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Background: Worldwide, air pollution is responsible for large numbers of
deaths, and substantial epidemiological research has provided evidence for the
association between air pollution and mortality. There has been growing
demand from policymakers for a better understanding of the relationship
between air pollution and adverse health effects, including mortality.
Methods: First, we examined seasonal patterns in the short-term association
of airborne particulate matter (PM) smaller than 10 μm (PM10) with daily
mortality in 29 cities in three East Asian countries. Stratified time-series
models were used to determine whether seasons alter the effect of PM10 on
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mortality. Furthermore, this effect was first quantified for each season and at
each location using a time-series model, after which city-specific estimates
were pooled using a hierarchical Bayesian model.
Second, we investigated the effects of temperature on the relationship between
PM10 and mortality due to non-accidental, cardiovascular, and respiratory
death in seven cities in South Korea. We applied stratified time-series models
to the datasets in order to examine whether the effects of PM10 on mortality
were modified by temperature. The effect of PM10 on daily mortality was
estimated for different temperature ranges at each location using a time-series
model, then the estimates were pooled through a random-effects meta-analysis
using the maximum likelihood method. Lastly, we estimated the durational
effect on mortality of consecutive days with a daily mean PM10 concentration
of ≥ 75 μg/m3. A standard time-series Poisson model was fitted in each
location with duration as the main variable of interest while controlling for
daily mean PM10 concentration, meteorological variables, seasonal trend, and
day of the week. Moreover, the duration-mortality relationships were
estimated and then a meta-analysis of the country-specific estimates was
performed using the maximum likelihood method. In addition, the additional
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percent increase in deaths were calculated considering the consecutive days of
elevated PM10 levels for each country.
Findings: For seasonal analysis, a 10 μg/m3 increase in PM10 was significantly
associated with increases in non-accidental mortality of 0.44% (95%
confidence interval [CI]: 0.03%, 0.8%) in spring and 0.42% (95% CI: 0.02%,
0.82%) in the fall for Japan. In South Korea, a 10 μg/m3 increase in PM10 was
significantly associated with increases in non-accidental mortality of 0.51%
(95% CI: 0.01%, 1.01%) in summer and 0.45% (95% CI: 0.03%, 0.87%) in
the fall, in cardiovascular disease mortality of 0.96% (95% CI: 0.29%, 1.63%)
in the fall, and in respiratory disease mortality of 1.57% (95% CI: 0.40%,
2.75%) in the fall. In China, a 10 μg/m3 increase in PM10 was associated with
increases in non-accidental mortality of 0.33% (95% CI: 0.01%, 0.66%) in
summer and 0.41% (95% CI: 0.09%, 0.73%) in winter, in cardiovascular
disease mortality of 0.41% (95% CI: 0.08%, 0.74%) in spring and 0.33% (95%
CI: 0.02%, 0.64%) in winter, and in respiratory diseases mortality of 0.78%
(95% CI: 0.27%, 1.30%) in winter.
For the modifying effect of temperature, a total of 828,787 non-accidental
deaths were registered from 2000-2009 from 7 cities in South Korea. The
highest overall risk between PM10 and non-accidental or cardiovascular
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mortality was observed on extremely hot days (daily mean temperature: > 99th
percentile) in individuals aged < 65 years. In those aged ≥ 65 years, the highest
overall risk between PM10 and non-accidental or cardiovascular mortality was
observed on very hot days (daily mean temperature: 95-99th percentile) but
not on extremely hot days. There were strong harmful effects from PM10 on
non-accidental mortality with the highest temperature range (> 99th percentile)
in men and a very high temperature range (95-99th percentile) in women.
For the durational effect, the mortality risk is significantly higher overall when
the elevated PM10 concentration lasts multiple days in all three countries.
Estimated non-accidental mortality was increased by 0.68% (95% CI: 0.35,
1.01) for Japan, 0.48% (95% CI: 0.30, 0.66) for South Korea, and 0.24% (95%
CI: 0.14, 0.33) for China for an additional consecutive day of PM10 ≥ 75 μg/m3.
For the annual maximum duration of high PM10 (≥ 75 μg/m3) in Japan (2.40
days), South Korea (6.96 days), and China (42.26 days) corresponded to
increases in non-accidental death of 1.64% (95% CI: 1.31, 1.98), 3.37% (95%
CI: 3.19, 3.56) and 10.43% (95% CI: 10.33, 10.54), respectively.
Interpretation: Our analyses suggest that the acute effect of particulate air
pollution varies seasonally and geographically, temperature affects the
relationship between the PM10 levels and cause-specific mortality, and there
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are additional mortality effects when high PM10 levels last for several days
while accounting for the effect of each day’s PM10 concentration. These
findings have important implications for the planning of public health
interventions to minimize the health burden of air pollution.

Keywords: Air pollution, Particulate matter, Mortality, Time-series
analysis, Seasonality, Effect modification, Temperature, East Asia.
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Chapter 1
Introduction
Outdoor air pollution is a major environment-related health risk to human
beings and the adverse health effects of air pollution have been subject to
intense study in recent years (Brunekreef and Holgate, 2002; Kampa and
Castanas, 2008; World Health Organization, 2006). Over 3.5 million people
die each year from outdoor air pollution (UNEP Year Book, 2014). Between
2005 and 2010, the death rate rose by 4% worldwide, by 5% in China, and by
12% in India (UNEP Year Book, 2014). Especially ambient particulate air
pollution is one of the major contributors to the global burden of disease, and
the International Agency for Research on Cancer (IARC) and the WHO
designate airborne particulates a Group 1 carcinogen (International Agency
for Research on Cancer, 2013; Straif et al., 2013).
Particulate air pollution is a mixture of solid, liquid, or solid and liquid
particles suspended in the air (Steenland and Savitz, 1997). The size of the
suspended particles varies, from a few nanometers to tens of micrometers
(Zereini and Wiseman, 2010). Particulate matter with a diameter of 10 μm or
smaller is called PM10. It is able to penetrate deep into the lungs and blood



1

stream unfiltered, causing permanent DNA mutations, heart attacks, increased
blood pressure, and premature death (Anderson et al., 2012; Auchincloss et al.,
2008; Bell et al., 2004; Nel, 2005; World Health Organization, 2006; Yauk et
al., 2008). A large body of epidemiological evidence suggests an association
between particulate matter and mortality, and there is no safe level of
particulates (Crouse et al., 2015; Daniels et al., 2000). Certain groups of people
are more susceptible to suffering adverse health effects due to ambient
particulate matter (Sacks et al., 2011), including the elderly, children, and
people with pre-existing heart and lung disease, asthmatics, and the socially
disadvantaged and poorly educated (Anderson et al., 2012; Theophanides et
al., 2011; World Health Organization, 2003).
Exposure to PM10 is beyond the control of individuals and needs action by
public authorities at the national, regional, and even international level to
tackle the problem. For future public health interventions, we need to gain a
better understanding of the association between particulate matter and its
negative effect on health. Although many relevant studies have been carried
out, there is limited interpretation of the results, and they do not cover all the
spectra of an emergent specific public health problem:
(1) The constituents and concentrations of pollutants, and individuals’
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exposure and biological responses to air pollution may vary by season
and meteorological conditions. However, evidence regarding
seasonality of the acute effects of air pollution on mortality is limited
and inconsistent.
(2) There is inconsistent evidence regarding the modifying effect of
temperature on acute mortality due to air pollution.
(3) While previous epidemiological studies on the effect of air pollution
on health usually consider its concentration as a risk factor, none so
far has offered the negative synergetic effect on health when the
elevated air pollution level lasts for several days, beyond the summed
effects of single days at high levels.

Therefore, our primary goals are (1) to examine seasonal and geographical
variation on the short-term association of PM10 with daily mortality, (2) to
investigate the modification effects of temperature on the relationship between
PM10 and mortality due to non-accidental, cardiovascular, and respiratory
death, and (3) to observe the association between mortality and duration
(consecutive days of elevated PM10), and quantify durational effect estimates
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while considering the adverse health effects from the PM10 level itself as well.



Figure 1. The effect of particulate matter on mortality: Some questions
for better understanding

These findings have important implications for the planning of public health
interventions to minimize the health burden of air pollution.
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Chapter 2
Seasonal analysis of the short-term effects of air
pollution on daily mortality in Northeast Asia
2.1 Introduction
Several time series studies of air pollution and daily mortality have typically
assumed that the effects of air pollution on mortality remained constant over
the study period. However, the short-term effects of air pollution on mortality
might vary seasonally. Annual variations in meteorological conditions and
sources of air pollution could lead to variations in the mixtures and
concentrations of air pollution components; in addition, seasonal exposure
patterns have been observed. Human behavior patterns also differ from season
to season, and could lead to seasonal differences in personal exposure.
Therefore, season should be considered an important modifying factor when
investigating the acute health effects of air pollution. Hence, it is conceivable
that the short-term associations of air pollution with daily mortality might
differ from season to season (Peng et al., 2005). The particulate matter (PM)
composition also varies by geographic region, suggesting that seasonal
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patterns should be examined according to location. For example, in China,
coal is a greater source of PM in the summer and winter seasons, during which
more energy is used than in the spring and fall seasons. In South Korea, the
PM mixture during spring contains a large proportion of wind-blown dust from
Asian dust storms that are less hazardous to health than combustion-related
particles. A few multi- and single-city studies have provided evidence of
seasonality with respect to the short-term health effects of PM, although this
evidence has been inconsistent (Bell et al., 2008; Kan et al., 2008; Peng et al.,
2005; Pope III and Dockery, 2006; Qian et al., 2010). Therefore, a multi-city
study conducted using common methodology is needed to clarify the effect of
seasonality on the health impacts of air pollution. To address this need, this
study examined the seasonal significance of the acute effect of air pollution on
cause-specific mortality in northeast Asia, including 29 cities in Japan, South
Korea, and China since these three countries are located in proximity to each
other and are similar in many socioeconomic and cultural aspects, but are
exposed to different air pollution conditions.
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2.2 Materials and Methods
2.2.1 Data collection
The collected data included meteorological variables, air pollution values, and
daily information about health outcomes in six Japanese cities (1993–2008),
Sapporo, Sendai, Tokyo, Nagoya, Osaka, and Kitakyushu; seven South
Korean cities (2000–2009): Seoul, Incheon, Daejeon, Daegu, Gwangju, Busan,
and Ulsan; and 16 Chinese cities (study period for each city can be found in
Table 1): Anshan, Beijing, Fuzhou, Guangzhou, Hangzhou, Hong Kong,
Lanzhou, Shanghai, Shenyang, Suzhou, Taiyuan, Tangshan, Tianjin, Wuhan,
Urumqi, and Xian (Figure 2). Lanzhou was excluded from the cardiovascular
diseases (CVD) and respiratory diseases (RD) analysis because of a lack of
available data. Daily mortality counts were obtained from the Ministry of
Health and Welfare of Japan, the Korea National Statistics Office, and the
Center for Disease Prevention and Control of China. All diseases were
classified according to the International Classification of Diseases, version 10
(World Health Organization, 1996). For analysis, deaths due to injuries or
accidents were not considered because these were not thought to associate with
air pollution; therefore, we examined non-accidental, cardiovascular, and
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respiratory mortality (codes A00–R99 for total non-accidental mortality, I00–
I99 CVD, and J00–J99 for RD).
Information about weather variables was supplied by the Japan
Meteorological Agency, the Korea Meteorological Office, and the China
Meteorological Data Sharing Service System; these included data on daily
mean temperature (°C), daily mean relative humidity (%), and daily mean
atmospheric pressure (hPa; Japan and South Korea only). For air pollution, we
collected data on PM with an aerodynamic diameter <10μm (PM10). We
calculated the daily representative concentration value of PM10 for each
metropolitan city by averaging the hourly values of all monitoring stations per
metropolitan city to yield 24-h average PM10 concentrations. PM10 data were
provided by the Japan National Institute for Environmental Studies, the Korea
Research Institute of Public Health, and the Environmental Monitoring Center
of China.
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city populations; circle shading indicates the daily mean PM10 concentrations.

