles on human health. Many studies 

showed 2-day moving averages are more strongly related to 

mortality than single-day exposure (Dai et al. 2014).

Since the concentration of air particulate matter could affect 

not only the mortality of the day but the mortality of a few days 

later, we considered lag effect. 

Two-pollutant model were also used for utilizing all possible 

pairs of pollutants. The obtained coefficients were compared with 

those calculated from the single lag model.

We used the SAS (Statistical Analysis System) 9.4 by SAS 

Institute to arrange the data and the R 3.2.1 by The R Foundation 

for applying GAM to get the results.
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3. Results

  

3.1 Descriptive statistics

Table 2 to 4 present descriptive statistics by each city, Seoul, 

Busan, and Incheon between 2006 and 2012. In this study, we 

examined 431,743 all cause deaths, 29,757 respiratory deaths, 

113,212 cardiovascular deaths, and air pollutants data including 

PM2.5, PM2.5-10, SO2, NO2, CO, and O3 for 2,557 days through three 

cities.

During the study period, the averages of daily all cause (total 

non accidental) deaths were 95.18, 47.42, and 26.24 in all ages 

and 67.34, 33.5, and 18.05 in the elderly for Seoul, Busan, and 

Incheon. For respiratory deaths, there were 6.05, 3.58, and 2.01 in 

all ages and 5.38, 3.15, and 1.73 in the elderly for Seoul, Busan, 

and Incheon. In case of cardiovascular deaths, there were 22.84, 

14.17, and 7.26 in all ages and 18.01, 11.05, and 5.73 in the 

elderly for Seoul, Busan and Incheon.

The averages of daily concentration of air pollutants were 

25.96 ㎍/m3, 27.48 ㎍/m3, 5.6 ppb, 37.74 ppb, 0.62 ppm, and 18.19 

ppb for PM2.5, PM2.5-10, SO2, NO2, CO, and O3 in Seoul. For Busan 

and Incheon, the concentrations were 26.99 ㎍/m3, 23.82 ㎍/m3, 
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5.75 ppb, 21.20 ppb, 0.41 ppm and 26.13 ppb, 32.05 ㎍/m3, 26.94 

㎍/m3, 7.72 ppb, 30.81 ppb, 0.62 ppm, 21.88 ppb. The highest 

average concentration was in Incheon for PM2.5 and Seoul for 

PM2.5-10.

 The average value of daily meteorological variables 12.68℃, 

14.9℃, 12.68℃, 60.33%, 61.26%, 60.33%, and 1,016.01hPa, 

1,015.46hPa, 1,016.01hPa for temperature, humidity, and air 

pressure in Seoul, Busan, and Incheon.

Figure 2, 3 are showing the distribution of PM2.5, PM2.5-10 

concentration in three cities from 2006 to 2012. And figure 4 to 9 

present the distribution of all age and elderly mortality including all 

cause, respiratory, and cardiovascular mortality in three cities from 

2006 to 2012.
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Mortality Counts
Seoul

Minimum 25th percentile Mean 75th percentile Maximum
Number of death
All ages

All cause 56 87 95.18 103 145
Respiratory 0 4 6.05 8 21

Cardiovascular 8 19 22.84 26 42

Ages ≥ 65
All cause 35 60 67.34 74 108

Respiratory 0 3 5.38 7 18
Cardiovascular 4 15 18.01 21 35

Air pollutants
PM2.5 (㎍/m3) 3.30 15.70 25.96 32.10 190.60

PM2.5-10 (㎍/m3) 2.83 15.02 27.48 32.88 673.53

SO2 (ppb) 2.53 3.93 5.60 6.57 21.18

NO2 (ppb) 9.73 27.82 37.74 46.61 92.44

CO (ppm) 0.23 0.45 0.62 0.71 1.81

O3 (ppb) 2.02 10.51 18.19 24.70 60.54

Meteorology
Temperature (℃) -14.57 3.92 12.68 22.11 31.78

Humidity (%) 19.42 49.08 60.33 71.33 96.25
Air pressure (hPa) 993.31 1,009.62 1,016.01 1,022.50 1,038.13

Table 2. Summary of statistics for the number of deaths, air pollutants, and meteorological variables in Seoul
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Mortality Counts
Busan

Minimum 25th percentile Mean 75th percentile Maximum
Number of death
All ages

All cause 24 42 47.42 52 80
Respiratory 0 2 3.58 5 13

Cardiovascular 2 11 14.17 17 32

Ages ≥ 65
All cause 12 29 33.50 38 62

Respiratory 0 2 3.15 4 13
Cardiovascular 0 8 11.05 13 27

Air pollutants
PM2.5 (㎍/m3) 4.82 17.16 26.99 33.30 104.55

PM2.5-10 (㎍/m3) 1.05 14.70 23.82 27.34 769.54

SO2 (ppb) 0.51 4.19 5.75 6.86 23.03

NO2 (ppb) 2.03 15.26 21.20 25.86 52.10

CO (ppm) 0.06 0.32 0.41 0.47 0.96

O3 (ppb) 1.45 19.36 26.13 32.43 63.36

Meteorology
Temperature (℃) -7.17 8.11 14.90 21.61 30.06

Humidity (%) 11.63 46.75 61.26 75.96 97.13
Air pressure (hPa) 994.09 1,010.11 1,015.46 1,020.95 1,034.58

Table 3. Summary of statistics for the number of deaths, air pollutants, and meteorological variables in Busan
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Mortality Counts
Incheon

