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� We explore the effect of Asian dust
storms (ADS) on daily mortality in
Korea.

� Meta-analysis is applied for 7 cities to
estimate the pooled effects of ADS.

� We firstly show positive and signifi-
cant associations between ADS and
mortality in Korea.
Asian Dust and 
Storms(ADS)

Daily mortality of seven metropolitan 
cities in South Korea

• Time-series analysis,
controlling for NO

• Meta-analysis

• Significant excessive mortality for
cardiovascular(2.91%) , male(2.74%) ,

<65 years(2.52%) , total non-
accidental(1.57%) deaths

1: lag 0 day,  2: lag 3 day 

• First study showing significant 
effects of ADS in Korea 

• Multi-city study
a r t i c l e i n f o

Article history:
Received 12 February 2013
Received in revised form
23 June 2013
Accepted 24 June 2013

Keywords:
Asian dust storms
Non-accidental mortality
Lag effects
Pooled effects
Meta-analysis
a b s t r a c t

The adverse effects of dust storms on health have been a major issue in several countries. A substantial
number of studies have found significant associations between dust storms and morbidity such as
emergency visits and hospitalizations. However, the results of the studies on the association between
dust storms and mortality are inconsistent. In Korea, no study has found statistically significant effect of
Asian dust storms on daily mortality. Thus, this study aims to explore the effect of Asian dust storms on
daily mortality in Korea during 2001e2009. All analyses were confined to non-accidental mortality. We
used generalized additive model with Quasi-Poisson regressions. We considered the lag effect of dust
storms up to 7 days and performed subgroup analyses by disease, sex and age. Current day’s tempera-
ture, relative humidity, barometric pressure, day of the week, season and time trends were controlled for
in a basic model. SO2, NO2 and PM10 levels were also added in the further analyses. Meta-analysis was
applied for seven metropolitan cities in Korea to estimate the pooled effects of Asian dust storms. We
reported results as excessive mortality by percentage due to Asian dust storms. We found significant
positive associations between Asian dust storms and mortality at lag 0 (cardiovascular: 2.91%; 95% CI:
0.13, 5.77, male: 2.74%; 95% CI: 0.74, 4.77 and <65 years: 2.52%; 95% CI: 0.06, 5.04), at lag 2 (male 2.4%;
95% CI: 0.43, 4.4 and <65 years: 2.49%; 95% CI: 0.07, 4.97), at lag 3 (total non-accidental: 1.57%; 95% CI:
0.11, 3.06, male: 2.24%; 95% CI: 0.28, 4.25 and <65 years: 2.43%; 95% CI: 0.01, 4.91) and at lag 5 (car-
diovascular: 3.7%; 95% CI: 0.93, 6.54 and male: 2.04%, 95 CI: 0.08, 4.04) in the model which adjusted for
NO2 additionally. Other models showed similar significant results except the PM10-adjusted model. This
is the first study to show the significant relationship between Asian dust storms and mortality in Korea
and to present a pooled effect estimate by meta-analysis of multiple cities in a country. Asian dust storms
could significantly affect daily mortality in Korea.
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Fig. 1. The geographical distribution of seven metropolitan cities and the number of
Asian dust storm days per each metropolitan city in Korea.
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1. Introduction

Dust storms originating in desert regions have affected the
neighboring countries adversely in various aspects (Chung, 1992;
Chen et al., 2003; Chen and Yang, 2005; Badarinath et al., 2007;
Kloor, 2008; Barnett et al., 2012). A recent study reported that
dust clouds originating from Taklimakan Desert in China circled the
Earth in about 13 days (Uno et al., 2009). This result showed the
importance of study on the impacts of dust storms for public health
globally. As dust storms affect the entire globe as well as the
neighboring countries, more studies on adverse health effects of
dust storms are needed. In the recent decades, adverse effects of
dust storms on health have been reported and become amajor issue
in several countries (Lee et al., 2003; Chang et al., 2006; Yang et al.,
2009; Kanatani et al., 2010; Holyoak et al., 2011; Sajani et al., 2011;
Watanabe et al., 2011; Tam et al., 2012). Some experimental studies
found adverse effects of dust storms on health through animal
studies andbiomarkers (Lei et al., 2004;Meng andZhang, 2006;Wei
and Meng, 2006a, b; Meng and Zhang, 2007). Epidemiological
studies also found adverse dust effects on human health with
various study designs and statistical methods (Gyan et al., 2005;
Chan et al., 2008; Middleton et al., 2008; Johnston et al., 2011).
Substantial studies on the association between dust storms and
morbidity have shown significant positive associations consistently
(Chan et al., 2008; Cheng et al., 2008; Middleton et al., 2008;
Monteil, 2008; Yoo et al., 2008; Kanatani et al., 2010), whereas the
results of the studies on the association between dust storms and
mortality have been inconsistent and are controversial (Kwon et al.,
2002; Lee et al., 2007; Mallone et al., 2009; Goto et al., 2010;
Hashizume et al., 2011; Johnston et al., 2011; Samoli et al., 2011).