Figure 2. Locations of the study areas: 29 cities in Japan, South Korea, and China. Circle sizes represent the

2.2.2 Statistical analysis
We applied two-stage Bayesian hierarchical statistical models to estimate the
average associations of PM10 with daily mortality (Bell et al., 2008). In the
first stage, we obtained city-specific estimates; in the second stage, we
combined these estimates to generate national average estimates and account
for their statistical uncertainty.
We investigated the potential patterns of interactions between PM10 and season
on daily mortality while adjusting for other covariates. The shape of the doseresponse relationship between PM air pollution and mortality is critical to this
assessment; therefore, a smoothing spline function was adopted to capture the
shape of the PM–mortality association. City-specific plots are presented in the
supplementary material (Appendix 1). It was concluded that the relationship
could be described using a linear model. Therefore, a linear model was used
to assess the effect of PM10 on daily mortality.
We applied stratified time-series models to the data sets to examine whether
the effects of PM10 on mortality were modified by the four seasons: spring,
summer, fall, and winter. The effect of PM10 on daily mortality was first
quantified within each season and at each location using a time-series model.
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We stratified the effect of PM10 on mortality according to the four seasons in
each city. This approach allowed us to examine heterogeneity of the effects of
PM10 across the season strata and provided a simple, quantitative comparison
of the effect of mortality on PM10 in the different season strata. To analyze the
effects of PM10 in these different season strata, we used a Poisson log-linear
model and included the season strata for which it was assumed that the effect
of PM10 on mortality was purely additive. Model [1] is described as follows:

   
   :       , 
  ,    !"  #$
 

%&

where t refers to the day of the observation; c is the city; i is the lag, [E(Ytc)]
is the estimated daily case counts on day t in city c; s(•) is the smoothing
functions; df is the degrees of freedom;

is the intercept term of city c;

seasont-ic is the season strata for city c on day t-i; seasont-ic:PM10t-ic is the
mean PM10 level on day t-i within a season stratum; tempt-ic is the mean
temperature on day t-i in city c; timet is seasonality according to calendar days;
and humidt-ic and presst-ic are the humidity and pressure on day t-i in city c,
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respectively. Day of the week (DOW) was also included in the model as a
categorical variable to control for systematic variation within a week
(Katsouyanni et al., 1996; Schwartz et al., 1996). This model allowed us to
explore potential interactive effects between PM10 and season on mortality
while accounting for potential confounders such as DOW, seasonality,
temperature, and other weather variables.
A lag effect is known to exist in the association between PM10 and mortality
(Braga et al., 2001b; Schwartz, 2000), and single-day lag models have been
reported to underestimate the cumulative health effects of air pollution (Wong
et al., 2008). Therefore, we examined the PM10 effects from different multiday
lag (lag 01 to lag 05) structures for each city as part of the sensitivity analysis.
For each country, we focused on the results of the lag model that yielded
maximum effects.
Finally, we pooled the city-specific effect estimates to generate an overall
estimate for each country using Bayesian hierarchical modeling. For the
hierarchical model, we used the computational Two-Level Normal
Independent Sampling Estimation (TLNISE) algorithm derived by Everson
and Morris (Everson and Morris, 2000) to approximate separately the
posterior distributions of all unknown parameters within each country.
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We used R version 3.2.2 and the gam function in the mgcv package (R
Foundation for Statistical Computing, Vienna, Austria) and tlnise in the tlnise
package for our analyses. The results are expressed in terms of percentage
changes (excess relative risk, ERR [%]) in the daily mortality counts for each
10-μg/m3 incremental increase in pollutant concentration, along with
respective 95% confidence intervals (CI).
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2.3 Results
2.3.1 Summary statistics
Table 1 summarizes data from each city, including the study periods, average
temperatures, PM concentrations, and numbers of deaths. The data set
included 1,858,521 deaths from Japan, 838,955 deaths from South Korea, and
3,675,348 deaths from China. The number of natural deaths per day ranged
from 9 in Ulsan to 155 in Tokyo. The daily mean PM10 values were 32.35
μg/m3 in Japan, 55.45 μg/m3 in South Korea, and 110.43 μg/m3 in China. Daily
PM10 levels varied considerably among seasons. Regarding season-specific
levels, the highest daily mean PM10 values were 35.43 μg/m3 in summer in
Japan, 69.98 μg/m3 in spring in South Korea, and 136.58 μg/m3 in winter in
China. The average temperature ranged from 7°C to 24° C and depended on
the distinct climatic characteristics among these cities.
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214.75)
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(53.3,
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(70,
232)

129.28
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(57.5,
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2.65
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All-cause mortality excluding external causes. Causes of death were based on ICD codes.
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PM10: particulate matter <10 μm

(15,
29.9)

23.65

b

19962002

Source: World Population Prospects 2015
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Hong Kong
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33.22
(25.77,
95.3)

57.66
(26.89,
109.35)

65.26
84.18

23.77

16.17

2.3.2 Lag effects
Figure 3 shows the quantitative effects of PM10 on non-accidental mortality
and its moving average lag structure for each country. The largest effects were
observed at lag01 (2-day moving average of current and previous day
concentrations of PM10) in Japan, lag04 in South Korea, and lag03 in China
(Figure 3).
2.3.3 Overall effects
The overall effects of PM10 on non-accidental mortality for each city are
shown in the supplementary material (Appendix 2). The largest effect of PM10
was observed in Guangzhou (China), with a 1.80% (95% CI: 1.44%, 2.16%)
increase in mortality for every 10-μg/m3 increase in PM10, followed by 0.82%
(0.09%, 1.55%) in Fuzhou (China) and 0.81% (0.01%, 1.61%) in Sendai
(Japan).
2.3.4 Effects by season Associations of PM10 and mortality from nonaccidental, CVD, and RD were evaluated by season. The seasonal effects of
PM10 on non-accidental mortality for each city are shown in Figure 4.
Significant mortality effects of the PM10 were observed in Seoul and Nagoya
in summer, and in Busan, Tokyo, Tianjin, Xian, and Fuzhou in fall. In addition,
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significant associations were observed in spring and fall in Osaka, summer
and winter in Suzhou, spring and summer in Wuhan, fall in Fuzhou, spring,
summer, and winter in Guangzhou, and winter in Hong Kong. Regarding CVD,
significant associations were observed in Osaka and Fuzhou in spring, Sendai,
Tokyo, Suzhou, and Wuhan in summer, Seoul and Tianjin in fall, and Hong
Kong in winter. Significant associations were observed in Shanghai for all
seasons except spring, and in Guangzhou in spring and winter (Appendix 3).
Regarding RD, significant associations were only observed in cooler seasons,
with the exception of Guangzhou. Such associations were observed in Busan
in fall, and in Suzhu, Shanghai, Wuhan, and Hong Kong in winter. Notably,
significant associations were observed in spring, summer, and winter in
Guangzhou (Appendix 4).
Nationally, the seasonal effects of PM10 on mortality varied by cause of death
and country. Japan exhibited significant associations with non-accidental
mortality in spring and fall. In South Korea, significant effects were observed
for non-accidental death in summer and fall, and for CVD and RD in fall. In
contrast, in China, significant seasonal effects were observed non-accidental
death in summer and winter, for CVD in spring and winter, and for RD only
in winter (Table 2).
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Figure 3. Relative risk in mortality associated with a 10 μg/m3 increase in
PM10 with different lag structures. Bars represent 95% confidence
intervals.
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`
Figure 4. City-specific seasonal effects of PM10 on non-accidental
mortality.
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China

0.41 (0.09, 0.73)*

0.16 (-0.09, 0.4)

Fall

Winter

0.33 (0.01, 0.66)*

Summer

-0.02(-0.57, 0.54)

Winter
0.25 (-0.01, 0.51)

0.45(0.03, 0.87)*

Fall

Spring

0.51(0.01, 1.01)*

Summer

-0.13(-0.69, 0.44)

Winter
0.18(-0.17, 0.52)

0.42(0.02, 0.82)*

Fall

Spring

0.2(-0.23, 0.64)

Summer

South Korea

0.44(0.03, 0.86)*

Spring

Japan

Non accidental

Season

Country

0.33(0.02, 0.64)*

0.18(-0.15, 0.51)

0.47(-0.02, 0.96)

0.41(0.08, 0.74)*

-0.18(-0.87, 0.5)

0.96(0.29, 1.63)*

0.08(-0.77, 0.93)

0.1(-0.34, 0.53)

-0.19(-0.77, 0.39)

0.19(-0.37, 0.76)

0.53(-0.18, 1.23)

0.38(-0.14, 0.91)

CVD

0.78(0.27, 1.3)*

0.28(-0.2, 0.76)

0.71(-0.03, 1.47)

0.46(-0.12, 1.05)

0.59(-0.68, 1.87)

1.57(0.4, 2.75)*

0.16(-1.32, 1.67)

0.13(-0.71, 0.98)

-0.5(-1.41, 0.42)

0.54(-0.17, 1.24)

0.4(-0.52, 1.34)

0.56(-0.31, 1.44)

RD

136.58

106.53

84.12

114.54

56.94

48.77

45.89

69.98

27.93

31.99

35.43

33.96

(ฝ/ี)

Daily PM10

confidence intervals, for 10μg/m3 increments in PM10 and mean daily PM10 concentrations by season.

Table 2. Pooled results for the percent changes in daily non-accidental mortality by season, along with 95%

2.4 Discussion
We explored the relationships of air pollution-related mortality with the cause
of death and season in 29 Northeast Asian cities to further characterize the
seasonal patterns of the air pollution–mortality relationship across a broad
region, using a time-series model with stratification and a hierarchical
Bayesian model. Previous studies have reported inconsistent results. The
suggested evidence of seasonality in the present study was generally consistent
within countries. In particular, we observed significant associations of the
acute effects of PM10 on non-accidental mortality, with the highest effects
observed in transitional seasons (spring and fall) in Japan, in summer and fall
in South Korea, and in summer and winter in China. Regarding CVD, no
significant seasonal associations were observed in Japan, whereas significant
associations were observed in fall in South Korea and in spring and winter in
China. Similarly, no significant associations between seasons and RD were
observed in Japan, whereas significant associations were observed in fall in
South Korea and spring and winter in China.
An early analysis of multicity season-specific approaches, conducted by
Moolgavkar and Luebeck, indicated that the adverse effects of air pollution
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were more apparent in summer (Moolgavkar and Luebeck, 1996). In addition,
Peng at al. analyzed data from 100 northeastern United States cities included
in the National Morbidity, Mortality, and Air Pollution Study and found a
significant association between PM10 and mortality only in the summer (lag 0)
and spring (lag 1) (Peng et al., 2005). Studies conducted in European countries
have also identified a higher effect of PM10 on mortality in summer
(Katsouyanni et al., 1997; Nawrot et al., 2007; Stafoggia et al., 2008). Several
Asian single-city studies conducted in Shenyang, China (Ma et al., 2011);
Bangkok, Thailand (Wong et al., 2008); and Seoul, South Korea (Kim et al.,
2015; Park et al., 2011; Yi et al., 2010) estimated the largest effects in summer
or the warmer months. Moreover, a recent study of 17 Chinese cities
confirmed such effects in summer and winter (Chen et al., 2013), consistent
with our current results from China. Furthermore, other studies have reported
stronger effects in transitional seasons (spring and fall) (Levy et al., 2001;
Zanobetti and Schwartz, 2009; Zeka et al., 2006), consistent with our current
results from Japan.
Substantial variations have been observed across locations, and previous
results might have varied according to the mixture and concentration levels of
PM components, climate conditions, exposure patterns of local populations,
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socioeconomic status, and analytical methods. For instance, in South Korea
and China, PM10 concentrations tend to be higher in winter and spring months
than in summer and fall months. Although a dose-response relationship
between PM10 concentrations and mortality was apparent from the previous
studies (Bell et al., 2004; Dominici et al., 2004), the strongest effect was
observed in summer in South Korea even though the PM10 concentration was
lowest in summer. Similarly, a previous study of the seasonal effects of PM10
in Seoul also noted more adverse health effects of air pollution in summer
(Kim et al., 2015; Park et al., 2011; Yi et al., 2010). Likewise, a two-peak
pattern in the effect of PM10 on mortality was observed in China, with the
strongest effects occurring in summer and winter; PM10 concentrations were
lowest in summer and highest in winter. This suggests that the estimated strong
effects of PM10 on mortality might indicate the presence of a toxic component
in the PM mixture. In China, the highest levels of toxic particles observed
during summer or winter seasons might be attributable to the increased use of
energy, as coal combustion is a major energy source. This speculation is
supported by evidence of an association between combustion species and an
increased risk of mortality (Huang et al., 2012).
In South Korea, the highest PM10 level was observed during spring (69.98
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μg/m3); however, the effects on mortality were lower in spring than in summer
and fall, possibly as a result of the Asian dust storms that mainly originate in
the Taklamakan and Gobi deserts of western China and Mongolia (Tanaka and
Chiba, 2006) and affect South Korea during the spring; these storms constitute
one of the major sources of PM in spring in South Korea. The elements of
wind-blown dust from desert soil pose a weaker health hazard than do
combustion particles and might lead to an underestimation of PM-related
mortality by reducing the apparent particle toxicity (Laden et al., 2000; Lee et
al., 2007). As local PM mixtures may differ, a detailed analysis of the regional
and seasonal variation in PM constituents warrants further investigations. In
addition, it is interesting to know whether the seasonal patterns are different
between specific-cause mortality.
Moreover, the pattern of exposure to ambient PM may also contribute to
seasonal variations in the effects of PM10 on mortality. Japan showed exhibited
the lowest seasonal variations in PM10 concentrations (highest: summer, 35.43
μg/m3; lowest: winter, 27.93 μg/m3) and the highest levels of mortality in
spring and fall, when the weather conditions are not extreme and permit more
outdoor activity; in contrast, people are more likely to stay inside on hot or
cold days, thus limiting exposure to air pollutants. Thus, seasonal effects might
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be related to different patterns of behavior rather than to PM constituents and
concentrations.
To our knowledge, this is the first multi-country, multi-city study in Asia to
analyze seasonal variations in PM-related health effects. All 29 cities from the
three countries exhibited distinct PM10 distributions. Chinese cities and
Japanese cities had the highest and lowest PM10 levels, respectively, despite
that these countries are located adjacent to each other and are geographically
similar (Figure 2). Therefore, our findings provide new data regarding
seasonal variations in the health effects of air pollution.
Although our study had several strengths, it is important to note several
limitations. First, the outdoor levels of air pollution might not reflect
individual exposures to PM10. Second, data on PM compositions were
unavailable. A seasonal constituent analysis might help to address why
seasonal variations in the effects on mortality exist. Third, emergency visit
data, rather than mortality data, might represent more immediate responses to
PM10 levels. Thus, further studies on morbidity would strengthen findings
regarding the biological plausibility of these effects on mortality, temperature,
and air pollution. Fourth, the study period durations varied among cities,
resulting in uncertainty when the city-specific results were combined to
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determine national-level data (Dominici et al., 2007). Finally, our findings
require further validation, especially in areas with different weather patterns.
However, if substantiated, these findings will provide meaningful insights into
the impact of air pollution on local population health.