Minimum 25th percentile Mean 75th percentile Maximum

Number of death
All ages

All cause 11 22 26.24 30 47
Respiratory 0 1 2.01 3 10

Cardiovascular 0 5 7.26 9 20

Ages ≥ 65
All cause 4 15 18.05 21 37

Respiratory 0 1 1.73 3 9
Cardiovascular 0 4 5.73 7 16

Air pollutants
PM2.5 (㎍/m3) 5.30 19.75 32.05 39.36 258.67

PM2.5-10 (㎍/m3) 4.73 15.92 26.94 31.11 402
SO2 (ppb) 3.11 5.71 7.72 9.15 24.25
NO2 (ppb) 6.46 21.33 30.81 38.43 101.75
CO (ppm) 0.22 0.45 0.62 0.71 1.83
O3 (ppb) 2.63 14.14 21.88 28.77 65.67

Meteorology
Temperature (℃) -14.57 3.92 12.68 22.11 31.78

Humidity (%) 19.42 49.08 60.33 71.33 96.25
Air pressure (hPa) 993.31 1,009.62 1,016.01 1,022.50 1,038.13

Table 4. Summary of statistics for the number of deaths, air pollutants, and meteorological variables in Incheon
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Figure 2. Distribution of PM2.5 concentration in three cities
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Figure 3. Distribution of PM2.5-10 concentration in three cities
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Figure 4. Distribution of all age mortality in Seoul
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Figure 5. Distribution of elderly mortality in Seoul
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Figure 6. Distribution of all age mortality in Busan
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Figure 7. Distribution of elderly mortality in Busan
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Figure 8. Distribution of all age mortality in Incheon



- 21 -

Figure 9. Distribution of elderly mortality in Incheon
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3.2 Correlation between air pollution and mortality

We analyzed the correlation between air pollutants and mortality 

by using Pearson correlation analysis. Figure 11 to 13 show the 

result of correlation between mortality data, air particles and 

meteorological variables for three cities from 2006 to 2012.

Daily all cause and respiratory mortality for all ages presents 

positive correlation with PM2.5 and PM2.5-10 in Seoul and PM2.5 in 

Busan. Cardiovascular mortality for all ages presents positive 

correlation with PM2.5 and PM2.5-10 in all cities.  
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Figure 10. Correlation of mortality, air 

pollutants, and meteorological variables in 

Seoul (Total: All cause mortality, Res: 

Respiratory mortality, Card: 

Cardiovascular mortality)
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Figure 11. Correlation of mortality, air 

pollutants, and meteorological variables in 

Busan (Total: All cause mortality, Res: 

Respiratory mortality, Card: 

Cardiovascular mortality)
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Figure 12. Correlation of mortality, air 

pollutants, and meteorological variables in 

Incheon (Total: All cause mortality, Res: 

Respiratory mortality, Card: 

Cardiovascular mortality)
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3.3 Effects of air particles on mortality

3.3.1 Mortality results

We estimated the effects of PM2.5 and PM2.5-10 on all cause, 

respiratory, and cardiovascular mortality. Table 5 and 6 indicate 

the excess mortality per 10 ㎍/m3 increase of PM2.5 and PM2.5-10 at 

lag0-1 (Cumulative exposure between the day and a day ago) in 

three cities.

There were adverse effects of PM2.5 on all cause mortality for 

all ages (0.34%; 90% CI: 0.03, 0.64, 1.18%; 95% CI: 0.64, 1.72, 

0.43%; 90% CI: 0.02, 0.95) and elderly (0.52%; 95% CI: 0.09, 

0.96, 1.26%; 95% CI: 0.62, 1.91, 0.66%; 95% CI: 0.03, 1.29) in 

Seoul, Busan, and Incheon, respiratory mortality for all ages 

(2.08%; 95% CI: 0.74, 3.44, 2.25%; 95% CI: 0.38, 4.15) and 

elderly (2.24%; 95% CI: 0.83, 3.68, 2.43%; 95% CI: 0.51, 4.38) in 

Seoul and Busan, and cardiovascular mortality for all ages (0.90%; 

95% CI: 0.19, 1.62) in Seoul.

For PM2.5-10, there were adverse effects on all cause mortality 

for all ages (0.20%; 90% CI: 0.02, 0.38) and elderly (0.37%; 95% 

CI: 0.12, 0.64) in Seoul, respiratory mortality for all ages (0.72%; 

90% CI: 0.05, 1.40) in Seoul, and cardiovascular mortality for all 
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ages (0.44%; 95% CI: 0.03, 0.85) in Seoul and elderly (0.53%; 

95% CI: 0.07, 0.99, 0.56%; 90% CI: 0.06, 1.07) in Seoul and 

Busan.