Asian dust storms, which originate in China’s northwest,
northern, and desert regions of Mongolia, have affected several
Asian countries including China, Taiwan, Japan, and Korea (Taylor,
2002; Guo et al., 2004; Kwon and Cho, 2004; Lee et al., 2007;
Chan and Ng, 2011), and their adverse health effects have been
reported (Chen et al., 2004; Lee et al., 2006; Wei and Meng, 2006a;
Watanabe et al., 2011). These countries have reported effects of
Asian dust storms on morbidity such as emergency visits and
hospitalizations (Yang et al., 2005; Meng and Lu, 2007; Chan et al.,
2008; Kanatani et al., 2010). However, regarding the effect of Asian
dust storms on mortality, a few studies have found statistically
significant results (Chen et al., 2004; Goto et al., 2010; Chan and Ng,
2011; Hashizume et al., 2011). In Korea, there have been a few
studies on the effects of Asian dust storms on human health, and
some studies have reported significant association between Asian
dust storms and adverse health outcomes (Hwang et al., 2003;
Kwon and Cho, 2004; Yoo et al., 2008; Hong et al., 2010). Howev-
er, no study has found significant effects of Asian dust storms on
daily mortality (Kwon et al., 2002).

In this study, we aimed to examine the effect of Asian dust
storms on daily mortality in Korea during 2001e2009 in a situation
where the association between ADS and mortality was found to be
inconsistent in the previous studies. We performed a meta-analysis
of seven metropolitan cities in Korea after conducting time-series
analyses for each of the seven metropolitan cities to estimate the
pooled effects of Asian dust storms on Korea. The seven cities ac-
count for 48% of the total population of Korea (23.2 million of 48.87
million).

2. Materials and methods

2.1. Data

Seven metropolitan cities including Seoul, the capital of Korea,
were selected to estimate the pooled effect of Asian dust storms on
daily mortality in Korea: Seoul, Incheon, Busan, Daegu, Daejeon,
Gwangju, and Ulsan. Because these cities have different
geographical features, each city was affected by Asians dust storms
differently in the aspect of the number of Asian dust storm days
(Fig. 1).

We obtained daily mortality data from the Korean National
Statistical Office for seven metropolitan cities from January 2001 to
December 2009. For analyses, we excluded mortality due to acci-
dents [International Classification of Diseases 10th Revision (ICD-
10), codes S00-Y99], and examined the effects of Asian dust storms
on total non-accidental mortality (codes A00-R99). Asian dust ef-
fects on cardiovascular mortality (codes I00-I99) and respiratory
mortality (codes J00-J99) were also analyzed separately.

We constructed a dummy value for Asian dust storms (Asian
dust storm days and non-Asian dust storm days) (Kwon et al.,
2002). Asian dust storm data was obtained from the Korean
Meteorological Administration (KMA). KMA defines Asian dust
storm days as follows; first, confirm whether dust storms occur in
the desert regions of Mongolia and China. Second, if dust storms
occurred, observe the movement of dust storms to Korea using
weather maps and satellites. Finally, confirm Asian dust storms in
Koreawith visual observation and issue a dust stormwarning. KMA
issues a dust storm warning by considering the extent of dust
storms according to PM10 concentrations: severe dust storms, over
400 mg m�3; and more severe dust storms, over 800 mg m�3 for 2 h
continually a day. Seven metropolitan cities had different number
of Asian dust storm days during January 2001 to December 2009:
Seoul-107, Incheon-109, Busan-68, Daegu-82, Daejeon-91,
Gwangju-91, and Ulsan-68 (Fig. 1).

To control for potential confounding effects of other related
variables, we collected air pollutants data (PM10, SO2, NO2, CO, O3)
from the Korean National Institute of Environmental Research
(KNIER) and meteorological data (temperature, relative humidity,
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barometric pressure) from the Korean Meteorological Administra-
tion (KMA). Concentrations of five air pollutants were measured
every 15 min at 88 monitoring stations (Seoul: 27, Incheon: 11,
Busan: 16, Daegu: 11, Daejeon: 6, Gwangju: 5, Ulsan: 12) during the
study period. We calculated daily 24-hr mean concentrations for
PM10, SO2, NO2 and daily 8-hr max concentrations for CO, O3. We
calculated the daily representative concentration value for each
metropolitan city as follows; first, we averaged every hour values of
all monitoring stations per each metropolitan city. Second, we
calculated dailymean concentrations by averaging the 24 values for
PM10, SO2, NO2 and chose an 8-hr (09:00e17:00) maximum value
for CO, O3 among averaged hour values per each metropolitan city.
We had missing records of air pollutants. When the daily concen-
trations of air pollutants were missing for all stations of a city, the
values were left missing. There were missing values of air pollutant
concentrations whenwe calculated daily values as above (Incheon:
1 day missing of CO, O3; Busan: 1 day missing of PM10; Daegu: 11
days missing of five air pollutants; Daejeon: 3 days missing of PM10,
NO2, SO2 and 4 days missing of CO, O3; Gwangju: 4 days missing of
PM10, NO2, SO2 and 5 days missing of CO, O3).