2.5 Conclusion
In conclusion, our study has confirmed that the relationship between PM10 and
mortality varies by season and location. Moreover, our findings have clear
implications for the planning public health interventions and estimations of
the future burdens of air pollution-related deaths under predicted climate
change scenarios.
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Chapter 3
Temperature

modifies

the

association

between

particulate air pollution and mortality: a multi-city
study in South Korea
3.1 Introduction
Many epidemiologic studies have shown that ambient air pollution has adverse
effects on mortality (Chen et al., 2004; Dockery et al., 1993; Mar et al., 2000;
Samet et al., 2000; Wong et al., 2008). Temperature also has an effect on daily
mortality (Curriero et al., 2002; McMichael et al., 2008), and a strong
association between temperature and mortality has been detected with a
generally nonlinear relationship of J-, U-, or V-shaped exposure responses in
different countries (Baccini et al., 2008; Basu and Samet, 2002; Braga et al.,
2001a; Guo et al., 2011).
Temperature is usually considered as a confounder in the study of air pollution.
Therefore, when estimating the unconfounded effects of air pollution on
mortality, an adjustment for temperature is typically warranted. However, the
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interactions between temperature and air pollution have received less attention.
Temperature may act as an effect modifier, but this idea remains controversial
(Hales et al., 2000; Katsouyanni et al., 1993; Roberts, 2004; Samet et al., 1998).
However, in several recent studies, a significant interaction was detected (Park
et al., 2011; Qian et al., 2008; Ren and Tong, 2006; Stafoggia et al., 2008).
Season-specific approaches have also shown that the adverse effects of air
pollution are more apparent in the warm season, although substantial
variations have been observed across locations (Nawrot et al., 2007; Peng et
al., 2005).
It is thought that air pollution affects certain subgroups of the population to a
greater extent (World Health Organization, 2004). According to consistent
findings from many countries, vulnerability to the effects of air pollution may
be affected by population demographic characteristics such as age and sex on
the relationship between air pollution and daily mortality (Atkinson et al.,
2001; Bateson and Schwartz, 2004; Cakmak et al., 2006; Gouveia and Fletcher,
2000; Kan et al., 2008; Katsouyanni et al., 2001). Additionally, people with
pre-existing health problems such as cardiovascular and respiratory diseases
seem to be more susceptible (Anderson et al., 2003; Basu, 2009; Bateson and
Schwartz, 2004; Gasparrini et al., 2012; Goldberg et al., 2001; Katsouyanni et
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al., 2001).
In the present study, we investigated the modification effects of temperature
on the relationship between air pollution and the different causes of mortality
in seven cities in South Korea. Moreover, we investigated the temperature
modification effect on the PM-mortality relationship by age and sex.
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3.2 Materials and Methods
3.2.1 Scope of the study and data collection
From January 1, 2000 through December 31, 2009, the data set used in this
study consisted of meteorological variables, air pollution, and daily
information on health outcomes in seven metropolitan cities in South Korea:
Seoul, Incheon, Busan, Daegu, Daejeon, Gwangju, and Ulsan (Figure. 5). The
information on weather variables was obtained from the Korean
Meteorological Office and included data on the daily mean temperature (°C),
daily mean relative humidity (%), and daily mean pressure (hPa). For air
pollution, we collected data on particulate matter <10μm (PM10) in
aerodynamic diameter from the Korean National Institute of Environmental
Research. Concentrations of the air pollutants were measured every 15 min at
88 monitoring stations (Seoul: 27, Incheon: 11, Busan: 16, Daegu: 11, Daejeon:
6, Gwangju: 5, and Ulsan: 12) during the study period. We calculated the daily
representative concentration value of PM10 for each metropolitan city by
averaging the hourly values of all the monitoring stations per metropolitan city,
which comprised 24-h average concentrations of PM10.
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Figure 5. Location of the seven South Korean cities.

Daily mortality counts were obtained from the Korea National Statistics Office
of the seven cities. All the diseases were diagnosed on discharge and were
classified according to the International Classification of Disease, version 10
(World Health Organization, 1996). For analysis, we excluded mortality due
to accidents and suicide; therefore, we only examined non-accidental mortality
(codes A00–R99 for total non-accidental mortality, J00–J99 for respiratory
diseases, and I00–I99 for cardiovascular diseases).
3.2.2 Statistical Analysis
Daily death, air pollution, and weather data were linked by date; thus, a timeseries approach was used to investigate the associations between PM10 and
mortality. Specifically, we used a generalized additive model (GAM) to
analyze the relationships between daily mortality, PM10, and temperature data
with the assumption that the daily number of counts had an overdispersed
Poisson distribution (Dominici et al., 2004). GAM allows nonparametric
smoothing functions to account for smooth fluctuations of confounding factors
such as seasonal variation and weather conditions on the daily number of
deaths (Bell et al., 2004; Gasparrini and Armstrong, 2011; Hastie and
Tibshirani, 1990; Schwartz and Zanobetti, 2000).



36

We performed a stage-by-stage analysis. First, we used an independent model
to explore the patterns of the relationship between PM10 and health outcomes
while controlling for temperature, prior to exploring the effect modification of
temperature on the PM10-mortality relationship. The Model [2] is described as
follows:
,

  ,   , , 
  ,    !"  #$, , 
 , ,  %'&

where ( refers to the day of the observation; ) refers to the cities; * refers
to the lags,  ,

denotes the estimated daily case counts on day t in each

city c; s(y) denotes the natural cubic spline functions; df denotes the degrees
of freedom;

is the intercept term of each city c;  , is the mean

temperature on day t–i in city c;  , is PM10 on day t–i in city c;
 denotes the seasonality using calendar days; !" is the day of the
week on day t; and #$, and , refer to the humidity and
pressure on day t–i in city c, respectively.
Numerous studies have investigated the shape of the PM-mortality exposureresponse relationship. It was concluded that the shape of the PM-mortality
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exposure-response relationship is near linear, and a linear model without a
threshold was preferred to the threshold model and to the spline model
(Daniels et al., 2000; Pope, 2000; Schwartz, 1994b; Schwartz and Marcus,
1990). Therefore, linear models without a threshold were used for assessing
the effect of PM10 on daily mortality in this study.
The sensitivity analyses were performed with adjustments for the long-term
mortality trends and lag structure. First, we performed sensitivity analyses to
adjust for long-term trends and seasonality in mortality. Selecting the df of the
smooth function of time used to control for the long-term trends and
seasonality is an important issue in time-series models on air pollution and
mortality, because the estimates of pollution coefficients may change
depending on the specification of the number of df (Schwartz, 1994a;
Touloumi et al., 2004). We examined the model of a natural cubic spline with
df from 1–10 per year of data. With more aggressive control for seasonality
and long-term trends, the estimates appeared to be stable, and 7 df per year for
time were selected such that only the limited information from time scales >2
months was included. This decision largely reduced the confounding seasonal
factors and long-term trends (Dominici et al., 2000). We controlled for the
weather covariates, which include the daily mean temperature, relative
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humidity, and pressure, using a natural cubic smooth function, with a df of 5,
4, and 3, respectively. We also controlled for the within week daily difference
using the day of the week as a factor.
A lag effect exists in the association between PM10 and mortality (Braga et al.,
2001b; Schwartz, 2000). As part of the sensitivity analysis, we also examined
the PM10 effects from different lag structures, including both single-day lag
(from lag 0 to lag 5) and multiday lag (lag 01 to lag 05). The largest effects
were observed at lag 03; thus, we focused on the results of the lag 03 model
and developed a second model for the study. Additional details are reported in
the Appendix 5.
Second, we investigated the potential interactive patterns of PM10 and mean
temperature on daily mortality while adjusting for other covariates. We
stratified the effect of PM10 on mortality by the percentile of the daily mean
temperature for each city. This approach allowed us to examine the
heterogeneity of the effects of PM10 across the temperature strata, and it
provided a simple, quantitative comparison of the effect of mortality on
PM10 in the different temperature strata (Morris and Naumova, 1998; Roberts,
2004). To analyze the effects of PM10 in different temperature strata, we started
with a Poisson log-linear model and included the temperature strata, for which
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it was assumed that the effect of PM10 on mortality was purely additive. The
Model [3] is described as follows:
 +, .
  _/ ,
  , :  _/ ,
  , ,    ,    !"
 #$,

 ,

%4&

Temp_range is the indicator variable of the temperature strata, and the other
definitions are the same as those in Model [2]. Using this categorical variable,
Model [3] is easily extended to allow a different mortality effect on PM10
within the predefined temperature strata. This model allowed us to explore
whether there were interactive effects between PM10 and temperature on
mortality, while accounting for potential confounders such as the day of the
week, seasonality, and other weather variables (Roberts, 2004).
The temperature cut-off points were arbitrary (Morris and Naumova, 1998;
Roberts, 2004), and we defined seven strata of the daily temperatures
according to city-specific percentiles of the apparent temperature distributions.
Therefore, in this model, we categorized the days into seven strata according
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to the temperature using the percentile of the temperature for each city. Since
we were interested in extreme temperature ranges, the temperature cut-offs
were the 1st, 5th, 25th, 75th, 95th, and 99th percentile for each city: temperature
<1st for extremely low, 1−5th percentile for very low, 5−25th percentile for low,
25−75th percentile for comfort (median ± 25 percentiles), 75−95th percentile
for high, 95−99th percentile for very high, and >99th percentile for extremely
high. Accordingly, we explored whether the effect of PM10 on mortality varied
by temperature strata by concentrating on extreme weather while accounting
for potential confounders. All the previous analyses were repeated by
considering cause-specific mortality and age- and sex-specific mortality as
alternatives.
Finally, meta-analyses were performed to combine the mortality effect
estimates across the cities while accounting for heterogeneity across the cities
using the maximum likelihood method (Sutton et al., 2000; Van Houwelingen
et al., 2002).
We used R 2.15.1 and the gam function in the mgcv package (version 1.7-22;
R Foundation for Statistical Computing, Vienna, Austria) and rma in the
metaphor package for all the analyses. The statistical tests were two-sided, and
p-values of <0.05 were considered statistically significant. The results are
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expressed in terms of a percentage change (excess relative risk, ERR [%]) in
the daily mortality counts for a 10μg/m3 increment in the pollutant
concentrations with respective 95% confidence intervals (CI).



42

3.3 Results
From 2000–2009, a total of 828,787 non-accidental deaths were recorded:
230,218 due to cardiovascular disease and 51,902 due to respiratory disease.
Table 3 summarizes the population and daily mortality data in the 7 South
Korean cities during the study period. On average, there were approximately
33 non-accidental mortalities per day in these 7 cities, of which 9 were due to
cardiovascular mortality, and 2 were due to respiratory mortality. The daily
mean numbers of non-accidental, cardiovascular, and respiratory deaths varied
according to the size of the city and ranged from 10–94, 3–26, and 1–6,
respectively. Cardiorespiratory diseases accounted for approximately onethird of all the non-accidental deaths.
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CVD
≥65

Total number of death
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49,923

94,476

0.69

34,491

2.76 163,477
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1.81

1.04

1.74

35,409 12,110

66,585 26,578

34,283 13,443

62,442 27,402

3,049

9,061

6,568 20,010

3,357 10,086

6,670 20,732

12,218

22,273

9,563

2,708

6,855

56,214 107,263 50,599 13,584 37,015

15,465

32,332

15,640

32,034

452

953

518

2,504

358

9,942 1,499

3,348

6,513

3,736

6,259 1,045

2,146

8,443

2,896

5,560

3,218

5,214

5.42 336,629 114,481 222,148 90,523 23,512 67,011 19,600 3,089 16,511

RD

Mean number of death
per day

causes in the seven South Korean cities from January 2000 to December 2009.