Stronger associations of PM2.5 on mortality were observed in 

Busan compared to other cities. In Incheon, there were only two 

case of estimated adverse effects of PM2.5 on all cause mortality in 

all ages and elderly. Also, elderly population were more associated 

with mortality due to PM2.5 than all ages. With regard to causes of 

the disease, there were bigger adverse effects of PM2.5 on 

respiratory mortality than others. In case of for PM2.5-10, Overall, 

PM2.5 was more associated with various causes of mortality than 

PM2.5-10 in all ages and elderly. In addition, there were no 

noticeable differences of excess mortality according to cities in 

PM2.5-10.
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Ages Mortality Seoul Busan Incheon

All ages

All cause 0.34 (0.03 to 0.64)a) 1.18 (0.64 to 1.72) 0.43 (0.02 to 0.95)a)

Respiratory 2.08 (0.74 to 3.44) 2.25 (0.38 to 4.15) 0.82 (-0.99 to 2.69)

Cardiovascular 0.90 (0.19 to 1.62) 0.56 (-0.40 to 1.53) 0.19 (-0.75 to 1.14)

Elderly

(≥65)

All cause 0.52 (0.09 to 0.96) 1.26 (0.62 to 1.91) 0.66 (0.03 to 1.29)

Respiratory 2.24 (0.83 to 3.68) 2.43 (0.51 to 4.38) 0.35 (-1.59 to 2.33)

Cardiovascular 0.61 (-0.19 to 1.41) 0.56 (-0.52 to 1.65) 0.14 (-0.92 to 1.21)
a) 90% Confidence Interval

Table 5. Excess mortality (%) for a 10 ㎍/m3 increase of PM2.5 at lag0-1 in three cities (95% CI)

Ages Mortality Seoul Busan Incheon

All ages

All cause 0.20 (0.02 to 0.38)a) -0.00 (-0.32 to 0.32) 0.13 (-0.31 to 0.57)

Respiratory 0.72 (0.05 to 1.40)a) 0.47 (-0.66 to 1.60) 0.69 (-0.85 to 2.26)

Cardiovascular 0.44 (0.03 to 0.85) 0.40 (-0.14 to 0.95) 0.03 (-0.78 to 0.85)

Elderly

(≥65)

All cause 0.38 (0.12 to 0.64) 0.11 (-0.27 to 0.49) 0.07 (-0.46 to 0.62)

Respiratory 0.70 (-0.15 to 1.56) 0.43 (-0.77 to 1.65) -0.18 (-1.87 to 1.55)

Cardiovascular 0.53 (0.07 to 0.99) 0.56 (0.06 to 1.07)a) 0.07 (-0.84 to 0.99)
a) 90% Confidence Interval

Table 6. Excess mortality (%) for a 10 ㎍/m3 increase of PM2.5-10 at lag0-1 in three cities (95% CI)
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3.3.2 Single day effects

Since the concentration of air particles could affect not the 

mortality of the day but the mortality of a few days later, we 

considered lag effect for this research. Table 7 and 8 present the 

results of various single lag (lag0-lag3) effects for PM2.5 and 

PM2.5-10 in three cities from 2006 to 2012. 

Similar to the results of using lag0-1 (Table 5 and 6), elderly 

people were more associated with mortality and air particles than 

all ages in three cities.

Figure 13 to 24 graphically show the single lag (lag0-lag7) 

effects of PM2.5 and PM2.5-10 on different causes of death in three 

cities from 2006 to 2012.
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Ages Mortality Lag Seoul Busan Incheon

All ages

All cause

0 0.33 (0.01 to 0.66) 0.92 (0.44 to 1.40) 0.24 (-0.23 to 0.71)

1 0.20 (-0.12 to 0.52) 0.92 (0.44 to 1.39) 0.48 (0.02 to 0.93)

2 0.02 (-0.29 to 0.33) 0.44 (-0.01 to 0.90) 0.35 (-0.11 to 0.81)

3 -0.14 (-0.45 to 0.16) 0.41 (-0.04 to 0.85) -0.16 (-0.62 to 0.30)

Respiratory

0 1.77 (0.55 to 3.01) 1.59 (-0.09 to 3.29) 0.18 (-1.51 to 1.89)

1 1.52 (0.33 to 2.72) 1.92 (0.27 to 3.60) 1.13 (-0.49 to 2.78)

2 1.16 (-0.01 to 2.34) 1.40 (-0.21 to 3.03) 0.91 (-0.73 to 2.57)

3 0.60 (-0.55 to 1.76) 0.47 (-1.10 to 2.07) -0.49 (-2.13 to 1.19)

Cardiovascular　

0 0.76 (0.12 to 1.41) 0.60 (-0.25 to 1.46) -0.05 (-0.92 to 0.83)

1 0.66 (0.03 to 1.29) 0.30 (-0.54 to 1.15) 0.35 (-0.49 to 1.19)

2 -0.01 (-0.63 to 0.61) -0.26 (-1.07 to 0.56) 0.45 (-0.39 to 1.31)

3 -0.13 (-0.73 to 0.47) 0.25 (-0.54 to 1.05) -0.06 (-0.91 to 0.79)

Table 7. Excess mortality (%) for a 10 ㎍/m3 increase of PM2.5 at different single lag in three cities (95% CI)
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Elderly

(≥65)

All cause

0 0.56 (0.17 to 0.96) 0.92 (0.35 to 1.50) 0.43 (-0.15 to 1.01)

1 0.27 (-0.12 to 0.66) 1.04 (0.48 to 1.61) 0.65 (0.09 to 1.21)

2 -0.12 (-0.50 to 0.26) 0.62 (0.07 to 1.16) 0.62 (0.05 to 1.18)

3 -0.27 (-0.64 to 0.10) 0.46 (-0.07 to 1.00) 0.01 (-0.55 to 0.57)

Respiratory

0 2.22 (0.93 to 3.52) 1.89 (0.17 to 3.65) -0.43 (-2.23 to 1.41)

1 1.37 (0.12 to 2.64) 2.01 (0.30 to 3.75) 0.96 (-0.77 to 2.72)

2 0.93 (-0.31 to 2.19) 1.31 (-0.39 to 3.03) 1.10 (-0.64 to 2.87)