2.2. Statistical analyses

For comparison of summary statistics between Asian dust storm
days (ADS days) and Non-Asian dust storm days (Non-ADS days),
we confined Non-ADS days to days within the months on which
Asian dust storms occurred except for ADS days.

We performed time-series analyses using generalized additive
model (GAM)withQuasi-Poisson regressions to estimate the effect of
Asian dust storms on daily mortality in each of the seven metropol-
itan cities (Dominici et al., 2002; Meng and Lu, 2007). We achieved
model’s robustness with Quasi-Poisson regressions for extreme daily
mortality counts (Kwon et al., 2002). Current day’s temperature,
relative humidity, barometric pressure, day of the week, season and
time trends were controlled for in a basic model. We adjusted for
season and time trends using smoothing function for time with 4
degreeof freedom(df) per yearand for temperature, thedefault value
of dfwasusedbecausedf is estimated aspart offitting inGAM(Hastie
and Tibshirani,1986). Estimated df’s for temperaturewere between 1
and2 inthemodels.Also,weperformedsubgroupanalysesbydisease
(cardiovascular disease, respiratory disease), sex (male, female) and
age (<65 years old, �65 years old).

In further analyses, we added SO2, NO2 and PM10 to the basic
model respectively and presented the results of NO2-adjusted
model. As major source of NO2 is vehicle exhaust emissions (Nakai
et al., 1995; Kirchstetter et al., 1996; Carslaw and Beevers, 2005), we
selected this model as the main model for the purpose of
Table 1
The absolute number and proportion of non-accidental deaths per each seven metropol

Seoul Incheon Busan

Population size in 2005 9,762,546 2,517,680 3,512,5

Non-accidental deaths 304,850 86,461 149,561

Non-accidental mortality per 100,000 3123 3434 4258

Cause of death
Cardiovascular 82,141 26.9% 25,052 29.0% 46,076
Respiratory 17,442 5.7% 5704 6.6% 9088
Other causes 205,267 67.3% 55,705 64.4% 94,397

Sex
Male 164,870 54.1% 46,894 54.2% 80,825
Female 139,980 45.9% 39,567 45.8% 68,736

Age(years)
Age<65 102,009 33.5% 28,966 33.5% 50,683
Age�65 202,824 66.5% 57,493 66.5% 98,867
controlling for local air pollution. In addition, we considered the
single-day lag effect of Asian dust storms up to 7 days, and adjusted
for same lag day’s air pollutants.

After analyzing the association between Asian dust storms and
daily mortality for each of the seven metropolitan cities, we con-
ducted meta-analysis to estimate the effect of Asian dust storms in
Korea by pooling the Asian dust storm effect on each metropolitan
city. We tested for heterogeneity and used the random-effects
model for p-value less than 0.1. Otherwise we used the fixed-
effects model.

All analyses were conducted using gam in package MGCV and
rma in package METAFOR, R. We reported the results as percentage
increase of excess risk due to Asian dust storms.

3. Results

3.1. Descriptive results

Fig. 1 shows the geographical distribution of seven metropolitan
cities and the number of Asian dust storm days per each metro-
politan city in Korea. As this figure shows, the seven metropolitan
cities are dispersed geographically over entire Korea and each of
the cities has different number of Asian dust storm days according
to the geographical characteristics.

Table 1 displays the absolute number and proportion of non-
accidental deaths per each metropolitan city during 2001e2009.
We presented the number of stratified deaths by disease, sex and
age. There were the most total non-accidental deaths in Seoul
(304,850) and the least deaths in Ulsan (31,618) by the difference of
the population size. Deaths due to cardiovascular diseases
accounted for 23.9% (Gwangju) to 30.8% (Busan), and deaths due to
respiratory diseases accounted for 5.7% (Seoul) to 7.5% (Daejeon) of
total non-accidental deaths. Deaths for male and deaths for people
above 65 years old were higher than deaths for female and deaths
for people below 65 years old in all metropolitan cities.

We compared air pollutants and weather variables of Asian dust
storm days with the variables of Non-ADS days (Table 2). PM10
concentrations during ADS days were much higher than during
Non-ADS days in all metropolitan cities. Temperature was higher
and barometric pressure was lower during ADS days than during
Non-ADS days.

3.2. Effects of Asian dust storms

The pooled effect of Asian dust storms on daily mortality in
Korea using meta-analysis was statistically significant. After con-
ducting meta-analysis considering the single-day lag effect of Asian
itan city, Korea during 2001e2009.

