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� We examined a possible cause of the onset of multi-day high-PM10 episodes in Seoul.
� The episodes mainly occur by a strong high-pressure and weak westerlies.
� The atmospheric fields help trans-boundary pollutant transports from China to Seoul.
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a b s t r a c t

Massive air pollutants originating in China and their trans-boundary transports are an international
concern in East Asia. Despite its importance, details in the trans-boundary transport of air pollutants over
East Asia and its impact on regional air quality remain to be clarified. This study presents an evidence
which strong support that aerosols emitting in China play a major role in the occurrence of multi-day (�4
days) severe air pollution episodes in cold seasons (October through March) for 2001e2013 in Seoul,
Korea, where the concentration of PM10 (particulates with diameters � 10 mm) exceeds 100 mg m�3.
Observations show that these multi-day severe air pollution episodes occur when a strong high-pressure
system resides over the eastern ChinaeKorea region. In such weather conditions, air pollutants emitted
in eastern China/southwestern Manchuria are trapped within the atmospheric boundary layer, and
gradually spread into neighboring countries by weak lower tropospheric westerlies. Understanding of
trans-boundary transports of air pollutants will advance the predictability of local air quality, and will
encourage the development of international measures to improve air quality.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Rapid industrialization and urbanization have seriously
degraded air quality (Yasunari et al., 2013; Fajersztajn et al., 2013) in
many regions around the world, particularly in China where
explosive growths in industrial activities have occurred over recent
decades. Exposure to high levels of air pollutants has become a
serious public health hazard and is causing an increase in cardiac
and respiratory morbidity and mortality (Brook et al., 2004; Chen
and Kan, 2008; Fajersztajn et al., 2013). Air pollution was ranked
as the ninth highest risk factor for the global burden of disease, and
is expected to be the most serious environmental cause of pre-
mature deaths by 2050 (OECD, 2012; Gold and Samet, 2013).
Recognizing such serious health effects, the World Health Organi-
zation (WHO) has introduced a guideline that the concentration of
inhalable PM10 (particulates with diameters � 10 mm) must not
exceed 20 mgm�3 and 50 mgm�3 for the annual- and 24-h averages,
respectively (WHO, 2005). However, the annual-mean PM10 level in
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major cities in the Middle East, India, and in South-East Asia
currently well exceeds 100 mg m�3 (WMO/IGAC, 2012).

In China, the annual-mean PM10 concentration decreased
slightly from 120 mg m�3 in 2003 to 100 mg m�3 in 2009, but not
for winter seasons due to the increase in coal combustion for
heating (Zhang et al., 2007; Zhu et al., 2011; Liu et al., 2014).
Particularly, since the anthropogenic PM occurred in cold seasons
contains massive amounts of harmful substances such as toxic and
heavy metal (e.g., So2, NOx, Pb, As, Ni, and etc.), the impact of these
particles on health is extremely serious (Liu et al., 2014.; Zhang
et al., 2014). In 2003, approximately 350,000�400,000 prema-
ture deaths in China were attributed to air pollution, and the
economic burden of premature mortality and morbidity was
estimated at 157 billion Chinese yuan (Shen et al., 2014). However,
socio-economic losses and air quality problems due to the emis-
sions in China are not confined to China because these air pol-
lutants also affect the region immediately downwind from the
major source region in China including Korea and Japan, and
sometimes as far downstream as the western North American
region across the Pacific Ocean (Heo et al., 2009; Fu et al., 2014;
Lin et al., 2014). For instance, on January 12, 2013, the hourly
averaged PM concentration in urban areas of central and eastern
China were over 700 mg m�3, with the extremes levels reaching up
to 900 mg m�3 and continuing for approximately one week (Park
et al., 2013; Wang et al., 2014). During the period, Seoul (the
capital and the largest city in Korea) experienced four consecutive
days with the PM10 level � 100 mg m�3 (January 12e15, 2013),
which resulted in an abnormally large number of respiratory ad-
missions and caused traffic congestion and flight cancellations
(Park et al., 2013).