3 0.26 (-0.96 to 1.50) 0.17 (-1.50 to 1.87) -0.22 (-1.97 to 1.57)

Cardiovascular

0 0.65 (-0.07 to 1.37) 0.59 (-0.37 to 1.56) -0.01 (-0.99 to 0.98)

1 0.30 (-0.40 to 1.01) 0.29 (-0.66 to 1.25) 0.23 (-0.71 to 1.19)

2 -0.16 (-0.85 to 0.53) -0.22 (-1.13 to 0.70) 0.38 (-0.58 to 1.34)

3 -0.12 (-0.79 to 0.56) 0.54 (-0.34 to 1.44) 0.13 (-0.82 to 1.10)
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Ages Mortality Lag Seoul Busan Incheon

All ages

All cause

0 0.16 (-0.01 to 0.34) 0.08 (-0.17 to 0.34) 0.13 (-0.25 to 0.50)

1 0.11 (-0.07 to 0.29) -0.08 (-0.34 to 0.17) 0.06 (-0.31 to 0.43)

2 0.06 (-0.11 to 0.24) -0.16 (-0.42 to 0.10) 0.12 (-0.25 to 0.49)

3 0.12 (-0.06 to 0.29) 0.09 (-0.16 to 0.33) 0.18 (-0.18 to 0.55)

Respiratory

0 0.36 (-0.31 to 1.03) 0.21 (-0.73 to 1.16) 0.21 (-1.12 to 1.57)

1 0.62 (-0.03 to 1.27) 0.37 (-0.52 to 1.26) 0.77 (-0.52 to 2.07)

2 0.91 (0.30 to 1.53) 0.24 (-0.66 to 1.14) -0.42 (-1.80 to 0.97)

3 0.50 (-0.15 to 1.15) -0.87 (-1.94 to 0.21) -0.26 (-1.63 to 1.13)

Cardiovascular　

0 0.32 (-0.02 to 0.66) 0.52 (0.11 to 0.94) 0.11 (-0.57 to 0.80)

1 0.28 (-0.06 to 0.62) -0.04 (-0.48 to 0.41) -0.07 (-0.76 to 0.62)

2 -0.02 (-0.36 to 0.33) -0.18 (-0.63 to 0.28) 0.19 (-0.49 to 0.88)

3 0.05 (-0.30 to 0.39) -0.14 (-0.60 to 0.32) -0.13 (-0.83 to 0.57)

Table 8. Excess mortality (%) for a 10 ㎍/m3 increase of PM2.5-10 at different single lag in three cities (95% CI)
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Elderly

(≥65)

All cause

0 0.32 (0.11 to 0.53) 0.18 (-0.12 to 0.49) 0.08 (-0.38 to 0.55)

1 0.19 (-0.02 to 0.41) -0.04 (-0.35 to 0.26) 0.02 (-0.44 to 0.48)

2 0.05 (-0.17 to 0.27) -0.18 (-0.49 to 0.13) 0.24 (-0.22 to 0.69)

3 0.08 (-0.14 to 0.29) -0.06 (-0.36 to 0.25) 0.23 (-0.22 to 0.69)

Respiratory

0 0.42 (-0.29 to 1.14) 0.30 (-0.68 to 1.28) -0.54 (-2.03 to 0.97)

1 0.53 (-0.17 to 1.24) 0.27 (-0.69 to 1.24) 0.26 (-1.16 to 1.71)

2 0.81 (0.15 to 1.48) 0.28 (-0.67 to 1.24) -0.74 (-2.24 to 0.78)

3 0.32 (-0.38 to 1.04) -1.20 (-2.39 to 0.00) -0.11 (-1.56 to 1.36)

Cardiovascular　

0 0.45 (0.08 to 0.82) 0.71 (0.26 to 1.16) 0.13 (-0.65 to 0.91)

1 0.27 (-0.11 to 0.65) -0.04 (-0.54 to 0.47) -0.03 (-0.81 to 0.75)

2 -0.09 (-0.48 to 0.31) -0.25 (-0.77 to 0.27) 0.04 (-0.73 to 0.82)

3 -0.03 (-0.42 to 0.36) -0.21 (-0.73 to 0.32) -0.14 (-0.93 to 0.65)
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Figure 13. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5 at different single lag in Seoul (All ages, 95% CI)
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Figure 14. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5 at different single lag in Busan (All ages, 95% CI)
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Figure 15. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5 at different single lag in Incheon (All ages, 95% CI)
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Figure 16. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5 at different single lag in Seoul (Elderly, 95% CI)



- 38 -

Figure 17. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5 at different single lag in Busan (Elderly, 95% CI)
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Figure 18. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5 at different single lag in Incheon (Elderly, 95% CI)
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Figure 19. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5-10 at different single lag in Seoul (All ages, 95% CI)
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Figure 20. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5-10 at different single lag in Busan (All ages, 95% CI)
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Figure 21. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5-10 at different single lag in Incheon (All ages, 95% CI)
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Figure 22. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5-10 at different single lag in Seoul (Elderly, 95% CI)
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Figure 23. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5-10 at different single lag in Busan (Elderly, 95% CI)
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Figure 24. Excess mortality (%) for a 10 ㎍/m3 increase of 

PM2.5-10 at different single lag in Incheon (Elderly, 95% CI)
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3.3.3 Two-pollutant model analysis

We also performed Two-pollutant model analysis to examine the 

independent effects of air particles among other air pollutants 

(Table 9 and 10).