Daegu Daejeon Gwangju Ulsan

47 2,456,016 1,438,551 1,413,644 1,044,934

90,478 45,682 46,473 31,618

3684 3176 3287 3026

30.8% 24,426 27.0% 12,368 27.1% 11,100 23.9% 8806 27.9%
6.1% 5868 6.5% 3412 7.5% 3043 6.5% 2285 7.2%

63.1% 60,184 66.5% 29,902 65.5% 32,330 69.6% 20,527 64.9%

54.0% 48,300 53.4% 24,210 53.0% 23,894 51.4% 16,687 52.8%
46.0% 42,178 46.6% 21,472 47.0% 22,579 48.6% 14,931 47.2%

33.9% 29,127 32.2% 14,148 31.0% 13,918 29.9% 11,035 34.9%
66.1% 61,351 67.8% 31,531 69.0% 32,553 70.1% 20,580 65.1%



Table 2
Summary statistics for air pollutants and meteorological variables during Asian dust storm days and Non-ADS days in seven metropolitan cities, Korea during 2001e2009.

Environmental variables Mean (SD)

Asian dust storm days Seoul Incheon Busan Daegu Daejeon Gwangju Ulsan

107 days 109 days 68 days 82 days 91 days 91 days 68 days

PM10(mg m�3) 176.4 (159.4) 139.9 (103.8) 171.4 (137.6) 163.6 (130.2) 145.8 (118.1) 144.4 (107.5) 162.3 (135.6)
NO2(ppb) 34.85 (11.79) 25.16 (10.24) 25.22 (8.55) 23.75 (10.29) 18.01 (8.26) 23.85 (8.73) 20.12 (6.09)
SO2(ppb) 5.54 (2.05) 7.08 (2.48) 6.79 (3.60) 6.98 (3.21) 5.18 (1.86) 4.43 (1.78) 7.85 (3.16)
CO (ppm) 8.80 (4.36) 8.36 (4.30) 6.90 (2.87) 9.20 (5.28) 10.48 (6.46) 10.04 (5.92) 7.76 (3.60)
O3(ppb) 34.09 (12.89) 35.94 (11.48) 42.51 (9.91) 40.94 (13.04) 41.72 (14.46) 37.48 (12.06) 42.87 (9.54)
Temperature (�C) 9.09 (6.54) 8.75 (5.71) 12.59 (4.86) 12.24 (6.12) 9.69 (6.36) 9.87 (5.27) 13.13 (5.34)
Relative humidity (%) 55.39 (14.22) 63.34 (14.09) 50.18 (14.99) 41.51 (13.41) 54.17 (13.80) 57.57 (13.85) 43.76 (15.04)
Air pressure (hPa) 1013.5 (5.48) 1013.6 (5.37) 1012.5 (4.67) 1012.6 (5.02) 1013.8 (5.12) 1015.3 (4.39) 1011.6 (4.65)

Non-ADS daysa 957 days 957 days 755 days 895 days 885 days 883 days 756 days

PM10(mg m�3) 65.79 (28.07) 62.82 (25.76) 61.71 (24.41) 61.07 (22.61) 52.52 (21.54) 54.22 (23.13) 55.70 (22.68)
NO2(ppb) 40.47 (11.96) 30.94 (11.38) 26.68 (8.91) 27.12 (9.11) 21.78 (8.23) 24.78 (8.15) 22.91 (7.01)
SO2(ppb) 6.10 (2.41) 7.91 (2.56) 6.59 (2.75) 6.65 (2.55) 5.51 (2.01) 4.61 (1.79) 7.80 (2.95)
CO (ppm) 9.10 (4.04) 9.05 (3.82) 6.89 (3.13) 9.22 (3.83) 10.51 (5.77) 9.10 (4.89) 7.30 (3.03)
O3(ppb) 32.86 (16.43) 36.56 (14.76) 41.49 (13.06) 42.11 (17.25) 38.71 (16.05) 37.86 (14.76) 42.50 (13.08)
Temperature (�C) 8.08 (7.68) 8.03 (7.05) 11.23 (5.34) 10.92 (6.68) 8.29 (7.26) 9.01 (6.51) 11.30 (5.69)
Relative humidity (%) 55.72 (13.97) 61.88 (13.99) 56.50 (17.29) 49.91 (15.44) 58.92 (14.32) 60.89 (12.93) 56.55 (16.22)
Air pressure (hPa) 1018.2 (6.66) 1018.3 (6.64) 1016.9 (6.11) 1017.3 (6.60) 1018.1 (6.89) 1018.9 (6.56) 1016.5 (6.16)

a Non-ADS days excluded the months on which Asian dust storms did not occur.
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dust storms up to 7 days, we found lag effects of Asian dust storms
on mortality for cardiovascular disease, for male and for below 65
years old as a result of subgroup analyses (Fig. 2).