It is strongly suspected that large amounts of air pollutants
emitted in China are directly related to high-PM10 episodes in
Seoul, a metropolitan area of a large population (the densest region
of the OECD in Asia in 2012, and the second densest worldwide
after Paris) which is in the immediately outflow region from the
major source regions in China (OECD, 2013). Several short-term
studies have shown evidences that air pollutants emitted in
China reach its neighbors cross their border using data from in-
ternational field experiments such an ACE-ASIA, ABC-EAREX, and
remote sensing (Nakajima et al., 2007; Lee et al., 2013;
Lewandowska and Falkowska, 2013; Wang et al., 2014). However,
the effect of trans-boundary air pollutant transports on the long-
term (multiple days) air quality in Seoul have not been analyzed.
In addition, only few studies have examined possible causes of the
occurrence of high-PM10 episodes for various periods, from one day
to several days.

This study examines the atmospheric circulations and resulting
trans-boundary pollutant transports associated with multi-day
(�4-day) high-PM10 concentration episodes in Seoul during cold
seasons (October through March) in the recent 13-year period,
2001e2013. To examine the processes behind the multi-day high-
PM10 episodes and its link with air pollutants originating in China,
we analyze meteorological fields (e.g., geopotential height and 3-D
wind) that are directly related with the horizontal and vertical
transport of air pollutants in East Asia. Further, to examine if the
mechanism can be generalized for most of the high-PM10 episodes
in Seoul, we compare the meteorological conditions in short-
lasting (1-day) cases vs. multi-day cases. Analyses of meteorolog-
ical conditions are then augmented by analyses of surface PM10
observations in China, back trajectory analysis, and the aerosol
vertical profiles retrieved from the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP). This study reveals that multi-day
high-PM10 episodes in Seoul are directly linked with long-range
low-tropospheric transport of air pollutants originating in north-
eastern China.
2. Data and method

We have analyzed the hourly PM10 mass concentration data
during the cold season of 2001e2013 at 27 air quality monitoring
stations in Seoul. To minimize the local effect, the stations affected
by the emissions from local vehicles and industrial plants (e.g., that
show high PM10 fluctuations over a day/week) were excluded from
this study. The PM10 concentration at these stations is measured by
the increase in attenuation when beta rays irradiate particulate
matter collected on a filter, the beta-ray absorption method (Chang
and Tsai, 2003). The bias in this method is known to be about 10%,
mainly due to particle-containing moisture (Chang and Tsai, 2003;
Jung et al., 2007). The recorded hourly data is used to obtain the
daily average values.

To examine the potential source of air pollutants and their trans-
boundary transports, daily meteorological data such as geo-
potential height and the 3-D wind in Seoul was obtained from the
National Centers for Environmental Prediction-National Center for
Atmospheric Research (NCEP-NCAR) reanalysis 2. The data have a
horizontal resolution of 2.5� � 2.5� longitudeelatitude, and in the
vertical data are distributed on 17 levels of pressure (Kalnay et al.,
1996).

We further analyzed the PM10 concentration in China and 72-
h back trajectories from Seoul to examine the possible paths of
air pollutants from upstream regions. Since 2000, China has re-
ported a daily averaged air pollution index (API) in terms of air
quality monitoring in many cities (Zhang et al., 2003; Qu et al.,
2010). A value for the API can be converted to a mass concentra-
tion of PM10 using the following equation:

PM10 ¼
"

API� APIlow
APIhigh � APIlow

#
�
�
PM10 high � PM10 low

�
þ PM10 low:

APIhigh and APIlow are the upper and lower standard indices,
respectively, and PM10 high and PM10 low are the PM10 mass con-
centrations corresponding to APIhigh and APIlow, respectively. The
upper and lower limits of the API and detailed calculation of PM10
concentration are in Zhang et al. (2003) and Qu et al. (2010). The
uncertainty in daily PM10 measurements is less than 1% (Zhang
et al., 2003). This study utilizes PM10 concentrations converted
from the API at 83 stations in China for January 2001eMarch 2012.