For PM2.5, Seoul showed reduced excess mortality results with 

PM2.5-10 in comparison with the result of Table 5. In case of 

Busan, PM2.5 was statistically positively affected by PM2.5-10 on the 

increase of excess mortality (All cause and respiratory for all 

ages and elderly) in Busan.

On the other hand, PM2.5-10 was negatively associated with 

mortality results after adding other air pollutants including PM2.5 in 

three cities as shown in Table 10 (Lee et al. 2015).
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Ages Mortality
Second 

pollutant
Seoul Busan Incheon

All ages

All cause

None 0.34 (-0.02 to 0.70) 1.18 (0.64 to 1.72) 0.44 (-0.07 to 0.95)

PM2.5-10 0.04 (-0.75 to 0.83) 1.25 (0.68 to 1.81) 0.46 (-0.12 to 1.05)

SO2 0.15 (-0.29 to 0.59) 1.26 (0.61 to 1.91) 0.34 (-0.29 to 0.98)

NO2 0.37 (-0.05 to 0.79) 1.13 (0.50 to 1.77) 0.31 (-0.29 to 0.92)

CO 0.43 (-0.03 to 0.90) 1.00 (0.28 to 1.73) 0.50 (-0.17 to 1.17)

O3 0.31 (-0.06 to 0.67) 1.18 (0.64 to 1.72) 0.45 (-0.05 to 0.97)

Respiratory

None 2.08 (0.74 to 3.44) 2.25 (0.38 to 4.15) 0.82 (-0.99 to 2.69)

PM2.5-10 1.59 (-1.38 to 4.64) 2.37 (0.41 to 4.36) 0.88 (-1.20 to 3.00)

SO2 1.14 (-0.51 to 2.82) 1.61 (-0.63 to 3.90) -0.01 (-2.31 to 2.35)

NO2 1.99 (0.38 to 3.62) 1.85 (-0.35 to 4.10) 0.12 (-2.06 to 2.35)

CO 1.56 (-0.22 to 3.36) 2.32 (-0.21 to 4.91) 0.29 (-2.15 to 2.80)

O3 2.06 (0.72 to 3.43) 2.26 (0.39 to 4.16) 0.84 (-1.00 to 2.71)

Cardiovascular　

None 0.90 (0.19 to 1.62) 0.56 (-0.40 to 1.53) 0.19 (-0.75 to 1.14)

PM2.5-10 0.69 (-0.86 to 2.27) 0.28 (-0.71 to 1.29) 0.15 (-0.93 to 1.25)

SO2 0.71 (-0.16 to 1.59) 0.82 (-0.33 to 1.98) -0.03 (-1.22 to 1.17)

NO2 0.87 (0.05 to 1.70) 0.73 (-0.39 to 1.86) -0.10 (-1.22 to 1.04)

CO 0.90 (0.00 to 1.82) 0.18 (-1.10 to 1.48) 0.43 (-0.83 to 1.71)

O3 0.92 (0.20 to 1.65) 0.58 (-0.38 to 1.54) 0.25 (-0.70 to 1.21)

Table 9. Results of Two-pollutant model in three cities (Excess mortality (%) for a 10 ㎍/m3 increase of PM2.5 at lag0-1, 95% CI)
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Elderly

(≥65)

All cause

None 0.52 (0.09 to 0.96) 1.26 (0.62 to 1.91) 0.66 (0.03 to 1.29)

PM2.5-10 -0.15 (-1.10 to 0.81) 1.27 (0.61 to 1.94) 0.77 (0.05 to 1.49)

SO2 0.24 (-0.29 to 0.78) 1.39 (0.62 to 2.16) 0.42 (-0.37 to 1.22)

NO2 0.46 (-0.05 to 0.98) 1.26 (0.51 to 2.02) 0.40 (-0.34 to 1.14)

CO 0.50 (-0.07 to 1.07) 1.04 (0.18 to 1.91) 0.60 (-0.22 to 1.43)

O3 0.53 (0.09 to 0.97) 1.24 (0.60 to 1.89) 0.66 (0.03 to 1.30)

Respiratory

None 2.24 (0.83 to 3.68) 2.43 (0.51 to 4.38) 0.35 (-1.59 to 2.33)

PM2.5-10 0.37 (-2.74 to 3.59) 2.54 (0.51 to 4.61) 0.90 (-1.33 to 3.19)

SO2 0.86 (-0.89 to 2.64) 1.22 (-1.13 to 3.64) -0.18 (-2.64 to 2.34)

NO2 1.89 (0.18 to 3.62) 1.82 (-0.50 to 4.20) -0.35 (-2.68 to 2.04)

CO 1.40 (-0.47 to 3.31) 2.22 (-0.43 to 4.94) -0.02 (-2.64 to 2.66)

O3 2.30 (0.88 to 3.73) 2.42 (0.51 to 4.38) 0.40 (-1.55 to 2.40)

Cardiovascular　

None 0.61 (-0.19 to 1.41) 0.56 (-0.52 to 1.65) 0.14 (-0.92 to 1.21)

PM2.5-10 -0.20 (-1.92 to 1.56) 0.18 (-0.93 to 1.31) 0.07 (-1.14 to 1.30)

SO2 0.39 (-0.58 to 1.38) 0.85 (-0.45 to 2.16) 0.02 (-1.31 to 1.38)

NO2 0.53 (-0.39 to 1.46) 0.69 (-0.57 to 1.97) -0.31 (-1.57 to 0.97)