We presented the significant pooled excessive mortality by
percentage (result of meta-analysis) and corresponding excessive
mortality for each of the seven metropolitan cities associated with
Asian dust storms at lag 0 day to lag 3 day (Table 3). Specifically, we
found significant positive associations between Asian dust storms
and daily mortality at lag 0 (cardiovascular: 2.91%; 95% CI: 0.13,
5.77, male: 2.74%; 95% CI: 0.74, 4.77 and <65 years: 2.52%; 95% CI:
0.06, 5.04), at lag 2 (2.4%; 95% CI: 0.43, 4.4 and <65 years: 2.49%;
95% CI: 0.07, 4.97), at lag 3 (total non-accidental: 1.57%; 95% CI: 0.11,
3.06, male: 2.24%; 95% CI: 0.28, 4.25 and <65 years: 2.43%; 95% CI:
0.01, 4.91) and at lag 5 (cardiovascular: 3.7%; 95% CI: 0.93, 6.54 and
male: 2.04%, 95 CI: 0.08, 4.04) in themainmodel which adjusted for
NO2 additionally. Other models except a PM10-adjusted model
showed similar significant results.

4. Discussion

This study found significant positive associations between Asian
dust storms and daily mortality in Korea during 2001e2009,
especially at lag 0, 2, 3, 5 day. It is the first study to show significant
Asian dust storm effects onmortality in Korea. A previous study has
suggested a positive association between ADS and mortality in
Seoul, Korea, but the result was not statistically significant (Kwon
et al., 2002).

The study period of the previous study (Kwon et al., 2002) is
from 1995 to 1998, whereas our study period is from 2001 to 2009.
There were only 28 Asian dust days during the study period in the
previous study and this may lack statistical power as other studies
mentioned, whereas in our study 107 ADS days were used for an-
alyses for Seoul. Furthermore, daily mean PM10 concentration
during ADS dayswas higher in our study period (176.4 mgm�3) than
Kwon et al. (2002) study period (101.1 mgm�3), whereas dailymean
PM10 concentration during non-ADS days was lower in our study
period (65.79 mg m�3) than Kwon et al., 2002 study period
(73.3 mg m�3). In other words, as time goes by, Asian dust storms
causes much higher PM10 concentrations and usual days’ PM10
concentrations get lower with reduction efforts. Also, we found
significant dust effects on male mortality in Seoul at lag 3 (without
adjusting for NO2) and at lag 2, 3 (adjusting for NO2) but the pre-
vious study did not perform a subgroup analysis by sex. In addition,
the previous study performed a same statistical method (GAM) and
used dummy variables for the dust events as we did in this paper,
but used a different statistical tool (S-plus statistical software) and
thus methods for smoothing seasonal variation and handling
missing values would be different.

This is also the first study which has conducted meta-analysis to
estimate the pooled effect of dust storms in a country. Previous
studies confined analyses to a city, especially to the capital, so that
overall effects of dusts storms in a country could not be estimated
(Lee et al., 2007; Chiu et al., 2008; Mallone et al., 2009; Yang et al.,
2009). Our study analyzed effects of Asian dust storms on seven
metropolitan cities, considering each metropolitan city’s different
characteristics and estimated pooled effects by conducting meta-
analysis. Estimating pooled effects of dust storms in a country
could be helpful for the governmental administration to establish a
precaution against dust storms for the nation’s health.

We found heterogeneity among seven metropolitan cities. The
results showed dust effects are different by seven cities regarding
lag structure and sensitive subgroups and we intended to examine
the pooled effect of Asian dust storms in Korea by performingmeta-
analysis. Despite the most dust storm days among seven cities,
Incheon had an adverse dust effect only on male mortality at lag
0 day up to lag 4 day. Therefore, other regional characteristics such
as extent of local air pollution, policy for environment, or other
demographical characteristics as well as the number of Asian dust
storm days may contribute to heterogeneity among cities.

In addition, we observed statistically significant effects of Asian
dust storms on daily mortality after adjusting for air pollutants. Ef-
fects of the same dust storm could be different for each country or
region, as each country or region has different extent of local air
pollution. In Korea, PM10 concentrations of usual days are high
compared toother countries (Kwonet al., 2002;Mallone et al., 2009;
Kanatani et al., 2010; Chan and Ng, 2011; Sajani et al., 2011). We
thought that adjusting for air pollutants as a local source may be
worth analyzing in that it could be controlling for local air pollution.
In a previous study, the significant association between dust storms
anddailymortality became insignificant after adjusting for PM10 in a
basic statistical model (Chan and Ng, 2011). Our study showed
similar patterns but our result was significant at lag 5 day in PM10-



Fig. 2. Pooled excessive mortality (%) and 95% CI associated with Asian dust storms in seven metropolitan cities, Korea during 2001e2009 at lag 0 to lag 7 day after adjusting for
NO2.
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adjusted model. Difference between our results and the results of
Chan and Ng (2011) may be due to the difference of usual PM10
concentrations to which people are exposed or the fact that Chan
and Ng (2011) did not examine lag effects longer than lag 1.