We used CALIOP level-2 vertical feature mask data, with hori-
zontal and vertical resolutions of 333 m and 30 m below 8.2 km,
and 1000 m and 60 m from 8.2 km to 20.2 km, respectively (Omar
et al., 2009; Winker et al., 2013). Since the data are only available
after April 2006, we analyzed the vertical aerosol profiles for every
high-PM10 episode from May 2006eDecember 2013. Aerosol in
CALIOP is retrieved by the Cloud Aerosol Discrimination (CAD) al-
gorithm: the probability distribution functions of the altitude-and-
latitude-dependent feature integrated color ratio, layer-integrated
volume depolarization ratio, and attenuated backscatter coeffi-
cient in 532 nm. Accordingly, a CAD score between �100 (0) and
0 (100) denotes aerosol (cloud), which is used to give the confi-
dence level. Thus, we only used aerosol pixels with a medium
(50 � jCAD scorej < 70) or high (jCAD scorej � 70) confidence score
to minimize the effect of misclassification between aerosol and
cloud.

A NOAA Hybrid single-particle Lagrangian integrated trajectory
(HYSPLIT) model was employed to calculate air mass back trajec-
tories (http://www.arl.noaa.gov/ready/hysplit4.html) (Draxler and
Rolph, 2013). The meteorology of the archived NCEP-NCAR data-
sets (e.g., temperature, surface pressure, geopotential height, and 3-
D wind) was used as the input for calculating the transport of air
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parcels. The 72-h backward trajectory of each high-PM10 episode in
Seoul for 2001e2013 was performed with a 1-h time interval for
three levels (e.g., 500, 1000, and 2000 m) above the ground level.
3. High-PM10 days in Seoul during the cold seasons of
2001e2013

Based on the criteria for PM10 concentration specified in the
environmental protection law of the Republic of Korea, high-PM10
episodes are defined in this study using the daily-mean PM10
threshold value of 100 mg m�3. To distinguish the high-PM10 epi-
sodes caused by the anthropogenic emissions from those caused by
the natural phenomena such as Asian dust storms, yellow dust days
(67 days in the 13-year period) issued by the Korea Meteorological
Administration (http://web.kma.go.kr/eng/weather/asiandust/
intro.jsp), were excluded in this analysis. A total of 215 days of
high-PM10 episodes in the analysis period that meet these criteria
were selected for further analysis. Among 215 high-PM10 days, 172
days (80%) are in extended episodes that lasted for two to seven
consecutive days, and 76 days (35%) are in episodes that lasted for
four or more consecutive days (i.e., multi-day in this study). The
daily average PM10 concentration in these multi-day episodes ex-
ceeds 135.5 mg m�3, nearly seven times the level (i.e., 20 mg m�3)
specified by WHO.

Differences in key specifics (such as emission sources and at-
mospheric transport) between the multi-day and 1-day high-PM10
episodes are examined below. Fig. 1 shows the annual- (B) and
cold season- (C) averaged PM10 concentrations, and high-PM10
days included in the multi-day (filled bars) and 1-day (open bar)
episodes during the cold seasons of 2001e2013. In general, the
cold-season PM10 concentrations exceed the annul-mean values
except for 2005. The cold season- (annual-) mean PM10 concen-
tration decreases noticeably over the analysis period, from 83.7
(77.5) mgm�3 in 2002 to 45.5 (41.1) mgm�3 in 2012. Accordingly, the
total number of high-PM10 days (combined 1-day and multi-day
Fig. 1. Annually averaged (B) and cold season averaged (C) PM10 concentration, days
of high-PM10 concentration episodes (�100 mg m�3 day�1) from 27 air quality moni-
toring stations in Seoul. Black and gray bars denote the multi-day (�4 days) and 1-day
episodes in cold season of each year, respectively.
episodes; the total bar lengths in Fig. 1) has also decreased over
the 13-year period. However, the annual-mean number of deaths
and inpatient admissions due to respiratory problems have
remained at the same level for the 13 year period (data available
from Korean Statistical Information Service, http://kosis.kr/). In
addition, the number of high-PM10 days included in multi-day
episodes remains similar from 2004 to 2013. Except for 2001,
multi-day high-PM10 episodes have occurred one or two times per
year regardless of annual-mean PM10 levels, which amounts to
approximately four to ten days in total. In unusual case of 2001, the
multi-day episode was frequent (13 days) in late October and
November because of relatively high PM10 level in China (Wang
et al., 2012), and recurrent long lasting fog and haze over Seoul
region.