CO 0.52 (-0.49 to 1.55) -0.02 (-1.46 to 1.44) 0.43 (-0.96 to 1.85)

O3 0.62 (-0.19 to 1.43) 0.56 (-0.51 to 1.65) 0.21 (-0.86 to 1.28)
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Ages Mortality
Second 

pollutant
Seoul Busan Incheon

All ages

All cause

None 0.20 (-0.01 to 0.41) -0.00 (-0.32 to 0.32) 0.13 (-0.31 to 0.57)

PM2.5 0.12 (-0.13 to 0.37) -0.19 (-0.53 to 0.14) 0.02 (-0.50 to 0.54)

SO2 0.15 (-0.07 to 0.37) -0.02 (-0.34 to 0.31) 0.05 (-0.40 to 0.51)

NO2 0.20 (-0.02 to 0.42) -0.02 (-0.34 to 0.30) 0.05 (-0.41 to 0.51)

CO 0.18 (-0.04 to 0.41) -0.05 (-0.38 to 0.27) 0.08 (-0.38 to 0.54)

O3 0.20 (-0.02 to 0.41) 0.00 (-0.32 to 0.32) 0.13 (-0.31 to 0.57)

Respiratory

None 0.72 (-0.08 to 1.53) 0.47 (-0.66 to 1.60) 0.69 (-0.85 to 2.26)

PM2.5 0.21 (-0.74 to 1.16) 0.13 (-1.08 to 1.36) 0.80 (-0.98 to 2.62)

SO2 0.48 (-0.35 to 1.32) 0.40 (-0.76 to 1.58) 0.45 (-1.16 to 2.08)

NO2 0.63 (-0.19 to 1.46) 0.40 (-0.76 to 1.57) 0.49 (-1.11 to 2.12)

CO 0.50 (-0.34 to 1.35) 0.39 (-0.77 to 1.56) 0.52 (-1.09 to 2.16)

O3 0.73 (-0.07 to 1.54) 0.45 (-0.70 to 1.61) 0.69 (-0.85 to 2.26)

Cardiovascular　

None 0.44 (0.03 to 0.85) 0.40 (-0.14 to 0.95) 0.03 (-0.78 to 0.85)

PM2.5 0.26 (-0.22 to 0.74) 0.31 (-0.25 to 0.88) 0.07 (-0.88 to 1.04)

SO2 0.37 (-0.05 to 0.79) 0.40 (-0.15 to 0.94) -0.05 (-0.89 to 0.80)

NO2 0.42 (0.00 to 0.84) 0.40 (-0.15 to 0.94) -0.08 (-0.92 to 0.77)

CO 0.38 (-0.04 to 0.81) 0.37 (-0.18 to 0.92) 0.05 (-0.79 to 0.91)

O3 0.44 (0.03 to 0.85) 0.40 (-0.14 to 0.94) 0.04 (-0.77 to 0.85)

Table 10. Results of Two-pollutant model in three cities (Excess mortality (%) for a 10 ㎍/m3 increase of PM2.5-10 at lag0-1, 95% CI)
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Elderly

(≥65)

All cause

None 0.38 (0.12 to 0.64) 0.11 (-0.27 to 0.49) 0.07 (-0.46 to 0.62)

PM2.5 0.26 (-0.04 to 0.56) -0.07 (-0.47 to 0.33) -0.14 (-0.77 to 0.50)

SO2 0.32 (0.05 to 0.58) 0.10 (-0.28 to 0.48) -0.05 (-0.61 to 0.52)

NO2 0.35 (0.09 to 0.61) 0.10 (-0.29 to 0.48) -0.03 (-0.59 to 0.53)

CO 0.35 (0.09 to 0.62) 0.06 (-0.33 to 0.45) -0.01 (-0.58 to 0.56)

O3 0.38 (0.12 to 0.64) 0.11 (-0.27 to 0.49) 0.07 (-0.47 to 0.62)

Respiratory

None 0.70 (-0.15 to 1.56) 0.43 (-0.77 to 1.65) -0.18 (-1.87 to 1.55)

PM2.5 -0.03 (-1.04 to 1.00) -0.02 (-1.31 to 1.30) 0.03 (-1.93 to 2.04)

SO2 0.36 (-0.54 to 1.27) 0.32 (-0.91 to 1.57) -0.37 (-2.14 to 1.43)

NO2 0.56 (-0.32 to 1.44) 0.28 (-0.95 to 1.53) -0.40 (-2.17 to 1.41)

CO 0.40 (-0.51 to 1.31) 0.32 (-0.93 to 1.59) -0.34 (-2.12 to 1.48)

O3 0.70 (-0.15 to 1.56) 0.43 (-0.77 to 1.66) -0.18 (-1.87 to 1.55)

Cardiovascular　

None 0.53 (0.07 to 0.99) 0.56 (-0.04 to 1.17) 0.07 (-0.84 to 0.99)

PM2.5 0.43 (-0.11 to 0.97) 0.49 (-0.14 to 1.12) 0.10 (-0.97 to 1.18)

SO2 0.48 (0.01 to 0.95) 0.58 (-0.02 to 1.19) 0.02 (-0.92 to 0.98)

NO2 0.50 (0.04 to 0.97) 0.56 (-0.05 to 1.17) -0.08 (-1.02 to 0.88)

CO 0.50 (0.02 to 0.97) 0.52 (-0.08 to 1.14) 0.12 (-0.83 to 1.07)

O3 0.53 (0.07 to 0.99) 0.56 (-0.04 to 1.17) 0.08 (-0.83 to 0.99)
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4. Discussion

In this study of three metropolitan cities in Korea and over 570 

thousand deaths, we found that there is positive significance 

between the concentration of PM2.5 or PM2.5-10 at lag0-1 and daily 

mortality related to all cause, respiratory, and cardiovascular 

disease (Dai et al. 2014; Franklin et al. 2007). As far as we 

know, this is the first study on the associations using the data of 

mortality and air particles including PM2.5 and PM2.5-10 in three 

major cities in Korea (Kan et al. 2007; Samoli et al. 2013).