In the PM10-adjusted model of this study, we found no signifi-
cant adverse pooled effects up to lag 4 day and even found signif-
icant protective effects in some cities (Busan, Daegu, and Daejeon).
In other words, whenwe adjusted for PM10, mortality was lower on
Asian dust storm days than non-ADS days significantly. This may be
due to a dust warning effect. That is, if PM10 concentrations are
constant on both ADS days and non-ADS days, people die less on
ADS days because people become careful to dust exposure due to a
dust warning system. Our study is the first to show the relationship
between Asian dust storms and mortality after adjusting for PM10

and other air pollutants. More studies are needed to see what
brings about such results.

We observed that Asian dust storms affected mortality a few
days after ADS days as well as on ADS days. It is possible that Asian
dust storms have not waned completely during a few days andmay
affect mortality after a few days. In spite of some heterogeneity
among cities, wemostly found adverse dust effects on mortality for
male and for people younger than 65 years old. It is possible that
susceptible people avoid exposure to dust storms on ADS days with
a dust warning. In Korea, a dust warning system was first adopted
in April, 2002. Susceptible people including women and the elderly
may be more cautious not to be affected by dust storms, whereas
relatively physically stronger people including men and the young
may be less careful even when a dust warning is issued. So, they
would be affected by dust storms much more than susceptible
people. As a result, our study showed the possibility that a dust
warning system could be an effectivemeans to aid people avoid and
minimize exposure to dust storms and thus protect people from
dust storms.

Most previous studies analyzed effects of dust storms for a short
study period (Kwon et al., 2002; Chen et al., 2004; Hwang et al.,
2004; Hong et al., 2010). Consequently, it is possible that dust
events used in the studies were too small to detect statistically
significant effects (Chan and Ng, 2011). Our study used a nine-year
dataset, a relatively longer study period compared to the previous
studies (Kwon et al., 2002; Hwang et al., 2004). We thought con-
ducting analyses with the longer data period could detect statistical
significance of dust storm effects.



Table 3
Excessive mortality (%) and 95% CI associated with Asian dust storms at lag 0 to lag 3 day after adjusting for NO2.

Pooleda Seoul Incheon Busan Daegu Daejeon Gwangju Ulsan

lag0 Non-accidental 1.46 (0,3) 1.39 (�0.8,3.7) 2.45 (�1.6,6.7) �1.1 (�4.8,2.8) 1.05 (�3.4,5.7) �1.61 (�7.3,4.4) 5.09 (�0.8,11.3) 9.99 (1.6,19)
Cardiovascular 2.91 (0.1,5.8) 2.2 (�1.9,6.5) 2.43 (�4.8,10.3) 2.79 (�3.8,9.8) 0.04 (�8.3,9.1) 2.27 (�8.8,14.7) 15.57 (3,29.7) 4.58 (�10.5,22.2)
Respiratory 2.43 (�3.3,8.5) �3.53 (�11.7,5.3) 2.35 (�12.5,19.7) 8.38 (�6.4,25.5) 6.46 (�10.4,26.5) 5.09 (�15.3,30.4) 11.62 (�10.6,39) 16.32 (�12.7,55)

Male 2.74 (0.7,4.8) 1.99 (�0.9,5) 5.44 (0.1,11.1) �0.88 (�5.9,4.4) 2.45 (�3.5,8.8) �0.32 (�7.9,7.9) 9.92 (1.7,18.8) 11.78 (0.3,24.6)
Female 1.15 (�1,3.4) 2.62 (�0.6,6) �0.83 (�6.4,5.1) �0.58 (�6,5.2) �1.45 (�8,5.5) 1.27 (�7,10.3) 0.12 (�8,9) 7.05 (�4.8,20.3)
<65 2.52 (0.1,5) 0.14 (�3.4,3.8) 5 (�1.6,12.1) 2.84 (�3.3,9.3) 4.17 (�3.5,12.5) 6.88 (�3.6,18.5) 2.03 (�8,13.2) 13.93 (�0.3,30.3)
�65 1.39 (�0.4,3.3) 2.98 (0.2,5.8) 1.3 (�3.6,6.5) �1.74 (�6.3,3.1) �2.37 (�7.7,3.2) �3.25 (�10,4) 6.09 (�0.9,13.6) 6 (�4.1,17.2)

lag1 Non-accidental 1.25 (�1.2,3.8) 0.94 (�1.3,3.2) 1.54 (�2.5,5.7) �0.92 (�4.6,2.9) �4.01 (�8.3,0.5) 7.22 (1.3,13.5) 5.29 (�0.5,11.5) 2.11 (�5.8,10.7)
Cardiovascular 2.7 (�2.7,8.4) 4.65 (0.5,9) 0.4 (�6.7,8.1) �2.32 (�8.6,4.4) �2.88 (�11,5.9) 0.45 (�10.5,12.7) 23.2(10.2,37.7) �0.08 (�14.6,16.9)
Respiratory 3.84 (�1.9,9.9) �0.5 (�8.8,8.6) 5.98 (�9.2,23.6) 8.52 (�6.2,25.6) 3.21 (�13.2,22.8) 15.62 (�6,42.2) 6.79 (�14.6,33.6) 2.04 (�24.5,37.9)