Here, we ask a question “why multi-day episodes has not
decreased?” External factors in addition to local emissions in the
Seoul metropolitan area, may also be responsible to the occurrence
of multi-day high-PM10 episodes. Note that previous studies (e.g.,
Lee et al., 2011) found that the prevailing northwesterly wind in the
cold season is favorable for long-range transportation of air pol-
lutants from China into Korea. Thus, analyses of atmospheric cir-
culation characteristics (Chen et al., 2008; Wang et al., 2010),
particularly the pressure and wind distributions that affect the
transport, dispersion, and accumulation of PM10 during the high-
PM10 episodes, are essential for understanding the processes
behind thesemulti-day high-PM10 episodes including the origins of
the pollutants, in the Seoul metropolitan area.

4. Trans-boundary transport of PM10 from China to Seoul:
atmospheric circulation analysis

To identify the atmospheric conditions favorable for trans-
porting air pollutants from the major source regions in China to
Seoul during the multi-day high-PM10 episodes, we analyzed the
large-scale atmospheric circulation on the pressure-longitudinal
cross section along the latitude of 37.7�N that crosses Seoul on
the onset dates of multi- or 1-day episodes (Fig. 2). To remove
seasonality, monthly climatology has been removed from these
atmospheric fields before analyses.

Fig. 2 depicts the composites of anomalous geopotential height
(a and e), pressure vertical velocity (b and f), zonal wind (c and g),
and meridional wind (d and h) for the multi-day and 1-day epi-
sodes. Overall patterns are similar for these two types of episodes.
As noted in previous studies (Chen et al., 2008; Lee et al., 2011),
both types fulfill atmospheric conditions that are favorable for
high-PM10 episodes in Seoul: High pressure anomalies and rela-
tively weak winds near the surface. However, regional variations in
magnitudes and features differ considerably from each other. For
the multi-day episodes, high pressure anomalies extend from the
surface to the upper troposphere (Fig. 2a) across the eastern Chi-
naeKorea region against strong low pressure anomalies over
western North Pacific. The high pressure system results in a general
sinking motion (see the positive pressure velocity shown in Fig. 2b)
which is favorable for high-PM10 concentrations near the surface as
air pollutants are trapped and transported from high levels into the
boundary layer. For the 1-day episodes, the high pressure anomaly
over the ChinaeSeoul region tilts vertically with relatively weak
intensity in the low level below 700 hPa. As a consequence, the
weak anomalous high-pressure near the surface and a low pressure
anomaly below 800 hPa over eastern China (Fig. 2e) lead to a
vertically stretched rising motion over China and Seoul (Fig. 2f).
Thus, massive amounts of air pollutants emitted from the heavily
urbanized and industrialized areas in eastern China can be trans-
ported above the boundary layer over Seoul. As a result, the
transport of air pollutants within the boundary layer is weak for the
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Fig. 2. Composite of anomalous geopotential height (a and e), pressure vertical velocity (b and f), zonal wind (c and g), and meridional wind (d and h) at 37.5�N as functions of
longitude and pressure on the onset day of multi-day (upper panel) and 1-day (lower panel) high-PM10 concentration episodes. To remove seasonality of these atmospheric fields,
the anomaly values against monthly climatology have been calculated. Block dots denote the regions significant at the 90% confidence level based on a t-test.
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atmospheric conditions corresponding to 1-day episodes.
We also identified the difference in the zonal wind field be-

tween the two episode types. Fig. 2c shows a distinct decrease in
the westerly above the 800 hPa level over China, Korea, and the
neighboring western Pacific, implying anomalously stagnant con-
ditions in the lower troposphere for the multi-day episodes. In
contrast, Fig. 2g shows that anomalously positive westerlies occur
around Seoul between the surface and up to the 600 hPa level,
indicating dispersion of air pollutants over a deep layer (about 4 km
thick) in the lower troposphere. The general features of the
meridional wind are similar for the two types of episodes: south-
erly and northerly over the left and right of 135�E, respectively
(Fig. 2d and h).