We used the air pollutants data from automatic monitoring sites 

for each city. There are 35 sites in Seoul, 19 sites in Busan, and 

15 sites in Incheon and we targeted all of sites in Seoul and 

Busan in this study. However, one site, ‘Songhae’ located in 

Ganghwa-gun, Incheon, was excluded from 15 sites in Incheon. 

Because Ganghwa-gun is located about several kilometers 

north-west of downtown area of Incheon, we did not consider this 

ares as representative region in Incheon. Meanwhile, there is no 

monitoring site in Ongjin-gun, which has 100 islands including 74 

unhabited islands. Ongjin-gun, located at the western part of 

Incheon like Ganghwa-gun. For these reason, we did’t include the 

air data and mortality data of Ganghwa-gun and Ongjin-gun of the 

administrative districts in Incheon. When we included the two sites 
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in air particles and mortality data, we can not find the statistical 

significance between air particles and mortality data in Incheon.

We analyzed 431,743 all cause deaths, 29,757 respiratory 

deaths, 113,212 cardiovascular deaths, and air pollutants data 

(PM2.5, PM2.5-10, SO2, NO2, CO, and O3) for 2,557 days in three 

cities in Korea. The average concentration of PM2.5 in Seoul, 

Busan, and Incheon is 25.96 ㎍/m3, 26.99 ㎍/m3, and 32.05 ㎍/m3, 

and 27.48 ㎍/m3 23.82 ㎍/m3, and 26.94 ㎍/m3 for PM2.5-10. 

As a result, we found out that PM2.5 and PM2.5-10 at lag0-1 

were statistically significantly related to all cause, respiratory, and 

cardiovascular mortality (Samoli et al. 2013). Generally, Busan 

showed stronger associations between PM2.5 and mortality than 

Seoul and Busan. Also, there were greater effects of PM2.5 on 

mortality than PM2.5-10.

In Seoul, we estimated a 0.34% (95% CI: 0.03, 0.64) for all 

ages and 0.52% (95% CI: 0.09, 0.96) for elderly in all cause 

mortality, 2.08% (95% CI: 0.74, 3.44) for all ages and 2.24% 

(95% CI: 0.83, 3.68) for elderly in respiratory mortality, and 

0.90% (95% CI: 0.19, 1.62) for all ages in cardiovascular mortality 

with a 10 ㎍/m3 increase of PM2.5. In case of Busan, we estimated 

a 1.18%; (95% CI: 0.64, 1.72) for all ages and 1.26% (95% CI: 

0.62, 1.91) for elderly in all cause mortality and 2.25% (95% CI: 
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0.38, 4.15) for all ages and 2.43% (95% CI: 0.51, 4.38) for 

elderly in respiratory mortality. We also calculated a 0.43% (90% 

CI: 0.02, 0.95) for all ages and 0.66% (95% CI: 0.03, 1.29) for 

elderly in all cause mortality in Incheon. Busan showed the largest 

associations between PM2.5 and mortality data compared with Seoul 

and Incheon relatively. The effects of PM2.5-10 was relatively 

weaker than that of PM2.5.

We also conducted single lag analysis and Two-pollutant 

model. Busan showed the highest associations between air particles 

and mortality among the three cities in single lag analysis. In case 

of Two-pollutant model, Seoul showed the reduced excess 

mortality in PM2.5 by PM2.5-10 distinct from Busan. For PM2.5-10, 

three cities showed the reduced results of excess mortality (Lee 

et al. 2015).

 

Lee et al. (2015) estimated a positive associations (All cause, 

respiratory, and cardiovascular mortality for PM2.5 and all cause 

and cardiovascular mortality for PM2.5-10 in Seoul and respiratory 

mortality for PM2.5 in Busan) between air particles and mortality 

across 11 cities of East Asian countries including Seoul 

(2002-2009) Busan (2005-2007) in Korea. Also, Bae (2014) 

studied for Seoul between 2006 and 2010, reported that there 

were significantly associations between PM2.5 and all cause and 

cardiovascular mortality in Seoul. Although study period is different 



- 54 -

each other, these results of adverse effects of air particles on 

human health conducted in major big cities of Korea show the 

necessity of more detailed researches for this area.

We have several limitations in this study. First, we used data 

from automatic monitoring sites in each city. Therefore, we could 

not reflect individual exposure for mortality data. Secondly, there 

are some problems with monitoring sites themselves. Air pollution 

monitoring sites in Korea is controlled by Korea Environment 

Corporation and local government. Also, some cities have over 2 

measurement equipments for air pollutants, such as Incheon which 

has 5 devices by TEOM (Tapered element oscillating 

microbalance) monitors and 10 devices by beta attenuation 

monitors. The standardized control and QA/QC guidelines are 

needed to lessen regional differences. In addition, adequate 

consideration to choosing the locations of representative sites for 

the people in the region is importantly needed. Third, we handled 

the data of PM2.5-10 from not measured data but the values by 

subtracting PM2.5 from PM10 (Lee et al. 2015; Son et al. 2012). 