Male 2.63 (�1.1,6.5) �0.13 (�3,2.8) 3.07 (�2.2,8.6) 0.1 (�4.9,5.3) �4.27 (�9.9,1.8) 8.26 (0.3,16.8) 11.63 (3.3,20.6) 6.79 (�4.4,19.3)
Female 1.28 (�0.9,3.5) 3.81 (0.5,7.2) �0.45 (�6,5.5) �1.83 (�7.2,3.8) �2.99 (�9.4,3.9) 7.1 (�1.5,16.4) �1.64 (�9.6,7.1) �3.98 (�14.9,8.4)
<65 0.83 (�1.6,3.3) 0.91 (�2.6,4.5) 0.29 (�6.2,7.2) �2.01 (�8,4.3) �2.12 (�9.4,5.8) 6.46 (�3.9,18) 7.14 (�3.2,18.6) 4.18 (�9.1,19.5)
�65 1.46 (�0.4,3.3) 1.66 (�1.1,4.5) 2.44 (�2.5,7.6) 0.8 (�3.8,5.7) �4.82 (�10,0.7) 7.38 (0.2,15) 4.15 (�2.8,11.6) 0.54 (�9.2,11.3)

lag2 Non-accidental 0.83 (�0.6,2.3) 1.53 (�0.7,3.8) �0.28 (�4.2,3.8) �1.49 (�5.2,2.3) 0.56 (�3.8,5.1) �0.45 (�6.1,5.5) 5.44 (�0.4,11.6) 0.98 (�6.9,9.5)
Cardiovascular 2.73 (�1.9,7.6) 3.26 (�0.9,7.6) 0.54 (�6.6,8.2) �3.66 (�9.9,3) �0.93 (�9.1,8) 0.63 (�10.3,12.8) 19.8 (7,34.1) 10.13 (�5.3,28.1)
Respiratory 4.12 (�1.6,10.2) 4.07 (�4.5,13.4) 7.33 (�8,25.2) 4.76 (�9.6,21.3) 3.08 (�13.3,22.6) 6.11 (�14.4,31.5) �7.41 (�27,17.8) 8.35 (�19.3,45.5)

Male 2.4 (0.4,4.4) 3.32 (0.4,6.3) 0.71 (�4.5,6.2) 2.3 (�2.7,7.5) 0.94 (�4.9,7.1) �2.72 (�10.1,5.3) 7.9 (�0.2,16.7) 1.09 (�9.7,13.1)
Female �0.03 (�2.2,2.2) 1.24 (�2,4.6) �0.81 (�6.4,5.1) L5.8 (-10.9,-0.3) 0.23 (�6.3,7.2) 3.2 (�5.2,12.3) 2.47 (�5.7,11.4) �0.01 (�11.2,12.6)
<65 2.49 (0.1,5) 4.71 (1.2,8.4) �1.03 (�7.4,5.8) 1.12 (�4.9,7.5) 0.36 (�7.1,8.4) �1.51 (�11.4,9.5) 6.86 (�3.5,18.3) �4.42 (�17,10)
�65 0.57 (�1.2,2.4) 0.66 (�2.1,3.5) 0.56 (�4.3,5.7) �1.98 (�6.5,2.8) 0.58 (�4.8,6.2) �0.06 (�6.9,7.3) 4.44 (�2.5,11.9) 4.11 (�5.8,15.1)

lag3 Non-accidental 1.57 (0.1,3.1) 1.64 (�0.6,3.9) 0.29 (�3.7,4.4) �0.63 (�4.3,3.2) 1.67 (�2.7,6.3) 3.98 (�1.8,10.1) 3.8 (�2,9.9) 6.52 (�1.6,15.3)
Cardiovascular 1.7 (�1,4.5) 0.36 (�3.7,4.6) �3.11 (�10.1,4.4) 3.02 (�3.5,10) 2.28 (�6,11.3) 5.65 (�5.5,18.2) 11.05 (�1.1,24.7) 9.7 (�5.8,27.7)
Respiratory 5.51 (�0.3,11.6) 5.25 (�3.3,14.5) 7.97 (�7.4,25.9) 2.62 (�11.5,18.9) 9.78 (�7.4,30.1) �1.47 (�21,22.8) 6.77 (�14.9,33.9) 9.6 (�18.1,46.6)