Table 3. Study populations and the number of deaths per day for non-accidental, cardiovascular, and respiratory

Table 4 summarizes the environmental data. The average daily concentrations
of PM10 in the 7 South Korean cities ranged from 46.78–61.11μg/m3, which
were similar to that described in the World Health Organization Global
Guidelines for ambient air quality (PM10 24-h average of 50μg/m3) (World
Health Organization, 2006). The daily mean PM10 concentrations in the 7
strata ranged from 44.21–65.62μg/m3 in Seoul, 35.83–64.67μg/m3 in Incheon,
34.03–51.08μg/m3 in Daejeon, 39.69–64.46μg/m3 in Daegu, 29.91–
53.96μg/m3 in Gwangju, 34.57–61.12μg/m3 in Busan, and 30.74–52.87μg/m3
in Ulsan. The average temperature ranged from 12.78–14.88°C (Table 4).
Figure 6 shows the quantitative results of the effects of PM10 on nonaccidental mortality, including the potential effects and its lag structure. The
largest effects were observed at lag 03 where the pollution concentrations were
evaluated at a 4-day moving average of pollutant concentrations on the current
and previous 3 days. Additional details on the lag structure for each city are
reported in the Appendix (Appendix 5).
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Daily mean PM10 (μg/m )

Daily temperature (°C)

21.46
25.87
27.98
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26.56
28.6

75%
95%
99%
88.98

4.48
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25%

89.33

−3.21

−3.99
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Maximum
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58.39
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12.91

1016.05

Daily mean pressure

67.28
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37°29′N

37°33′N
126°59′E

Incheon

Seoul

61.68
Mean




Daily mean humidity

Longitude

City
Latitude

83.49

56.26

30.21

28.12

22.59

6.34

−0.57

−3.48

31.34

15.84

−8.51

14.64

1015.76

57.7

128°36′E

35°52′N

Daegu

77.88

49.22

28.86

27.41

22.33

5.95

−0.75

−3.66

30.3
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14.19
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66.45

126°55′E

35°10′N

Gwangju

80.39
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28.42

26.71

21.29

8.49

1.38

−1.90

30.18

15.87
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14.88

1015.33

62.9

129°02′E

35°06′N

Busan

71.28

49.75

29.42

27.4

21.47

7.23
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−2.15

30.77

15.62

−7.36

14.6

1015.35

61.18

129°19′E

35°33′N
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Table 4. Summary of the environmental variables in the seven South Korean cities from January 2000 to
December 2009.
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Daily mean PM10 (μg/m3)
of each temperature
stratum
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50.18
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54.78

42.03

34.57
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46.96

46.54

52.87

49.4

36.55

30.74

Figure 6. Pooled results of the lag structures on the effects of particulate
matter <10μm (PM10) in aerodynamic diameter on non-accidental
mortality.
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Figure 7 shows the risk of PM10 with the daily non-accidental, cardiovascular,
and respiratory mortalities stratified by temperature (<1st, 1−5th, 5−25th,
25−75th, 75−95th, 95−99th, and >99th percentiles). The effects of PM10 on nonaccidental mortality were the highest on days with an extremely high
temperature (>99th percentile) for individuals aged <65 years; the combined
analysis showed that a 10μg/m3 increment in PM10 corresponded to a 4.13%
(95% CI: 1.69, 6.62) increase in mortality. For individuals aged ≥65 years, the
effects of PM10 on non-accidental mortality were the highest on days with a
very high temperature (95−99th percentile); the combined analysis showed that
a 10μg/m3 increment in PM10 corresponded to a 1.88% (95% CI: 0.84, 2.92)
increase in non-accidental mortality. The effects of PM10 on cardiovascular
mortality were the highest on extremely hot days (>99th percentile) for
individuals aged <65 years; the combined analysis showed that a 10μg/m3
increment in PM10 corresponded to a 5.53% (95% CI: 0.4, 10.91) increase in
cardiovascular mortality. For individuals aged ≥65 years, the effects of
PM10 on cardiovascular mortality were the highest on days with a high
temperature (95−99th percentile), but they were not significant in this
temperature range. The effects of PM10 on respiratory mortality were the
highest on days with an extremely low temperature (<1st percentile); the
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combined analysis showed that a 10μg/m3 increment in PM10 corresponded to
a 12.82% (95% CI: -5.54, 34.74) increase in respiratory mortality in
individuals aged <65 years, with a 1.5% (95% CI: -6.98, 10.75) increase in
mortality in those aged ≥65 years. In terms of the differences in sex groups,
the effects of PM10 on non-accidental mortality were the highest on days with
an extremely high temperature (>99th percentile) in men; the combined
analysis showed that a 10μg/m3 increment in PM10 corresponded to a 1.75%
(95% CI: -0.14, 3.69) increase in mortality. In women, the effects of PM10 on
non-accidental mortality were the highest on days with a very high
temperature (95−99th percentile); the combined analysis showed that a
10μg/m3 increment in PM10 corresponded to a 0.12% (95% CI: 0.24, 4.65)
increase in non-accidental mortality. The effects of PM10 on cardiovascular
mortality were the highest on extremely hot days (>99th percentile) in men;
the combined analysis showed that a 10μg/m3 increment in PM10 corresponded
to a 2.51% (95% CI: -1.27, 6.44) increase in cardiovascular mortality. In
women, the effects of PM10 on cardiovascular mortality were not significant
in all the temperature ranges. The effects of PM10 on respiratory mortality in
men and women were not significant in all the temperature ranges; however,
the highest effects in women were observed on days with an extremely low
temperature (<1st percentile). The combined analysis showed that a 10μg/m3
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increment in PM10 corresponded to an 8.06% (95% CI: -3.25, 20.68) increase
in respiratory mortality (Figure 7). The city-specific results are available in the
Appendix (Appendix 6-8).
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Figure 7. Pooled results of the percent change in daily (a) non-accidental
mortality (b) cardiovascular mortality, and (c) respiratory mortality with
a 95% confidence interval for a 10μg/m3 increment in particulate matter
<10μm in aerodynamic diameter (PM10) by the temperature percentile.
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3.4 Discussion
We examined the relationships between the levels of PM10 and death within
different temperature ranges using a time-series model with stratification.
Deaths due to injuries or accidents were not considered since they are not
believed to be associated with air pollution, so only non-accidental,
cardiovascular, and respiratory deaths were considered. In this multi-city timeseries analysis, we found that temperature modified the effect of PM10 on
mortality in seven South Korean cities. In particular, there were significantly
strong harmful effects from PM10 on non-accidental mortality with the highest
temperature range (>99th percentile) in individuals aged <65 years, with a very
high temperature range (95−99th percentile) in individuals aged >65, with the
highest temperature range (>99th percentile) in men, with a very high
temperature range (95−99th percentile) in women. These findings are
consistent with those reported by Katsouyanni et al. who found evidence of
synergy between high temperatures and various air pollutants (Katsouyanni et
al., 1993). In an analysis of 12 European cities, Katsouyanni et al. reported
that the effects of PM10 were greater in warmer months (Katsouyanni et al.,
1997). Similarly, by analyzing data from 100 United States cities included in
the National Morbidity, Mortality, and Air Pollution Study, Peng et al. found



53

a significant association between PM10 and mortality only in the summer (lag
0) and spring (lag 1) (Peng et al., 2005).
Furthermore, a dose-response relationship between the PM10 levels and
mortality was apparent, and the mean PM10 levels on extremely hot days were
lower than those on days with normal or low temperatures (Table 4). However,
the effect of PM10 on mortality was found to be the highest when the
temperature was very (95−99th percentile) or extremely high (>99th percentile).
A previous study on the seasonal effects of PM10 in Seoul also noted more
adverse health effects of air pollution in summer (Park et al., 2011; Yi et al.,
2010). One possible interpretation for this relationship may be related to
human physiology (Gordon, 2003). Temperature affects mortality through
various mechanisms, and a biological interaction between air pollution and
high temperatures may exist, thereby increasing the impact of pollution. Hot
days can cause physiological stress and alter the physiological response to
toxic agents (Gordon and Leon, 2005), which may render individuals more
vulnerable to the effects of PM10.
Although people living in the same city are exposed to similar levels of air
pollutants, the magnitudes of the effects on health may manifest differently.
For example, women, elderly, and individuals with heart or lung disease are
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more vulnerable to air pollution (Dominici et al., 2006; Kan et al., 2008; Peters,
2005; Plunkett et al., 1992; Pope 3rd, 2000; Wang et al., 1993). The nature of
susceptibility in the air pollution-mortality relationships is complex and may
be related to factors such as population, demographics, socioeconomic status,
housing characteristics, and geographical factors (Makri and Stilianakis, 2008).
Our findings suggested that the elderly and women are highly affected on hot
days (95−99th percentile), while individuals aged <65 years and men are
highly affected on extremely hot days (>99th percentile). In terms of the
differences in age groups, the biological mechanism underlying the
association between the exposure to PM10 and daily mortality can render
certain subgroups more susceptible to the effects of pollutants (Pope 3rd, 2000;
Sandström et al., 2003). In this study, the elderly appeared to be more
susceptible to PM10 on hot days (95−99th percentile) than on extremely hot
days (> 99%). In this regard, thermoregulation in the elderly differs from that
in younger individuals (Davis and Zenser, 1985; Eržen et al., 2014; Kenney
and Hodgson, 1987; Lien, 2003). Because of the deficiency of
thermoregulation and other homeostatic processes in the elderly, this
population may suffer more from changes in the PM10 levels than the general
population. Therefore, a difference in the effects of PM10 on mortality due to
the temperature between the age groups is biologically plausible. Social
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factors in addition to physiology can affect the susceptibility as well (Makri
and Stilianakis, 2008). Behaviors of the elderly can lead to exposure that
differs from younger adults (Filleul et al., 2004). There is greater awareness
among the elderly on heat (Kalkstein and Sheridan, 2007; Kim et al., 2014),
and confinement to indoor environments on very hot days may decrease
exposure to ambient air pollutants. In addition, susceptibility of the elderly is
largely attributed to a higher prevalence of underlying conditions, particularly
cardiovascular and respiratory diseases (Anderson et al., 2003). In terms of the
differences of results in sex groups, different physiological responses by sex
are one factor. Previous studies have also reported differences by sex (Kan et
al., 2008). Another possibility is that this observation may be related to
different patterns of behavior or confounding social conditions (e.g., education
attainment, income, poverty rate, and unemployment) (Clougherty, 2010;
Krewski, 2000; O'Neill et al., 2003; Oliveira et al., 2011). Women are more
likely to stay inside than men on extremely hot days since they are more aware
of the heat warning system compared to men (Kim et al., 2014), which limits
their exposure to air pollutants. In terms of specific causes, studies on the
effects of PM10 on health have consistently shown exacerbations of illness in
individuals with cardiovascular or respiratory diseases (Analitis et al.,
2006Analitis et al., 2006; Anderson et al., 2003; Bell et al., 2004; Dominici et
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al., 2006; Peters et al., 1997; Peters et al., 1999; Seaton et al., 1995). Therefore,
we focused on cardiovascular and respiratory death. For the former, our risk
estimates due to PM10 were stronger on warmer days than on colder days.
However, in contrast to the findings observed for cardiovascular death, an
opposite trend was observed for respiratory deaths.
Although our study had several strengths, including the cause-specific death
in the age and sex groups and the city-specific analysis of multiple years, it is
important to note several limitations. First, the outdoor levels of air pollution
may not reflect the actual exposure to PM10. Second, the morbidity data rather
than the mortality data may represent a more immediate response to higher
temperatures and/or levels of PM10, especially in the elderly. Thus, further
studies on morbidity would strengthen the findings regarding the biological
plausibility of the effects on mortality, temperature, and air pollution. Lastly,
even though the meta-analysis can improve precision, the number of daily
deaths from respiratory diseases still appears too small to be analyzed by age
and sex, reducing the statistical power and resulting in wide CIs.
These findings suggest that the interaction of air pollution and climate change
have an impact on health. Extreme temperature is related to global warming
and other climate phenomena as well as air pollution. The possibility that
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extreme high temperatures intensify the health hazards of exposure to air
pollution may spark new interest in the correlations between temperature, air
pollution, and health. Finally, our findings require further validation,
especially in areas with different weather patterns. However, if substantiated,
they will provide meaningful insight into the impact of both air pollution and
climate change on the general population’s health. Moreover, they have clear
implications on planning public health interventions and in estimating the
future burden of air pollution-related deaths under predicted climate change
scenarios.