Fourth, we need to include regional characteristics of the each city 

like geographical conditions, cultural background, and 

sociodemographic features in the cities to definitively identify the 

differences of the adverse health effects of air particles among the 

cities.
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Nevertheless, the adverse effects of air particles was 

significantly observed in this study. Even though the Korean 

Government has continued their efforts to lessen the concentration 

of the average PM, the atmosphere environmental standard of 

Korea is weaker than that of the USA. Therefore, further studies 

aimed at more cities in Korea of finding the effects of air particles 

on population health are definitely demanded for policy decisions 

on the standard of these air pollutants.
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5. Conclusions

  

The adverse effects of PM2.5 and PM2.5-10 on health in major 

metropolitan cities of Korea were observed in this study. There 

were higher associations between PM2.5 and mortality in Busan 

compared with Seoul and Incheon. Also, PM2.5 was more 

statistically significantly related to mortality than PM2.5-10. These 

results show that we need to focus on PM2.5 to reduce the adverse 

effects of air particles on human health. Further studies with more 

detailed data are needed to strengthen the air quality regulation of 

air particles in Korea.
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국문초록

우리나라 대도시 지역 대기 중

PM2.5, PM2.5-10의 건강영향 평가 연구

김 태 영

서울대학교 보건대학원

환경보건학과

연구배경: 대기 중 입자상 물질인 PM2.5, PM2.5-10의 인간의 사망과 관련

한 건강 영향에 대해서는 수많은 역학 연구들을 통해 입증되고 있다. 최근 

기후변화의 영향으로 인한 연무의 발생빈도 증가와 더불어 중국에서 유입

되는 스모그의 증가로 우리나라 대기 중 미세먼지 농도의 증가가 빈번하게 

발생하고 있다. 한편, 우리나라는 PM2.5, PM2.5-10을 대상으로 한 건강영향 

평가 연구가 현재까지 많이 미비한 실정이다.

목표: 2006년부터 2012년까지 우리나라 대도시 중 서울, 부산, 인천을 대

상으로 대기 중 PM2.5, PM2.5-10 농도가 인간 사망에 미치는 영향을 정량

적으로 분석하였다.
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연구방법: 일별 PM2.5, PM2.5-10 농도 증가가 사고사를 제외한 일별 전체

원인, 호흡기계, 심혈관계 관련 질환 사망에 미치는 영향을 분석하기 위해 

일반화부가모형(GAM: Generalized Additive Model)을 통한 시계열분석

을 실시하였다. 기상요인들과 요일 및 휴일을 포함한 가변수(Dummy 

variables)들을 통제하였으며, 기본적으로 당일 노출과 1일 전 노출의 평

균값을 나타내는 lag0-1 농도값을 분석에 이용하였다. 지연효과(lag 

effect)를 고려하기 위해 Single lag에 따른 결과를 살펴보았으며, 

Two-pollutant model 분석을 통해 초과사망위험에 대한 다른 대기오염

물질들에 의한 영향을 알아보았다.

결과: 서울에서는 PM2.5 농도 10 ㎍/m3 증가에 따라 전체연령을 대상으로 

0.34% (95% CI: 0.03, 0.64), 노년층을 대상으로 0.52% (95% CI: 

0.09, 0.96) 만큼 전체원인 초과사망위험률을 높였으며, 전체연령을 대상

으로 2.08% (95% CI: 0.74, 3.44), 노년층을 대상으로 2.24% (95% 

CI: 0.83, 3.68) 만큼 호흡기계 초과사망위험률을 높였고, 전체연령을 대

상으로 0.90% (95% CI: 0.19, 1.62) 만큼 심혈관계 초과사망위험률을 

높였다. 부산의 경우 전체연령, 노년층에서 각각 1.18% (95% CI: 0.64, 

1.72), 1.26% (95% CI: 0.62, 1.91) 만큼 전체원인 초과사망위험률을 

높였으며, 전체연령과 노년층에서 각각 2.25% (95% CI: 0.38, 4.15), 

2.43% (95% CI: 0.51, 4.38) 만큼 호흡기계 초과사망위험률을 나타내었

다. 인천은 전체원인에 따른 초과사망위험이 전체연령에서 0.43% (90% 

CI: 0.02, 0.95), 노년층에서 0.66% (95% CI: 0.03, 1.29)로 다른 도시

들에 비해 상대적으로 유의성이 낮게 관찰되었다. 전체적으로 PM2.5는 

PM2.5-10보다 높은 초과사망위험률을 나타내었으며, PM2.5의 경우 부산이 

다른 두 도시들보다 더 큰 사망영향을 보였다. Single lag에 따른 결과는 

이와 비슷한 경향을 보였으며, Two-pollutant model을 통한 분석에서는 
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특히 PM2.5가 PM2.5-10의 영향으로 초과사망위험이 작아지는 결과가 나타

났다.

결론: 본 연구의 결과 서울, 부산, 인천에서 대기 중 PM2.5, PM2.5-10의 노

출로 인해 초과사망위험이 통계적으로 유의하게 증가함을 알 수 있었다. 

향후 미세먼지의 건강영향을 줄일 수 있는 효과적인 관련 정책의 수립을 

위해 정확하고 대표성 있는 자료를 통한 추가적인 연구들이 필요할 것이

다.

····································································

주요어 : PM2.5, PM2.5-10, 사망률, 대도시, 일반화부가모형

학번 : 2014-23361
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