Male 2.24 (0.3,4.3) 3.65 (0.8,6.6) 1.56 (�3.7,7.1) �0.67 (�5.6,4.5) 1.57 (�4.3,7.8) 2.19 (�5.4,10.4) 1.48 (�6.3,10) 2.18 (�8.5,14.2)
Female 1.78 (�0.4,4) 1.23 (�2,4.5) �0.58 (�6.2,5.4) �0.46 (�5.8,5.2) 1.94 (�4.6,8.9) 6.23 (�2.2,15.4) 6.1 (�2.3,15.2) 11.11 (�0.8,24.4)
<65 2.43 (0,4.9) 5.37 (1.8,9.1) 0.09 (�6.3,7) �0.83 (�6.8,5.5) �1.48 (�8.8,6.4) �2.27 (�12.1,8.6) 0.95 (�9,12) 6.04 (�7.3,21.3)
�65 1.69 (�0.1,3.5) 0.43 (�2.3,3.2) 0.86 (�4,6) 0.57 (�4,5.4) 3.17 (�2.3,8.9) 6.16 (�0.9,13.7) 4.63 (�2.3,12.1) 6.75 (�3.3,17.8)

Bold letters mean that the p-values are less than 0.05.
a Result of Meta-analysis for Asian dust effects in seven metropolitan cities, Korea during 2001e2009.
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It has been reported that dust particles and microorganisms of
dust storms may be factors which cause adverse health effects
(Zanobetti et al., 2000; Kim et al., 2003; Lee et al., 2009; He et al.,
2010). Particles cause inflammatory reaction by affecting the
bronchus and damage the defense mechanisms of the lungs.
Furthermore, particles increase production of immune anti-
bodies, change airways responsiveness to antigens, and as a
result can cause people’s susceptibility to disease (Zanobetti
et al., 2000; Lei et al., 2004). Effects of particles depend on the
size (Kwon, 2012). Particle size is mostly divided into two, PM10
(particulate matter less than 10 mm in diameter) and PM2.5
(particulate matter less than 2.5 mm in diameter). PM10 is also
called thoracic particles, because it penetrates into the lower
respiratory system. PM2.5 can reach to the region of the lungs for
the gas-exchange and is thus called respirable particles (de
Longueville et al., 2013). Recently, a study reported that coarse
particles (PM10-2.5) could affect respiratory disease by reaching to
bronchial passage, while fine particles (PM2.5) could affect car-
diovascular disease by reaching to the alveoli for gas-exchange
(Sandstrom and Forsberg, 2008). In Korea, chemical composi-
tions of dust particles are different by origins and transport
patterns of dust storms (Lee et al., 2010; Kim et al., 2012). Usually,
dust particles consist of coarse particles because it is the mineral
dust constituting the soil of desert regions. However, when dust
storms pass through industrial regions of Eastern China, the
proportion of PM2.5 is getting higher (Kim et al., 2012; Kwon,
2012).

We have some limitations in this study. First, we estimated
pooled effects of Asian dust storms on mortality in Korea by con-
ducting meta-analysis of seven metropolitan cities. Thus, the re-
sults where total mortality of entire Korea is analyzed may be
different from our results. Second, we could not analyze the effects
of dust particles by size separately, because wewere not able to get
PM2.5 data for 6 metropolitan cities except Seoul. Separate analyses
by particle size may have given evidence that the different dust
particles by size could affect mortality by subgroups (disease, sex,
and age) differently (Sandstrom and Forsberg, 2008). Finally,
because of unavailability and shortage of data, we could not
consider chemical compositions of dust particles and transport
patterns of dust storms in our study despite the importance of
these factors (Kim et al., 2012; Kwon, 2012). As a result, we could
not find what specific compositions of dust storms affected mor-
tality and how different the dust storm effects are according to
transport patterns. Thus, if data is available, further studies should
consider chemical compositions of dust particles and transport
patterns of dust storms as well as different effect of dust particles by
size.

In spite of these limitations, this study has found statistically
significant effects of dust storm on mortality, where results of the
studies on the association between dust storms and mortality
have been inconsistent and controversial. Desertification due to
climate change and industrialization of regions which dust storms
pass through deepen adverse effects of dust storms globally
(Prospero and Lamb, 2003; Parry et al., 2007; Kwon, 2012). In this
respect, it is necessary to conduct continuous studies on dust
storms and their adverse effects. Also, because dust storms mainly
occur during a few days of specific seasons in Korea (Kwon et al.,
2002; Lee et al., 2007), it is important to collect data of dust
storms continually and consistently for estimating adverse health
effects of dust storms with statistical power. Finally, our study
suggested that a dust warning system could play an important
role in protecting people from dust storms. Thus it is advised for a
government to develop a well-established dust warning system
and to let people recognize the adverse health effects of dust
storms.
5. Conclusion

In this study, we used a nine-year dataset to estimate the effects
of Asian dust storms on mortality, and it is thought that this period
is long enough to detect statistical significance of dust storm effects.
Our study found a statistically significant association between
Asian dust storms and daily mortality in Korea and presented a
pooled effect estimate by meta-analysis of multiple cities in a
country. Also, this study found different lag effects of Asian dust
storms on mortality by subgroups. The results show the possibility
of the effects of a dust warning system. In a situation where pre-
vious studies on the relationship between dust storms and mor-
tality have been inconsistent and controversial, our study suggests
the evidence of dust storm effects on mortality.
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