3.5 Conclusions
Temperature modifies the impact of particulate pollution on death, and the risk
from PM10 on daily mortality is increased on hot days. These findings suggest
that greater consideration should be given to the role of temperature when
assessing the impact of air pollution on public health.
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Chapter 4
Associating mortality with prolonged high PM10 events
in Northeast Asia
4.1 Introduction
Ambient particulate matter (PM) exposure was listed as a top-ten health
risk factor, based on the global burden of disease in 2010 (Lim et al. 2013). In
addition, many epidemiological studies of PM and mortality have provided
evidence that daily variations in particulate air pollution concentrations are
associated with daily variations in mortality counts (Katsouyanni et al. 1997;
Kim et al. 2017; Samet et al. 2000; Schwartz and Dockery 1992; Ware et al.
1981; Wong et al. 2008). However, the previous time series data regarding
particulate air pollution and mortality were generally analyzed using log-linear
Poisson regression models for over-dispersed counts, with the daily number
of deaths as the outcome, the absolute (possibly lagged) daily concentrations
of pollution as the main risk factor, and smooth functions of weather variables
and calendar time to adjust for time-varying confounders (Daniels et al. 2000;
Schwartz and Dockery 1992). While some studies did examine the effects of
cumulative days of exposure, we are not aware of any studies that have
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considered whether additional health risks are associated with the number of
consecutive days with elevated particulate air pollution concentrations. In this
context, it is important to consider both absolute daily air pollution
concentrations and multi-day periods with high air pollution concentrations,
as there is growing concern regarding the health effects of high air pollution
concentrations in the many megacities of developing countries (Romieu I
2003). Thus, information regarding the effects of high air pollution periods
(rather than the effects of single-day air pollution concentrations) might allow
policy makers to address a spectrum of related public health problems,
especially in the highly polluted regions of the world.
In the present study, we evaluated 28 cities in East Asia (Japan, South Korea,
and China) that are relatively similar in their geography and culture, but are
exposed to different air pollution conditions (Fang et al. 2009; Jeong and Park
2013; Kim et al. 2017; Lee et al. 2013; Wang and Mauzerall 2004). This
approach was selected because studies with multiple locations can compare
geographical areas and provide a more accurate estimation of inter-location
variations using a unified analytical framework. Thus, we were able to observe
the associations between mortality and the duration of multi-day periods with
elevated air pollution concentrations, and to quantify the durational effect
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estimates while also considering the mortality effects of the absolute air
pollution concentrations.
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4.2 Methods
4.2.1 Study design
The present study evaluated data from 6 Japanese cities (Sapporo, Sendai,
Tokyo, Nagoya, Osaka, and Kitakyushu), 7 South Korean cities (Seoul,
Incheon, Daejeon, Daegu, Gwangju, Ulsan, and Busan), and 15 Chinese cities
(Shenyang, Anshan, Beijing, Tangshan, Tianjin, Taiyuan, Lanzhou, Xian,
Suzhou, Shanghai, Wuhan, Hangzhou, Fuzhou, Guangzhou, and Hong Kong)
(Figure 8). The data collection periods varied according to location, with the
earliest year being 1993 and the latest year being 2009. There may be temporal
variations in the short-term effects of air pollution, although inconsistent
results have left this hypothesis unconfirmed (Breitner et al. 2009; Dominici
et al. 2007; Kim et al. 2015). Therefore, we did not consider the time varying
effect.
4.2.2 Mortality data
Daily mortality counts were obtained from the Japanese Ministry of Health
and Welfare, the Korean National Statistics Office, and the Chinese Center for
Disease Prevention and Control. All causes were classified according to the
10th edition of the International Classification of Diseases (ICD-10) (World
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Health Organization 2004). We excluded cases of accidental mortality and
suicide, and only included non-accidental mortality in the analyses (codes
A00–R99 for total non-accidental mortality, J00–J99 for respiratory diseases,
and I00–I99 for cardiovascular diseases.
4.2.3 Environmental data
Data regarding weather variables were supplied by the Japanese
Meteorological Agency, the Korean Meteorological Office, and the Chinese
Meteorological Data Sharing Service System. The data included daily mean
temperature (°C), daily mean relative humidity (%), and daily mean pressure
(hPa; Japan and South Korea only). For air pollution, we collected data
regarding PM10 (PM with an aerodynamic diameter of <10 μm), and calculated
the daily representative concentrations of PM10 for each city by averaging the
24 hourly values from all monitoring stations in that city. Data regarding PM10
concentrations were provided by the Japanese National Institute for
Environmental Studies, the Korean Research Institute of Public Health, and
the Environmental Monitoring Center of China.
4.2.4 Statistical analysis
We calculated the additional effects of consecutive days with PM10
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concentrations that exceeded the threshold value after adjusting for absolute
PM10 concentrations. The threshold value was based on the World Health
Organization’s Air Quality Guidelines, which recommend a 24-h average
concentration of 50 μg/m3, with interim targets of 150 μg/m3 (IT-1), 100 μg/m3
(IT-2), and 75 μg/m3 (IT-3) (World Health Organization 2006). Because Japan,
South Korea, and China have different ranges for PM concentrations, we
defined days with elevated PM10 concentrations as days with concentrations
of ≥75 μg/m3. Therefore, our main variable of interest was defined as the
duration of consecutive days with daily PM10 concentrations of ≥75 μg/m3. For
example, if the PM10 concentration was 36 μg/m3 on January 1, the duration
variable would be coded as “0”, and if the PM10 concentration was 82 μg/m3
on January 2, the duration variable would be coded as “1”. If the PM10
concentration was 97 μg/m3 on January 3, the duration variable would be
coded as “2”, and this trend would be followed until the daily mean PM10
concentration dropped to below 75 μg/m3.
We performed our analysis according to city, eliminating confounding that
could arise by factors varying across cities. First, we used the time series
model to explore the relationships between the duration of elevated PM10
concentrations and mortality, while controlling for PM10 concentrations and
temperature. For these analyses, we used a generalized additive model based
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on the assumption that the daily mortality counts had an over-dispersed
Poisson distribution (Dominici et al. 2000; Hastie and Tibshirani 1990; Kelsall
et al. 1997; Samet et al. 2000). The generalized additive model allows
nonparametric smoothing functions to account for fluctuations in the
confounding factors, such as seasonal variation and weather conditions, on the
daily number of deaths.
To observe the mortality effect patterns over the duration variable, we
applied the smoothing function to the duration variable (Appendix 9-11). We
also examined the linearity hypothesis regarding the duration-mortality
relation by comparing the Akaike information criterion (AIC) values from the
linear and spline models. In all cases, both models gave very similar AIC
values, although the linear model had a slightly better fit because, in most
locations, the AIC was approximately 0.1% lower than in the spline model.
Although a few Chinese cities (Fuzhou, Guangzhou, Suzhou, and Tangshan)
exhibited curved patterns, most of the city-specific differences in the
deviances of the two models were not statistically significant and agreed with
the AIC findings. Therefore, we assumed that the duration effect was linear.
To quantify the effect estimates, the city-specific models of daily mortality
counts were fitted using the duration variable as the variable of interest, while
adjusting for daily mean PM10 concentrations, meteorological variables, and
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seasonal trends. Therefore, mortality risk for each additional consecutive day
with PM10 concentrations of ≥75 μg/m3 was calculated for each city while
accounting for the effect of the PM10 concentrations.
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In the above Model [4], t refers to the day of observation; c refers to the
city; i refers to lags,  ,

denotes the estimated daily mortality counts on

day t in city c; s(yy) denotes the cubic smoothing functions; df denotes the
degrees of freedom; 5 

is the intercept term for city c;  , is the

mean temperature on day t-i in city c;  , is the PM10 concentration
on day t-i in city c;  denotes seasonality using the days of calendar time;
!" is the day of the week on day t; and #$,

and

, refer to the humidity and pressure values, respectively, on day t-i
in city c. A meta-analysis of the country-specific estimates was performed
using the maximum likelihood method to combine information across cities to
provide health effect estimates for each country.
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We multiplied the effect estimates (for each additional day) by the annual
average maximum number of days with elevated PM10 concentrations for each
country, in order to observe the mortality risk from the duration variable over
the maximum period of elevated PM10 concentrations in each country.
C

@ A B5$ D  A E

= >?@$ $

Here, @ is the vector of the country-specific annual average maximum
C $ is the
numbers of days with elevated PM10 concentrations, and 5
vector of the country-specific estimates. Therefore, these estimates describe
the effect of prolonged elevation in PM10 concentrations, while accounting for
the number of consecutive days with high PM10 concentrations.
Cause-specific and age-specific subgroups were evaluated in stratified
analyses. All analyses were performed using R software (version 3.2.0) with
the gam function in the mgcv package and the rma function in the metaphor
package.
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Figure 8. The locations of 28 cities in Japan (6 cities), South Korea (7
cities), and China (15 cities).
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4.3 Results
Table 5 shows the mean values for the environmental variables and the
daily numbers of total deaths, cardiovascular deaths, and respiratory deaths in
the 28 cities. The data set included 3,662,749 deaths, with daily numbers of
natural deaths ranging from 9 in Ulsan to 155 in Tokyo. Cardiovascular causes
accounted for approximately 20–40% of total mortality, except in Anshan
(51.2%), Tianjin (58.6%), and Wuhan (56.8%). Respiratory mortality
accounted for approximately 12% of total mortality, with the lowest
proportion observed in Seoul (5.8%) and the highest proportion observed in
Xian (27.7%). The country-specific daily mean PM10 concentrations were
32.35 μg/m3 in Japan, 55.45 μg/m3 in South Korea, and 108.19 μg/m3 in China.
The maximum durations of consecutive days with PM10 concentrations of
≥75 μg/m3 exhibited large variability, with maximum duration values ranging

from 2 days in Sapporo to 125 days in Lanzhou.
The effects of prolonged elevations in PM10 concentrations were
investigated, and the results are shown in Table 6. Each additional consecutive
day with PM10 concentrations of ≥75 μg/m3 was associated with a significant
increase in total daily non-accidental mortality for all countries, with increases
ranging from 0.68% in Japan (95% confidence interval [CI]: 0.35%, 1.01%)
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to 0.24% in China (95% CI: 0.14%, 0.33%). The percent increases in
cardiovascular mortality ranged from 0.96% in Japan (95% CI: 0.40%, 1.53%)
to 0.27% in China (95% CI: 0.11%, 0.44%), and the increases in respiratory
mortality ranged from 0.43% in Japan (95% CI: –0.45%, 1.31%) to 0.68% in
China (95% CI: 0.44%, 0.93%). The durational effect of PM10 exposure was
highest among ᆚ65-year-old individuals (vs. <65-year-old individuals) in
Japan, although no significant difference was observed in South Korea. Cityspecific estimates of the effects on daily mortality according to cause of death
and age are available in the Appendix (Appendix).
The annual average maximum numbers of days with elevated PM10
concentrations were 2.40 days for Japan, 6.96 days for South Korea, and 42.26
days for China. After adjusting for the annual average maximum number of
days with elevated PM10 concentrations, we found increases of 1.64% (95%
CI: 1.31%, 1.98%), 3.37% (95% CI: 3.19%, 3.56%), and 10.43% (95% CI:
10.33%, 10.54%) in non-accidental deaths for Japan (2.40 days), South Korea
(6.96 days), and China (42.26 days), respectively. The greatest increments in
mortality risk were observed for respiratory deaths, with values of 8.10% in
South Korea (95% CI: 7.30%, 8.92%) and 33.40% in China (95% CI: 33.07%,
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33.72%) (Figure 9). The city-specific results are available in the Appendix
(Appendix 12).
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Japan

Country

1993–
2008
1993–
2008
1993–
2008
1993–
2008
1993–
2008
1993–
2008
2000–
2009
2000–
2009
2000–
2009
2000–
2009
2000–
2009
2000–
2009
2000–
2009
2005–
2008
2004–
2006
2007.1–
2008.9

Study
period

11.72

1.2

6.26

3.68

0.96

1.42

2.57

1.48

2.63

10.35

1

2.59

2.19

8.34

1.06

1.88

Population
(millions) a

117.74

27.62

66.65

45.38

9.56

14.11

27.5

13.86

26.22

93.02

22.08

58.6

39.76

154.95

14.09

28.55

Nonaccidental

54.16

14.14

31.69

14.08

2.65

3.36

7.39

3.73

7.61

25.02

6.9

17.71

13.54

51.29

4.75

9.44

CVD

Mortality c

14.06

1.91

6.4

2.76

0.69

0.93

1.81

1.04

1.74

5.42

3.4

9.01

5.58

22.36

1.85

4.02

RD



14.76 (–2.31, 28.50)

11.36 (–10.22, 27.50)

8.17 (–14.00, 25.00)

14.84 (1.42, 26.69)

14.55 (0.93, 27.35)

14.11 (–0.74, 27.40)

14.55 (–0.50, 28.08)

13.08 (–2.60, 26.69)

12.72 (–3.19, 25.86)

12.89 (–3.98, 26.53)

17.25 (5.42, 29.40)

17.16 (4.80, 29.90)

16.07 (3.40, 29.00)

16.57 (5.10, 28.90)

12.62 (0.50, 25.40)

9.09 (–5.30, 23.10)

Temperature (ºC)
(5th -95th percentile
range)

54.22 (20.00, 86.00)

55.18 (29.00, 80.25)

65.44 (40.00, 87.00)

62.79 (31.08, 90.72)

61.08 (29.58, 86.72)

66.36 (43.90, 87.83)

57.64 (30.12, 84.71)

65.63 (41.03, 87.72)

67.19 (43.04, 89.64)

61.64 (37.76, 85.92)

66.55 (48.00, 86.00)

63.03 (46.00, 83.00)

66.14 (46.00, 89.00)

60.81 (34.00, 85.00)

71.30 (49.00, 92.85)

68.93 (51.00, 86.00)

Humidity (%)
(5th -95th percentile
range)

138.90 (34.00, 298.80)

110.88 (42.75, 221.50)

114.22 (52.62, 214.75)

57.88 (28.21, 105.67)

51.00 (24.07, 91.72)

50.20 (19.87, 100.70)

57.63 (24.96, 104.41)

47.96 (18.15, 94.20)

59.82 (23.86, 116.54)

63.67 (20.06, 129.79)

31.78 (11.80, 63.67)

38.71 (13.52, 77.61)

42.52 (15.45, 82.47)

41.02 (13.60, 87.51)

24.88 (8.61, 53.21)

15.19 (6.25, 31.45)

PM10 (μg/m³)
(5th -95th percentile
range)

Table 5. Study periods, populations, mean number of daily deaths, and the environmental variables in the 28 cities.
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23.65 (15.00, 29.90)

22.84 (11.75, 31.20)

20.66 (8.47, 30.60)

17.94 (4.20, 30.70)

17.90 (2.77, 31.90)

17.72 (4.03, 30.68)

17.18 (2.00, 30.20)

13.42 (–2.00, 28.00)

7.43 (–9.00, 21.00)

11.23 (–6.00, 26.07)

13.29 (–4.30, 28.30)

12.57 (–4.93, 27.30)





Causes of death were based on the International Classification of Disease codes

16.17

14.99

1.5

3.82

6.95

14.29

4.63

7.24

–

1.9

0.66

2.93

c

23.77

29.35

6.73

6.84

32.69

44.21

12.68

12.07

–

8.93

6.4

8.33

Annual average maximum duration of consecutive days with PM10 concentrations of 75 μg/m³

84.18

79.45

15.86

20.11

57.51

119.04

34.21

26.18

18.66

24.15

10.92

18.94

b

7.24

11.07

1.18

6.24

9.79

22.32

5.35

6.5

2.63

3.43

11.09

3.37

Source: World Population Prospects (2015)
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1996–
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a
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77.92 (58.00, 92.00)

71.00 (46.00, 90.00)

69.16 (51.00, 88.25)

72.21 (46.00, 95.00)

71.14 (51.00, 91.00)

72.88 (53.50, 90.75)

77.01 (54.00, 96.00)

66.52 (36.00, 92.00)

56.32 (27.00, 84.00)

55.06 (25.00, 83.00)

58.78 (26.00, 86.00)

60.54 (29.00, 88.00)

51.62 (21.46, 98.37)

73.79 (24.77, 160.73)

72.33 (26.00, 144.50)

120.46 (47.85, 232.00)

129.77 (54.00, 234.00)

102.01 (36.60, 225.67)

89.82 (32.00, 184.00)

132.09 (64.00, 244.00)

156.41 (52.50, 368.37)

132.13 (46.06, 251.16)

100.84 (36.00, 212.60)

97.53 (48.00, 189.05)

9

29.5

11.33

30

69.67

35.75

28.75

79

73.2

59.6

30.25

50.33

Table 6. Pooled country-specific increases in mortality risk for each
additional consecutive day of high PM10 concentrations according to
cause of death and age.