Fig. 3 shows the horizontal distribution of the geopotential
height and wind field anomalies. Intensity of the anomalous high
pressure system is clearly distinguishable between these two
episode types. For the multi-day episode, both the Korean Penin-
sula and eastern China are highly affected by anomalous high
pressure (Fig. 3a and b). Meanwhile, for the 1-day episode, the
Korean Peninsula is seen to be affected by the rim of a high pressure
anomaly with a center located near Japan, whereas eastern China is
located under a low pressure anomaly (Fig. 3c and d). Thus, the
westerlies (southerlies) are more dominant for multi-day (1-day)
episodes (Fig. 3a and c, respectively), indicating that the atmo-
spheric circulation during the multi-day episodes is more favorable
for transporting pollutants from eastern China into Seoul than that
occurring during 1-day episodes. In addition, for multi-day epi-
sodes, a strong low anomaly over northern Mongolia and western
Pacific will play a major role in blocking the migratory anticyclone
(Fig. 3a and b).

It is noteworthy that atmospheric circulations over the eastern
ChinaeKorea region appear two days before the onset of a multi-
day episode (Fig. 4). Such circulations include strong and
widespread high pressure anomalies located in the lower tropo-
sphere over the entire region of China (Fig. 4a and b) that are
favorable for the occurrence of high-PM10 levels in central and
eastern China by trapping air pollutants within the boundary layer.
Additionally, a strong low pressure anomaly over the East Sea and
the Okhotsk Sea to the east of the Korean Peninsula further help
conditions favorable for multi-day high-PM10 episodes by blocking.
Those indicate that the impact of air pollutants originating in China
can be intensified under a favorable atmospheric circulation con-
dition. By comparison, for 1-day episode both the size and intensity
of high- (low-) pressure anomaly over China (East Sea) are rela-
tively small and weak, respectively (Fig. 4c and d). This means that
pollutants emitted in the surface level may easily be transported
into upper layers and eastward.

Through an analysis of the atmospheric fields above, we have
identified the pressure and wind patterns that are more favorable
for multi-day episode occurrences, and which can be considered as
the pathways for moving air pollutants. In multi-day episodes,
PM10 is slowly transported in the lower troposphere from China to
Seoul, while in the 1-day episodes ascending pollutants from
eastern China are first transported via in relatively higher altitudes
into the Seoul area. The following section presents the surface and
satellite data that support the evidence obtained in this analyses of
atmospheric fields.

5. Analyses of surface and satellite observations

To further clarify the results from the atmospheric field analysis
for the two types of high-PM10 episodes discussed above, we
examined the API in China, the back trajectory, and the CALIOP
satellite-observed aerosol vertical profiles (Figs. 5 and 6). It is
notable that the relatively strong and large anomalous high across
China and Seoul is favorable for the accumulation of air pollutants



Fig. 3. Composite of anomalous geopotential height and wind vector at 1000 hPa (a and c) and 850 hPa (b and d) on the onset day of multi-day (upper panel) and 1-day (lower
panel) high-PM10 concentration episodes. To remove seasonality of these atmospheric fields, the anomaly values against monthly climatology have been calculated. Black dots
denote the regions significant at the 90% confidence level based on a t-test.
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in the lower troposphere, and thus for multi-day high-PM10
episodes.