All causes

Japan
a

South Korea

0.68 (0.35, 1.01)

China

0.48 (0.30, 0.66) 0.24 (0.14, 0.33)

Causes of death
Cardiovascular b 0.96 (0.40, 1.53) 0.48 (0.14, 0.82) 0.27 (0.11, 0.44)
Respiratory c
0.43 (–0.45, 1.31) 1.13 (0.37, 1.89) 0.68 (0.44, 0.93)
Age
0–64 years d

0.28 (–0.40, 0.96) 0.49 (0.19, 0.80)

–

65 years e

0.77 (0.41, 1.14)

–

0.48 (0.26, 0.70)

a

Percent increase (95% confidence interval) in total daily non-accidental mortality.

b

Percent increase (95% confidence interval) in cardiovascular disease mortality.

c

Percent increase (95% confidence interval) in respiratory disease mortality.

d

Percent increase (95% confidence interval) in total daily non-accidental mortality at <65
years of age.

e

Percent increase (95% confidence interval) in total daily non-accidental mortality at 65
years of age.
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Figure 9. Mortality risk for high PM10 concentrations lasting the annual
average maximum duration.



75

4.4 Discussion
We observed significant durational effects on mortality for consecutive
days with elevated PM10 concentrations while accounting for the effects of
absolute PM10 concentrations. Although many relevant studies have evaluated
the association between PM concentrations and health, the focus has been on
absolute air pollution concentrations as the variable of interest, and not on the
health effects of prolonged periods with elevated PM10 concentrations. To the
best of our knowledge, this is the first study to examine the association
between mortality and duration of elevated air pollution, and to quantify the
durational effects while accounting for absolute air pollution concentrations.
Moreover, the present study evaluated data from multiple sites with large
differences in their air pollution conditions. Our results indicate that there are
additional mortality risks due to the duration of multi-day periods with
elevated air pollution in all three East Asian countries that we evaluated.
Among all continents, Asia has the highest greenhouse gas emissions and
plays an instrumental role in the global environment (Wang et al. 2014).
Furthermore, China is now the world’s largest consumer of coal and the
leading producer of greenhouse gases (Siddiqi 1995; Streets et al. 2003).
China has exhibited 10% annual increases in emissions, and its major cities
(e.g., Beijing) have air pollution concentrations that are 100 times higher than
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the World Health Organization’s recommended limits. In addition, 40% of
Chinese cities fail to meet the World Health Organization’s residential air
quality standards. In this context, China remains heavily dependent on coal for
energy, which generates significant particulate air pollution. Thus, it is
valuable to compare the health effects of air pollution in China and adjacent
countries, and our findings are enhanced by the use of multiple nearby
locations. Although China exhibited the weakest durational effect, it had
extremely long periods with high PM10 concentrations, compared to South
Korea and Japan, which resulted in the greatest overall mortality risk for
prolonged periods of elevated PM10 concentrations.
Although Japan had the lowest PM10 concentrations and the shortest periods
with elevated PM10 concentrations, it exhibited the greatest durational effect
among the 3 countries. In addition, epidemiological studies have reported
associations of air pollution with health effects in the general population, even
at concentrations below the current air quality standards (Brunekreef et al.
1995; Desqueyroux et al. 2002; Hoek and Brunekreef 1994). Therefore, high
PM10 events are problematic in both developing and developed countries.
We also observed that the durational effects varied according to age and the
cause of death. Respiratory mortality in South Korea and China was associated
with higher incremental risks, compared to cardiovascular mortality, although
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cardiovascular mortality in Japan was associated with a higher incremental
risk, compared to respiratory mortality. The durational effect of PM10 exposure
was also greatest among ᆚ65-year-old individuals in Japan (vs. <65-year-old
individuals), although no significant difference was observed in South Korea.
This result might be related to differences in population demographics, as
Japan remains the world leader in population aging, despite the increased
aging population in South Korea (Suzuki 2013).
Policy-based interventions may help reduce the morbidity and mortality
that are associated with elevated air pollution periods. For example, accurate
warning systems can alert the public to take the necessary actions and
precautions. In this context, research indicates that single days with elevated
air pollution are dangerous, and prolonged periods with elevated air pollution
have an additive effect on human health. Thus, individuals could take
measures to avoid prolonged exposure to high PM10 concentrations. These
measures might involve using an air cleaner, staying inside, and/or taking a
leave or vacation from work during periods with high PM10 concentrations.
Governments could also facilitate adequate risk communication measures, and
could consider re-scheduling large outdoor events or activities during periods
with high PM10 concentrations.
A central limitation of the present study is the data quality, as it is assumed
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that there is underreporting of mortality in China (Banister and Hill 2004;
Merli 1998; Zimmer et al. 2007). Nevertheless, the present study aimed to
estimate the association between air pollution and mortality, and not to
estimate the specific mortality rates. Therefore, any issues with the data
quality are likely not associated with variations in the air pollution
concentrations. Another limitation is that intra-community variations were not
considered in the present study, and occupation and lifestyle factors may affect
exposure to air pollution (e.g., outdoor workers have greater exposure and
different exposure patterns, compared to office workers). This discrepancy
may have placed greater emphasis on populations with urban characteristics
in our analyses.

4.5 Conclusions
Our findings suggest that the duration of periods with elevated PM10
concentrations is associated with increased risk of mortality in East Asia. This
effect was in addition to the mortality effects of absolute daily PM10
concentrations, and was consistently observed in our country-specific, agespecific, and mortality type-specific subanalyses. A better understanding of
differential risks will help guide public policy decisions regarding risk
assessments and air pollution standards.
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Chapter 5
General Discussion
5.1 Summary of the topics
The adverse health effects of episodes of air pollution were established over
60 years ago by investigations in Europe and North America , and the adverse
health effects of air pollution have been the subject to intense study ever since,
not only in developed countries, but also in developing and undeveloped
countries.
We demonstrated that seasonal and geographical variation in the short-term
association of PM10 with daily mortality (Chapter 2), the modifying effect of
temperature on the relationship between PM10 and mortality due to nonaccidental, cardiovascular, and respiratory death (Chapter 3), and the
durational effects with the number of elevated PM10 days while considering
the adverse health effects from the PM10 level itself as well (Chapter 4).
Although outside of the scope of this study, it is interesting to mention that the
biological plausibility of the association between particulate air pollution and
health has been assessed for respiratory and cardiovascular diseases, with an
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increasing amount of evidence pointing toward a causal link. Further
epidemiological identification of individual traits associated with increased
risk of mortality and morbidity from increased concentrations of PM air
pollution will continue to direct ongoing research into the pathological
mechanism from exposure, provide critical data for risk assessment, and
inform policymakers.
5.2 Public health insights
Most cities where outdoor air pollution is monitored do not meet the WHO
guidelines for acceptable pollutant levels. Excessive air pollution is often a byproduct of unsustainable policies in sectors such as transport, energy, waste
management, and industry, and reducing air pollution is an incredibly efficient
way to improve the health of a population. In most cases, healthier strategies
will also be more economical in the long term due to healthcare cost savings
as well as climate improvement.
Avoiding or reducing exposure could be an alternative way to reduce air
pollution’s adverse health effects, and policy-based interventions may help
reduce the morbidity and mortality that are associated with air pollution. For
example, accurate warning systems can alert the public to take necessary
actions and precautions. Governments must also facilitate adequate risk
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communication measures, and should consider re-scheduling large outdoor
events or activities during periods with high PM10 concentrations.
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Appendix 1. City-specific smoothing spline plots of the association
between particulate matter and mortality.



96

97



Appendix 2. Relative risks in mortality associated with a 10 μg/m3 increase in particulate matter (PM) smaller
than 10 μm (PM10) for 29 cities. Bars represent the 95% confidence intervals.

Appendix 3. City-specific seasonal effects of particulate matter (PM)
smaller than 10 μm (PM10) on cardiovascular mortality.



98

Appendix 4. City-specific seasonal effects of particulate matter (PM)
smaller than 10 μm (PM10) on respiratory mortality.
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Appendix 5. City-specific results of the lag structures on the effect of particulate matter <10 μm (PM10) in
aerodynamic diameter on non-accidental mortality.

Appendix 6. City-specific results of the relative risk in daily mortality and
the 95% confidence interval for a 10 μg/m3 increment in particulate
matter <10 μm in aerodynamic diameter by different temperature ranges.
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Daejeon

Incheon

CVD

Nonaccidental

RD

CVD

Nonaccidental

RD

2.12 (-36.9, 65.28)

-3.66 (-15.04, 9.26)

≥65

<65

-0.96 (-18.21, 19.93)

-2.34 (-20.29, 19.65)

≥65

<65

11.95 (-21.2, 59.03)

10.83 (0.68, 21.99)

≥65

<65

-15.1 (-31, 4.46)

0.92 (-4.82, 7.02)

≥65

<65

-1.38 (-9.05, 6.94)

4.2 (-6.81, 16.52)

≥65

<65

16.42 (-8.22, 47.67)

4.93 (-1.31, 11.56)

≥65

<65

3.82 (-6.8, 15.65)

<65

1.28 (-2.03, 4.69)

≥65

Seoul

CVD

1.49 (-3.32, 6.55)

<65

Nonaccidental

>1%

Age

Cause of
death

City

-4.59 (-18.42, 11.59)

-4.04 (-8.26, 0.37)

-0.95 (-7.8, 6.41)

4.07 (-6.31, 15.59)

5.61 (-15.48, 31.98)

6.57 (1.04, 12.4)

-5.89 (-15.24, 4.48)

2.35 (-0.84, 5.65)

-4.13 (-8.49, 0.42)

0.93 (-4.07, 6.18)

1.88 (-9.7, 14.94)

2.19 (-0.52, 4.99)

0.73 (-3.7, 5.37)

-0.77 (-2.25, 0.75)

-0.03 (-2.11, 2.09)

1−5%

-2.23 (-6.83, 2.61)

1.3 (-0.18, 2.8)

0.24 (-1.93, 2.46)

-0.81 (-4.22, 2.71)

-3.88 (-10.9, 3.68)

-0.3 (-2.05, 1.48)

0.97 (-2.06, 4.11)

0.26 (-0.76, 1.29)

0.71 (-0.73, 2.17)

0.74 (-0.92, 2.43)

-0.6 (-4.39, 3.34)

0.15 (-0.7, 1)

1.41 (0, 2.84)

0.2 (-0.27, 0.67)

0.01 (-0.64, 0.66)

5−25%

-0.59 (-3.65, 2.57)

0.27 (-0.69, 1.25)

-0.01 (-1.46, 1.46)

-0.4 (-2.4, 1.64)

6.03 (1.26, 11.03)

-0.45 (-1.47, 0.58)

0.17 (-1.66, 2.04)

-0.12 (-0.72, 0.47)

0.56 (-0.28, 1.41)

-0.25 (-1.33, 0.85)

2.34 (-0.16, 4.91)

0.91 (0.38, 1.45)

0.74 (-0.17, 1.65)

0.66 (0.36, 0.96)

0.31 (-0.1, 0.72)

25−75%

Temperature strata

1.62 (-3.59, 7.11)

0.83 (-0.84, 2.52)

3.6 (1.19, 6.07)

-1.51 (-5.35, 2.49)

2 (-6.18, 10.9)

0.82 (-1.1, 2.77)

3.09 (-0.18, 6.47)

0.16 (-0.92, 1.26)

1.05 (-0.42, 2.54)

1.36 (-0.3, 3.05)

-0.86 (-4.53, 2.96)

0.86 (0.04, 1.7)

-0.06 (-1.41, 1.31)

0.63 (0.18, 1.09)

-0.26 (-0.87, 0.36)

75−95%

-9.33 (-25.14, 9.81)

2.85 (-2.12, 8.07)

3.31 (-4.03, 11.22)

-3.13 (-11.78, 6.37)

3.69 (-17.73, 30.67)

2 (-2.52, 6.73)

-2.22 (-9.96, 6.2)

3.52 (1, 6.11)

-0.45 (-4.06, 3.29)

1.43 (-3.3, 6.39)

1.97 (-8.37, 13.49)

1.42 (-0.97, 3.87)

0.1 (-3.95, 4.31)

1.28 (-0.02, 2.6)

0.77 (-1.03, 2.6)

95−99%

4.57 (-22.77, 41.59)

-4.29 (-13.43, 5.81)

2.82 (-9.65, 17.01)

-31.15 (-54.09, 3.25)

-2.72 (-54.99, 110.25)

1.81 (-15.39, 22.5)

-5.91 (-33.41, 32.95)

-2.42 (-12.67, 9.03)

3.66 (-10.78, 20.44)

-1.76 (-9.75, 6.93)

-0.31 (-19.06, 22.8)

-0.76 (-4.55, 3.19)

6.47 (0.33, 12.98)

0.41 (-1.74, 2.61)

4.11 (1.16, 7.14)

99−100%

Appendix 7. City-specific results of the percent change in daily mortality and the 95% confidence interval for a
10 μg/m3 increment in particulate matter <10 μm in aerodynamic diameter by age groups and the temperature
level on the day of death.
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Busan

Gwangju

Daegu

RD

CVD

Nonaccidental

RD

CVD

Nonaccidental

RD

CVD

Nonaccidental

RD

-12.27 (-63.27, 109.59)

-18.1 (-30.41, -3.63)

≥65

<65

-21.22 (-41.5, 6.08)

-0.96 (-10.16, 9.18)

≥65

<65

-1.02 (-14, 13.92)

-6.19 (-53.69, 90.04)

≥65

<65

-79.3 (-98.45, 176.46)

22.76 (-15.15, 77.6)

≥65

<65

-52.76 (-74.98, -10.8)

-1.86 (-17.66, 16.97)

≥65

<65

-4.25 (-26, 23.89)

-10.63 (-34.17, 21.32)

≥65

<65

30.61 (-26.53, 132.18)

-13.59 (-26.81, 2.01)

≥65

<65

-5.43 (-28.54, 25.15)

-5.6 (-13.74, 3.31)

≥65

<65

-5.75 (-17.66, 7.88)

-21.18 (-49.05, 21.93)

≥65

<65

-19.42 (-63.79, 79.33)

-8.86 (-27.55, 14.65)

<65

≥65

5.62 (-16.59, 33.73)

-3.03 (-7.92, 2.12)

-3.76 (-11.69, 4.89)

-2.68 (-5.56, 0.28)

-0.95 (-5.13, 3.41)

-5.04 (-17.01, 8.66)

-6.5 (-37.2, 39.2)

6.47 (-0.7, 14.16)

-6.56 (-18, 6.47)

0.81 (-2.91, 4.68)

-4.78 (-10.61, 1.43)

-0.2 (-10.54, 11.34)

-22.8 (-40.86, 0.77)

0.55 (-5.01, 6.44)

-1.49 (-10.8, 8.78)

-0.51 (-3.61, 2.7)

2.15 (-2.44, 6.96)

-4.34 (-17.73, 11.23)

-36.72 (-63.76, 10.49)

-2.05 (-9.54, 6.07)

-2.62 (-9.91, 5.26)

0.02 (-1.59, 1.65)

0.73 (-2, 3.53)

0.1 (-0.85, 1.05)

-0.34 (-1.67, 1.01)

-1.86 (-6.5, 3)

-9.65 (-20.97, 3.29)

0.88 (-1.78, 3.61)

-2.6 (-7.13, 2.15)

-0.95 (-2.3, 0.42)

-1.36 (-3.43, 0.75)

0.3 (-3.2, 3.92)

-7.9 (-15.46, 0.33)

0.47 (-1.37, 2.34)

-1.48 (-4.61, 1.75)

-0.2 (-1.21, 0.83)

-0.78 (-2.24, 0.69)

1.88 (-2.86, 6.86)

-5.95 (-16.66, 6.15)

2.37 (-0.3, 5.1)

-2.38 (-6.76, 2.21)

1.05 (0.11, 1.99)

-1.07 (-2.6, 0.49)

0.87 (0.32, 1.43)

0.37 (-0.39, 1.13)

2.2 (-0.76, 5.26)

-2.67 (-9.77, 4.98)

0.77 (-0.95, 2.51)

1.99 (-0.99, 5.05)

0.07 (-0.8, 0.95)

0.09 (-1.24, 1.43)

0.53 (-1.87, 2.98)

-2.02 (-7.7, 4)

0.4 (-0.89, 1.7)

1.69 (-0.57, 4.01)

-0.36 (-1.06, 0.35)

0.57 (-0.46, 1.61)

0.82 (-2.26, 4)

-2.92 (-10.56, 5.38)

-0.13 (-1.91, 1.69)

6.12 (-1.98, 14.89)

0.76 (-0.78, 2.33)

0.04 (-2.49, 2.64)

0.48 (-0.41, 1.37)

1.44 (0.22, 2.67)

-0.36 (-5.63, 5.2)

-4.32 (-15.61, 8.48)

0.24 (-2.55, 3.12)

-0.13 (-4.84, 4.82)

0.5 (-0.91, 1.94)

-0.93 (-3, 1.18)

0.65 (-3.49, 4.96)

-7.47 (-16.57, 2.62)

1.72 (-0.5, 3.99)

2.07 (-1.65, 5.92)

0.99 (-0.22, 2.2)

-0.7 (-2.36, 0.98)

2.64 (-2.84, 8.43)

12.67 (0.37, 26.48)

0.58 (-2.53, 3.78)

1.68 (-17.78, 25.75)

-1.94 (-6.72, 3.08)

1.11 (-6.72, 9.6)

2.95 (0.17, 5.81)

0.69 (-3.1, 4.63)

3.77 (-10.99, 20.99)

-1.63 (-32.53, 43.43)

0.43 (-7.62, 9.18)

13.76 (-2.88, 33.24)

0.31 (-3.97, 4.78)

-3.86 (-10.3, 3.04)

-8.83 (-19.96, 3.86)

13.23 (-13.57, 48.35)

3.7 (-2.22, 9.98)

-13 (-22.31, -2.58)

2.17 (-0.99, 5.43)

-3.13 (-7.65, 1.6)

4.34 (-11.24, 22.66)

-0.64 (-38.03, 59.31)

-0.95 (-9.79, 8.75)

7.4 (-42.14, 99.39)

3.59 (-9.03, 17.97)

-3.65 (-20.99, 17.5)

4.71 (-2.97, 12.99)

2.2 (-7.41, 12.81)

3.81 (-10.22, 20.04)

-49.68 (-90.23, 159.2)

-0.65 (-9.31, 8.84)

15.03 (1.38, 30.53)

1.13 (-3.25, 5.71)

7.62 (0.66, 15.08)

-3.11 (-27.02, 28.62)

-53.59 (-83.8, 32.94)

6.76 (-5.38, 20.47)

-17.46 (-38.14, 10.13)

1.73 (-4.9, 8.82)

3.04 (-6.9, 14.04)

-19.43 (-43.95, 15.83)

23.77 (-20.33, 92.27)

-0.63 (-17.07, 19.08)
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Ulsan

RD

CVD

Nonaccidental

227.69 (-70.73, 3568.74)

53.96 (-25.78, 219.41)

≥65

-19.21 (-49.39, 28.97)

≥65

<65

41.8 (-32.26, 196.83)

-0.27 (-22.71, 28.68)

≥65

<65

46.65 (1.01, 112.9)

14.93 (-20.78, 66.72)

<65

≥65

27.91 (3.22, 58.49)

41.37 (-12.53, 128.5)

-3.61 (-15.6, 10.08)

-12.8 (-30.86, 9.97)

5.16 (-2.16, 13.02)

3.97 (-6.16, 15.19)

-2.26 (-11.73, 8.23)

0.87 (-5.19, 7.32)

-0.67 (-13.88, 14.58)

-0.65 (-4.1, 2.92)

-0.81 (-6.55, 5.28)

0.54 (-1.46, 2.57)

2.18 (-0.65, 5.09)

1.45 (-1.85, 4.86)

-1.14 (-5.31, 3.22)

1.5 (-8.95, 13.15)

0.4 (-1.96, 2.82)

0.54 (-3.3, 4.53)

0.56 (-0.76, 1.9)

0.41 (-1.42, 2.27)

2.19 (0.25, 4.18)

0.19 (-7.6, 8.63)

-4.9 (-22.45, 16.63)

3.02 (-1.36, 7.6)

-5.62 (-12.21, 1.46)

1.95 (-0.49, 4.46)

1.31 (-1.78, 4.5)

-1.16 (-4.42, 2.21)

-0.91 (-16.97, 18.26)

2.73 (-37.9, 69.96)

-0.09 (-9.58, 10.4)

4.66 (-10.48, 22.35)

-0.81 (-6.02, 4.68)

1.2 (-5.88, 8.81)

6.09 (-4.46, 17.81)

-23.63 (-46.47, 8.95)

10.67 (-69.25, 298.27)

-11.93 (-27.49, 6.96)

-16.33 (-43.23, 23.32)

-2.2 (-11.8, 8.45)

-2.66 (-15.76, 12.48)

0.34 (-23.54, 31.67)
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Daejeon

Incheon

CVD

Nonaccidental

RD

CVD

Nonaccidental

RD

-9.73 (20.8, -32.55)

-5.16 (10.84, -18.86)

Women

Men

-1.03 (14.08, -14.13)

7.94 (33.13, -12.48)

Women

Men

-9.59 (21.59, -32.77)

6.58 (19.77, -5.16)

Women

Men

3.08 (17.25, -9.37)

-0.96 (6.38, -7.79)

Women

Men

0.39 (7.07, -5.87)

10.97 (29.29, -4.74)

Women

Men

3.48 (18.23, -9.44)

8.38 (16.39, 0.91)

Women

Men

0.14 (8.54, -7.62)

Men

1.11 (5.25, -2.86)

Women

Seoul

CVD

1.73 (5.62, -2.02)

Men

Nonaccidental

>1%

Sex

Cause of
death

City

0.88 (10.93, -8.27)

-6.52 (-0.97, -11.76)

-0.58 (4.59, -5.5)

3.89 (20.6, -10.51)

4.87 (18.59, -7.26)

4.66 (11.68, -1.93)

2.75 (10.11, -4.12)

1.12 (5.11, -2.72)

-0.57 (3.03, -4.03)

1.59 (8.97, -5.29)

0.76 (7.22, -5.31)

0.58 (3.89, -2.63)

3.04 (6.5, -0.31)

-1.29 (0.5, -3.06)

0.28 (1.98, -1.38)

1−5%

0.71 (4.13, -2.6)

1.5 (3.3, -0.28)

0.44 (2.16, -1.24)

0.8 (5.72, -3.88)

-3.12 (1.03, -7.1)

-0.48 (1.7, -2.62)

0.47 (2.66, -1.66)

0.47 (1.72, -0.76)

0.42 (1.56, -0.71)

-0.16 (2.13, -2.41)

1.18 (3.27, -0.87)

0.48 (1.52, -0.55)

0.46 (1.5, -0.56)

0.01 (0.56, -0.55)

0.25 (0.77, -0.27)

5−25%

0.36 (2.62, -1.85)

0.48 (1.68, -0.71)

-0.05 (1.07, -1.15)

-2.37 (0.57, -5.21)

2.5 (4.96, 0.09)

-0.61 (0.65, -1.85)

0.09 (1.39, -1.19)

-0.35 (0.37, -1.06)

0.48 (1.14, -0.18)

-0.84 (0.69, -2.35)

0.91 (2.24, -0.4)

0.55 (1.21, -0.1)

1.19 (1.84, 0.54)

0.46 (0.81, 0.1)

0.6 (0.93, 0.27)

25−75%

Temperature strata

0.27 (4.26, -3.57)

0.44 (2.51, -1.6)

2.33 (4.25, 0.45)

-4.87 (0.87, -10.29)

1.21 (5.9, -3.28)

-0.02 (2.34, -2.33)

2.89 (5.3, 0.54)

-0.37 (0.94, -1.66)

1.19 (2.39, 0.01)

0.57 (2.96, -1.77)

1.16 (3.18, -0.82)

1.08 (2.09, 0.08)

0.13 (1.13, -0.87)

0.7 (1.24, 0.16)

-0.01 (0.48, -0.51)

75−95%

-10.39 (2.6, -21.73)

3.45 (9.78, -2.52)

2.47 (8.49, -3.22)

0.99 (14.12, -10.63)

-4.49 (8.01, -15.54)

-0.13 (5.58, -5.53)

2.16 (8.12, -3.47)

2.79 (5.91, -0.23)

1.8 (4.71, -1.03)

1.51 (8.5, -5.02)

1.43 (7.44, -4.23)

0.26 (3.21, -2.62)

1.81 (4.85, -1.14)

0.13 (1.71, -1.43)

1.86 (3.31, 0.43)

95−99%

6.99 (31.04, -12.64)

-6.2 (6.57, -17.45)

1.24 (12.02, -8.51)

-40.26 (11.69, -68.05)

-17.21 (27.99, -46.45)

-3.79 (20.34, -23.08)

5.18 (33.4, -17.08)

-5.65 (7.58, -17.25)

4.65 (18.18, -7.34)

-6.73 (8.63, -19.92)

0.85 (10.55, -8)

-0.85 (3.93, -5.42)

3.07 (7.81, -1.47)

1.28 (3.97, -1.35)

1.95 (4.32, -0.37)

99−100%

Appendix 8. City-specific results of the percent change in daily mortality and the 95% confidence interval for a
10 μg/m3 increment in particulate matter < 10μm in aerodynamic diameter by sex and the temperature level on
the day of death.
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Busan

Gwangju

Daegu

RD

CVD

Nonaccidental

RD

CVD

Nonaccidental

RD

CVD

Nonaccidental

RD

28.46 (100.79, -17.81)

-23.19 (-5.26, -37.73)

Women

Men

-15.89 (2.3, -30.85)

-1.06 (11.31, -12.05)

Women

Men

-0.9 (10.56, -11.17)

-5.61 (143.75, -63.45)

Women

Men

-28.9 (99.76, -74.69)

-6.02 (44.76, -38.99)

Women

Men

-6.38 (49.39, -41.32)

-9.26 (12.3, -26.67)

Women

Men

3.37 (26.4, -15.46)

16.37 (65.36, -18.11)

Women

Men

-21.3 (19.7, -48.26)

-20.07 (-1.14, -35.38)

Women

Men

-3.95 (16.46, -20.79)

-9.13 (1.5, -18.65)

Women

Men

-3.24 (7.24, -12.71)

-29.63 (30.2, -61.96)

Women

Men

-10.98 (44.97, -45.34)

-4.35 (28.19, -28.63)

Men

Women

-4.65 (8.32, -16.06)

-3.46 (2.72, -9.27)

-2.25 (4.05, -8.17)

-2.99 (0.57, -6.43)

-1.37 (2.03, -4.65)

3.88 (22.16, -11.67)

-15.28 (3.97, -30.97)

8.06 (16.93, -0.13)

-3.35 (6.6, -12.36)

3.77 (8.42, -0.68)