We analyzed the regional distribution of PM10 concentration
anomalies at 83 stations in China in two and three days prior to
both types of high-PM10 episodes in Seoul (Fig. 5). For both episode
types, positive PM10 anomalies are found at most stations in central
and southern China (where anomalous high pressure occur in). The
positive anomalies are much larger for multi-day episodes than for
1-day episodes. In northeast China, the feature is generally oppo-
site; positive PM10 concentration anomalies are dominant in multi-
day episodes in contrast to the negative PM10 concentration
anomalies in 1-day episodes. Among the 83 stations, the PM10
levels in north- and mid-eastern China (e.g., Shenyang, Beijing,
Tianjin, and Shanghai) are relatively high, indicating potential
source regions of the multi-day high-PM10 episode (Fig. 5a and b).
In particular, anomalously high-PM10 levels over these regions
occurring two and three days prior to an episode is perhaps due to
the increased use of heating fuel during anomalously cold periods.
In most stations, PM10 concentration gradually increases from three
days to a day before the onset of both episode types. Consequently,
Fig. 4. Same as Fig. 3, except for �2 day
in large areas of central and eastern China, the PM10 concentration
one day prior to a multi-day high-PM10 onset in Seoul is
80e160 mg m�3 higher than the normal concentration of the same
period (Fig. 6a). The area-mean PM10 concentrations for multi-day
and 1-day episodes are 239.9 mg m�3 and 175.9 mg m�3, respec-
tively. A maximum PM10 level occurring one day before the
beginning of an episode in Seoul reflects the accumulation of pol-
lutants by a high-pressure system. This therefore implies that for
multi-day episodes, relatively large amounts of pollutants can be
transported from China into the Seoul area.

In order to identify the aerosol pathways during the high-PM10
episodes in Seoul, we performed backward trajectory calculations
using the NOAA HYSPLIT model at 500, 1000, and 2000 m altitudes
over a 72-hr period from the onset of each high-PM10 episode in
Seoul. Fig. 6a and b (6d and 6e) show the mean horizontal and
vertical pathways for themulti-day (1-day) episodes. The trajectory
is significantly shorter for multi-day episodes than for 1-day epi-
sodes, indicating relatively stagnant low troposphere, which is
consistent with the very weak zonal wind field shown in Fig. 2c.
The horizontal and vertical transport routes also vary according to
high-PM10 concentration episodes.



Fig. 5. Spatial distribution of anomalous PM10 concentrations measured from each of the 83 sites on �2 day and �3 day of multi-day (a and b) and 1-day (c and d) high-PM10

episodes.
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the episode types. Among the heavily polluted regions (e.g., She-
nyang, Beijing, Tianjin, and Shanghai) in China, the mean airflow
passes through Beijing and Tianjin in multi-day episodes (Fig. 6a),
but not in 1-day episodes (Fig. 6d). This means that air pollutants
from Beijing and Tianjin may affect the occurrence of multi-day
high-PM10 episode in Seoul. In addition, on the �2 day of (i.e.,
two days prior to) a multi-day episode, northwesterlies are domi-
nant in the lower troposphere along the east rim of the anticyclone
located over China (Fig. 4a and b). As the anticyclone moves toward
Korea on the 0 day of an episode (Fig. 3), these pressure and wind
may continuously maintain the supply from China and the accu-
mulation of air pollutants in Seoul. Further, from�1 day of a multi-
day episode, the low tropospheric air flow paths are nearly hori-
zontal from the Yellow Sea to the Seoul area, while they slant down
from relatively higher levels in 1-day episodes (Fig. 6b and e).

The difference in transport patterns may result in disparities in
the aerosol vertical profiles between the two types of episodes in
Seoul and its vicinity. We further examined the aerosol profiles
using the CALIOP vertical feature mask. However, because the data
are only available after April 2006, we looked at five and 19 onset
days for multi-day and 1-day episodes, respectively. To extract
aerosols over Seoul and its immediate neighboring areas, we only
employed the CALIOP track data within ±1.5� from Seoul, both in
latitude and longitude. Applying these criteria, two and seven
collocated CALIOP tracks were identified for multi-day and 1-day
episodes, respectively, after April 2006. Although this analysis
was limited by the small number of samples, it is beneficial to
examine the vertical distribution of aerosols as this can provide
independent and additional evidence related to the link between
aerosol sources in East Asia, trans-boundary transport, and
pollutant concentration in Seoul. Fig. 6c and f shows the aerosol
pixel numbers for each level in each collocated case for multi-day
and 1-day episodes, respectively. There is a substantial difference
in the vertical profiles between these two episode types. Unlike in
1-day episodes where notable aerosol concentrations occur
throughout the troposphere up to the 10 km level (Fig. 6f), most
aerosols are confined below the 1 km level in multi-day episodes
(Fig. 6c) which is closely related to the low-level accumulation of
aerosols under stable atmospheric conditions associated with a
high-pressure system (Fig. 2a). This finding is also consistent with
the back trajectory analysis results (Fig. 6a and b); pollutants during
multi-day episodes are mostly spread within the boundary layer
from the severely polluted regions in northeastern China. Aerosol
profiles on extended high-PM10 episodes show high aerosol con-
centrations in the boundary layer. In conjunction with low-level
winds (Figs. 2 and 3), this suggests strong aerosol transport from
northeastern China into Seoul. The situation is very different for 1-
day episodes; the aerosol concentration in the low troposphere is
much lower than formulti-day episodes: 1-day episodes aremainly
caused by local emissions.

6. Summary and discussion

We examined the atmospheric circulations and trans-boundary
pollutant transports during multi-day (�4-day) high-PM10 con-
centration episodes in Seoul in the cold season. The meteorolog-
ical conditions over East Asia on the onset days of each episode
type, the trajectories arriving at Seoul during episodes, and the
horizontal and vertical distributions of aerosols over China and
Korea before and after high PM10 episodes strongly imply that the



Fig. 6. Spatial distribution (a and d) of anomalous PM10 concentrations measured from each of the 83 sites on �1 day of high-PM10 episodes, and 72-h wind back trajectory from
the HYSPLIT model (a, b and d, e). The circle size in each figure denotes the anomalous PM10 concentration against monthly climatology, respectively. The stations in 1 and 2 in
Fig. 3a and d are Beijing and Tianjin, respectively. Each closed circle is a 24 h interval in Fig. 3b and e. Vertical profile of aerosol pixel number for high-PM10 concentration episodes
from the CALIOP. Each line denotes a collocated case around Seoul for multi-day (c) and 1-day (f) episodes.
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atmospheric circulation over eastern China and Korea, as well as
air pollutants emitted in northeast China, are closely related with
multi-day high-PM10 episodes in Seoul. Based on these analyses,
we established that the atmospheric fields over China and its
neighboring countries may determine the amount of air pollutants
transported from eastern China into Seoul, leading to the duration
of high-PM10 episodes in Seoul. Compared to 1-day episodes,
Seoul is found to be strongly affected by massive air pollution over
eastern China in the early stage of a multi-day high-PM10 episode.

In this work, we have focused on the beginning of high-PM10

episodes in Seoul. However, it is considered that the process
involved in the episodes and the end of multi-day episodes also
need to be discussed. In this study, due to the lack of emission
quantity data in Seoul, it was difficult to quantify the level of
contribution from local emissions. Nevertheless, considering that
multi-day episodes occur under a very strong anomalous high-
pressure system with weak winds in Seoul, local emissions may
further deteriorate the air quality in the metropolitan area. The
large amount of PM10 during an episode eventually dissipates
either through transport by westerlies or significant precipitation
>0.5 mm (about 20% of the total episodes) via wet deposition (in 1-
day episodes, wet deposition by precipitation accounted for
approximately 23% of the total cases).

It is noted that the PM10 concentration in China and atmospheric
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circulations over the eastern ChinaeKorea region in two days
before the onset of a multi-day episode are closely related with the
duration of high-PM10 episodes in Seoul (Figs. 4 and 5). The strong
and widespread high pressure anomalies in the lower troposphere
over the entire region of China help accumulate air pollutants in
central and eastern China. As a result, PM10 concentration in
eastern China begins to increase at 3 days before the onset of the
high-PM10 episode and reaches its peak a day before its occurrence
day. Besides, strong anomalous low pressure over the East Sea and
the Okhotsk Sea stretching to the east of the Korean Peninsula acts
as atmospheric blocking to maintain the multi-day high-PM10 ep-
isodes. Consequently, these favorable atmospheric circulations play
a key role in intensifying the influence of China-originated air
pollutants on high-PM10 episodes in Seoul. These precursors may
be used to deliver advance warnings of multi-day high-PM10 epi-
sodes, as well as to enable air quality management in China to
prevent future catastrophic air quality episodes in the interior and
exterior of the country.
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