-5.3 (-0.62, -9.75)

-3.37 (11.91, -16.57)

-3.94 (10.44, -16.45)

-1.46 (5.4, -7.87)

1.67 (9.33, -5.46)

0.04 (3.9, -3.68)

0.4 (4.09, -3.16)

-8.78 (16, -28.27)

-8.54 (9.84, -23.85)

-6.43 (4.05, -15.86)

0.88 (5.12, -3.2)

0.46 (2.44, -1.48)

-0.41 (1.59, -2.36)

0.12 (1.27, -1.01)

-0.21 (0.86, -1.25)

-1.56 (5.07, -7.78)

-4.41 (1.89, -10.31)

-1.1 (2.1, -4.19)

1.06 (4.56, -2.33)

-1.27 (0.36, -2.87)

-0.8 (0.84, -2.4)

-1.96 (2.82, -6.52)

-0.72 (3.85, -5.09)

0.17 (2.43, -2.05)

-0.28 (2.05, -2.55)

-0.3 (0.95, -1.52)

-0.41 (0.73, -1.54)

1.69 (8.73, -4.9)

0.04 (6.08, -5.64)

1.78 (5.09, -1.43)

1.53 (3.96, -0.84)

0.63 (1.76, -0.49)

0.28 (1.43, -0.86)

0.88 (1.55, 0.22)

0.57 (1.18, -0.04)

1.64 (5.93, -2.48)

1.22 (5.01, -2.44)

1.3 (3.38, -0.74)

0.74 (2.96, -1.42)

0.3 (1.36, -0.74)

-0.22 (0.8, -1.23)

2.91 (6.31, -0.38)

-2.39 (0.66, -5.35)

-0.34 (1.24, -1.89)

1.84 (3.47, 0.23)

0.21 (1.07, -0.65)

-0.25 (0.55, -1.04)

-0.08 (4.43, -4.4)

0.69 (4.64, -3.12)

-0.77 (1.43, -2.93)

-0.2 (3.93, -4.16)

0.99 (2.89, -0.87)

0.15 (2.05, -1.71)

1.6 (2.68, 0.53)

0.24 (1.22, -0.73)

-1.64 (6.02, -8.75)

-0.54 (6.3, -6.95)

0 (3.5, -3.38)

0.26 (3.79, -3.14)

-0.12 (1.6, -1.82)

0.19 (1.83, -1.42)

0.34 (6.41, -5.39)

-1.73 (3.55, -6.75)

-0.37 (2.33, -3)

4.36 (7.23, 1.57)

0.54 (2, -0.91)

0.33 (1.66, -0.98)

0.86 (8.9, -6.59)

7.09 (14.32, 0.32)

1.29 (5.12, -2.41)

7.42 (21.59, -5.1)

0.11 (6.18, -5.61)

-2.22 (3.94, -8.02)

2.52 (5.97, -0.82)

1.81 (4.94, -1.22)

0.22 (26.13, -20.37)

5.51 (26.4, -11.94)

3.96 (14.53, -5.63)

1.61 (13.9, -9.35)

-0.07 (5.39, -5.25)

-1.64 (3.54, -6.56)

-6.41 (11.09, -21.15)

-4.71 (11.88, -18.84)

0.69 (8.22, -6.32)

-1.4 (6.31, -8.56)

3.33 (7.24, -0.45)

-2.44 (1.25, -5.99)

-7.81 (18.97, -28.56)

12.84 (36.65, -6.82)

2.96 (14.55, -7.46)

14.18 (58.89, -17.95)

1.59 (18.57, -12.96)

2.23 (18.98, -12.16)

2.28 (11.84, -6.47)

5.15 (14.09, -3.08)

3.33 (30.72, -18.32)

2.01 (22.65, -15.17)

7.92 (18.51, -1.73)

-1.78 (10.67, -12.82)

5.64 (11.34, 0.23)

0.83 (6.21, -4.29)

-4.31 (44.43, -36.6)

-14.97 (23.12, -41.28)

3.95 (21.26, -10.89)

0 (17.45, -14.86)

6.46 (15.29, -1.7)

-1.85 (6.26, -9.34)

-15.45 (28.06, -44.18)

-3.96 (38.58, -33.43)

-5.98 (19.76, -26.19)
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Ulsan

RD

CVD

Nonaccidental

64.42 (299.84, -32.39)

59.42 (366.03, -45.47)

Women

-12.78 (43.58, -47.01)

Women

Men

10.37 (107.29, -41.23)

10.09 (47.35, -17.75)

Women

Men

14.28 (54.51, -15.47)

-13.12 (47.81, -48.93)

Men

Women

-9.58 (27.18, -35.71)

64.67 (110.08, 29.08)

0.37 (16.83, -13.78)

-13.19 (3.56, -27.24)

2.82 (11.94, -5.56)

6.96 (16.11, -1.46)

2.21 (17.1, -10.78)

3.29 (12.2, -4.91)

-0.33 (7.76, -7.81)

1.21 (5.39, -2.8)

-2.83 (1.72, -7.18)

1.44 (3.83, -0.9)

0.88 (3.22, -1.41)

1.26 (5.95, -3.23)

2.65 (8.84, -3.19)

-3.49 (1.93, -8.62)

0.11 (2.94, -2.64)

0.99 (4.01, -1.94)

0.56 (2.14, -0.99)

0.46 (1.96, -1.02)

1.53 (4.25, -1.13)

-6.98 (4.32, -17.05)

4.82 (15.53, -4.89)

2.25 (7.53, -2.77)

-1.64 (3.81, -6.8)

1.33 (4.18, -1.44)

2.12 (4.84, -0.53)

-0.57 (4.21, -5.12)

-32.03 (6.21, -56.51)
1.94 (70.76, -39.15)

-10.51 (15.01, 30.37)

-28.48 (-6.2, -45.47)

2.22 (28.39, -18.62)

-6.36 (6.88, -17.96)

0.73 (12.33, -9.66)

-15.48 (24.01, -42.4)

10.07 (37.75, -12.05)

4.13 (16.7, -7.08)

-1.91 (11.08, -13.39)

6.25 (12.96, -0.07)

-5.62 (0.33, -11.22)

0.69 (16.29, -12.82)

Appendix 9. City specific results: Risk of total mortality patterns as the
elevated air pollution level last days in 28 locations, with 95% confidence
intervals.
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Appendix 10. City specific results: Risk of cardiovascular mortality
patterns as the elevated air pollution level last days in 28 locations, with
95% confidence intervals.
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Appendix 11. City specific results: Risk of respiratory mortality patterns
as the elevated air pollution level last days in 28 locations, with 95%
confidence intervals.
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South
Korea

Japan

Country

5.6

2.44

Kitakyushu

Daejeon

3.19

Osaka

6.7

3.56

Nagoya

Incheon

3.56

Tokyo

9.2

1.38

Sendai

Seoul

0.31

Annual
average
maximum
duration of
exposure
(days)

Sapporo

City

0.76 (–0.45, 1.99)

0.84 (0.13, 1.56)

0.44 (0.22, 0.67)

0.78 (–1.54, 3.15)

0.18 (–0.69, 1.05)

1.29 (0.37, 2.21)

0.65 (0.26, 1.04)

5.58 (–0.88, 12.46)

0.46 (–10.06, 12.21)

Non-accidental

0.88 (–1.66, 3.49)

0.25 (–1.08, 1.60)

0.48 (0.05, 0.91)

2.29 (–1.86, 6.61)

0.44 (–1.12, 2.02)

1.42 (–0.14, 3.00)

0.93 (0.27, 1.60)

3.63 (–7.50, 16.11)

–3.19 (–21.58, 19.51)

Cardiovascular

2.44 (–2.11, 7.19)

1.08 (–1.58, 3.81)

0.80 (–0.20, 1.81)

–0.71 (–6.22, 5.14)

0.79 (–1.42, 3.04)

0.68 (–1.75, 3.18)

0.30 (–0.75, 1.37)

8.83 (–8.68, 29.70)

3.17 (–25.13, 42.18)

Respiratory

0.42 (–1.75, 2.64)

1.25 (0.02, 2.50)

0.44 (0.06, 0.81)

–0.33 (–5.46, 5.09)

–0.92 (–2.68, 0.87)

1.10 (–0.84, 3.08)

0.39 (–0.42, 1.20)

1.16 (–11.77, 15.98)

3.48 (–18.37, 31.16)

0–64 years

0.93 (–0.53, 2.40)

0.64 (–0.23, 1.52)

0.46 (0.18, 0.74)

1.02 (–1.56, 3.67)

0.53 (–0.47, 1.53)

1.34 (0.30, 2.39)

0.73 (0.29, 1.18)

6.33 (–0.93, 14.11)

0.53 (–0.47, 1.53)

65 years

Percent increase in mortality for each additional consecutive day with PM10 of ˻75 μg/m3
(95% confidence interval)

Duration effects

Appendix 12. City-specific increases in mortality risk for each additional consecutive day of high PM10
concentrations (≥75 μg/m³) according to cause of death and age.
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China

73.2
79
28.75

Lanzhou

Xian

Suzhou

41.5

Beijing

59.6

28

Anshan

Taiyuan

58

Shenyang

30.25

7.1

Busan

Tianjin

6.2

Ulsan

50.33

6.9

Gwangju

Tangshan

7

Daegu

0.40 (0.07, 0.72)

0.07 (0.02, 0.13)

0.13 (0.05, 0.22)

0.01 (–0.06, 0.09)

0.34 (–0.07, 0.75)

0.46 (0.17, 0.76)

0.21 (0.02, 0.40)

0.10 (–0.14, 0.33)

0.09 (0.02, 0.16)

0.61 (0.12, 1.10)

0.78 (–0.55, 2.12)

–0.03 (–1.05, 1.00)

0.33 (–0.24, 0.91)

0.11 (–0.42, 0.64)

0.07 (–0.01, 0.15)

–

–0.02 (–0.15, 0.10)

0.47 (–0.06, 1.01)

0.65 (0.13, 1.16)

–0.06 (–0.33, 0.22)

0.33 (0.01, 0.65)

0.11 (0.01, 0.21)

0.43 (–0.47, 1.34)

1.37 (–1.47, 4.29)

0.12 (–1.71, 1.99)

0.65 (–0.44, 1.76)

1.32 (0.44, 2.21)

0.12 (0.02, 0.23)

–

0.42 (0.13, 0.71)

0.86 (–0.77, 2.52)

1.28 (0.43, 2.15)

1.15 (0.55, 1.74)

0.65 (–0.33, 1.64)

0.25 (0.02, 0.48)

2.00 (0.12, 3.92)

5.44 (0.24, 10.91)

0.76 (–2.77, 4.42)

0.51 (–1.77, 2.85)

–

–

–

–

–

–

–

–

–

0.22 (–0.59, 1.04)

0.86 (–1.33, 3.10)

–0.55 (–2.39, 1.33)

1.01 (0.03, 2.00)

–

–

–

–

–

–

–

–

–

0.83 (0.22, 1.44)

0.72 (–0.94, 2.41)

0.19 (–1.03, 1.42)

–0.02 (–0.73, 0.69)

113



0.42 (0.11, 0.73)
0.50 (0.13, 0.87)

30
11.33
29.5
9

Hangzhou

Fuzhou

Guangzhou

Hong Kong

1.03 (0.26, 1.81)

0.42 (0.10, 0.75)

0.14 (0.06, 0.23)

69.67

Wuhan

0.45 (0.32, 0.58)

35.75

Shanghai

0.20 (–0.49, 0.89)

0.59 (0.08, 1.10)

2.00 (0.85, 3.16)

0.66 (0.12, 1.21)

0.04 (–0.08, 0.15)

0.60 (0.39, 0.81)

1.42 (0.48, 2.37)

0.79 (0.08, 1.49)

0.54 (–1.94, 3.08)

0.54 (–0.18, 1.26)

0.65 (0.41, 0.89)

1.00 (0.64, 1.36)

–

–

–

–

–

–

–

–

–

–

–

–
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8
24
22

Sendai

Tokyo

Nagoya

South Korea

4

Sapporo

Japan

18
18
48
26
19
52
36
20

Osaka

Kitakyushu

Seoul

Incheon

Daejeon

Daegu

Gwangju

Ulsan

Maximum
duration
days

City

Country

0.49 (0, 0.98)

-0.15 (-0.46, 0.15)

0.13 (-0.02, 0.27)

0.16 (-0.31, 0.62)

0.03 (-0.17, 0.24)

0.07 (-0.01, 0.15)

0.33 (-0.38, 1.05)

0.29 (-0.02, 0.6)

0.38 (0.03, 0.72)

0.32 (0.18, 0.47)

1.24 (-0.28, 2.77)

2.91 (-1.43, 7.44)

Percent increase in total daily
non-accidental mortality

Consecutive day with PM10 of ≥50 μg/m3

11

12

16

9

9

18

4

7

6

12

3

2

Maximum
duration
days

0.78 (-0.55, 2.12)
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Appendix 13. City-specific increases in total daily non-accidental mortality risk for each additional consecutive
day of high PM10 concentrations (≥50 μg/m³ and ≥75 μg/m³).
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❶⩪# រ㧲⪆# ⰖⰖ# 㡣ቺ# ₒ◒Ỗ⹚# ᘧᡞႚ# :8 μg/m3# Ⰾ╛Ⱂ# ᔺⰎ# ⪊☧ⲛ⯖
ᳶ# ⹚☧ᢺ# ᧦⯲# ╆ṷ⪛㨿⯞# ㈮ⲯ㧲⪚1# ⰖⰖ# 㡣ቺ# ₒ◒Ỗ⹚ᘧᡞ/# ዊ╛#
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