
ABSTRACT In this study, we investigate the meteorological characteristics and the 
effect of local emissions during high PM10 concentrations in the Seoul Metropolitan Area 

(SMA) by utilizing data from a high-resolution urban meteorological observation system 
network (UMS-Seoul) and The Air Pollution Model (TAPM). For a detailed analysis, days with 
PM10 concentrations higher than 80 μg m-3 for daily average PM10 concentration (classified 
as unhealthy by the Korean Ministry of Environment) in the Seoul Metropolitan Area (SMA) 
were classified into 3 Cases. Case I was defined as when the prevailing effect was from out-
side the SMA. Case II was defined as when the prevailing effect was a local effect with out-
side. Case III was defined as when the prevailing effect was local. Overall, high PM10 con-
centrations in the SMA mostly occurred under weak migratory anticyclone systems over 
the Korean Peninsula during warm temperatures. Prior to the PM10 concentration reaching 
the peak concentration, the pattern in each case was distinctive. After peak concentrations, 
however, the pattern for the 3 cases became less distinct. This study showed that nearly 
50% of the high PM10 concentrations in the SMA occurred in spring and were governed by 
the conditions for Case II more than these for Cases I and III. In spring, the main sources of 
the high PM10 concentrations in the SMA were local emissions due to the predominance of 
weak winds and local circulation. The simulation showed that the non-SMA emissions were 
about 63 to 73% contribution to the spring high PM10 concentrations in the SMA. Specifi-
cally, local point sources including industrial combustion, electric utility, incineration and 
cement production facilities scattered around the SMA and could account for PM10 concen-
trations more than 10 μg m-3 in the SMA. 

KEY WORDS   High PM10 concentration, Korea, Local emission sources, Local meteorological 
circulation, Long-range transboundary processes

1. INTRODUCTION

The Seoul metropolitan area (SMA) is a mega city with an area of approximately 
11,827 km2 and a population of 26.1 million inhabitants (http://kosis.kr), and is 
ranked as the fifth largest urban area population in 2018 (Demographia, 2018). 
Recently, the number of days with serious concentrations of air pollutants exceed-
ing the national ambient air quality standards of 100 μg m-3 (35 μg m-3) for 24-h 
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PM10
 (PM2.5) concentration has increased (Park et al., 

2018; NIER, 2017). For example, the Korean Ministry 
of Environment (KMOE) issued emergency reduction 
actions over the SMA on 14 January 2019 when the 
average PM2.5 concentration from 0000 LST (Local 
Standard Time; UTC + 0900) to 1600 LST was over 50 

μg m-3 and the forecast average PM2.5 concentration for 
24 h later was greater than 50 μg m-3 (KMOE, 2017). 
These actions resulted in the prohibition of older diesel 
vehicles from entering downtown areas in the SMA and 
a two-shift system for permissible vehicles to enter.

Concerns about air pollution have led to the operation 
of a modeling system for the daily air quality prediction 
to support control actions within the SMA (Park et al., 
2004). High PM10 concentrations in a particular region 
can be caused by trapped particle emissions and/or local 
secondary generation of particulate matter through pho-
tochemical reactions in the atmosphere (Kim et al., 
2017; Seo et al., 2017). Recent high PM10 concentrations 
in Korea appear to partly result from transboundary pol-
lution from China, but also from domestic sources origi-
nating from local emissions (Wang et al., 2018; Park et 
al., 2015, 2005; Jo and Kim, 2013; Kim et al., 2012). 
From January 1, 2016 to January 31, 2019, there were 65 
occurrences of high PM10 concentration in the SMA 
where the daily average PM10 concentration without the 
effect of Asian dust was greater than 80 μg m-3 (classified 
as unhealthy by KMOE). Higher PM10 concentrations 
generally occur on warm days in spring, autumn, or win-
ter and are believed to be closely related to warm temper-
atures in the atmosphere (Park, 2014). For example, in 
2016, an advisory by MOE was in effect over the SMA 
from April 8 to 12 with a PM10 concentration on April 9 
of 241 μg m-3.

Previous studies have investigated the occurrence of 
high PM10 concentration in Korea (Park, 2016). During 
most episodes (Seo et al., 2018), the Korean peninsula is 
influenced by anticyclonic circulation with warm and 
humid air with stagnant conditions, based on surface and 
upper atmosphere maps during high PM10 concentra-
tion episodes (Seo et al., 2017; Park, 2016). Under these 
conditions, the stable atmosphere with an inversion layer 
and thick fog is unfavorable for transport and dispersion 
of particulate matter (Seo et al., 2018). Other mecha-
nisms for high PM10 concentrations, such as transbound-
ary processes from local sources, also need to be consid-
ered for a comprehensive understanding of the occur-
rence of long-lasting high PM10 concentration episodes 

(Park et al., 2018; Park, 2016). Understanding the pro-
cesses and impacts of both transboundary processes and 
local emissions is still an important issue for developing 
effective emission abatement strategies in Korea. 

The main objective of this study was to analyze the 
meteorological characteristics and PM10, PM2.5, NO2, 
and SO2 concentrations to assess the effect of local emis-
sions during high PM10 concentration. In this study, high 
PM10 concentration in the SMA is defined as when the 
daily average PM10 concentration (without the effect of 
Asian dust) is greater than 80 μg m-3. All results repre-
senting the SMA refer to central Seoul, the capital city of 
South Korea.

2. MATERIALS

2. 1  Meteorological and Air Quality Data
Hourly mean air quality data such as PM10, PM2.5, SO2, 

NO2, and O3 concentrations at Seoul and Baengnyeong-
do (BND) stations were used (http://www.airkorea.
or.kr) (Fig. 1). Seoul station is located near the City Hall 
and at the center of Seoul, and is surrounded by many 
line and area sources (cross mark in Seoul in Fig. 1). The 
BND station, one of national background air quality 
monitoring station, has few nearby anthropogenic emis-
sion sources (cross mark in BN in Fig. 1). It is located 
about 208 km west of Seoul Station (Fig. 1). Surface 
meteorology and boundary structure were obtained from 
the surface energy balance observation tower and the 
lidar-type ceilometer installed at Jungnang Station (dia-
mond in Seoul in Fig. 1; Park, 2018; Park et al., 2017). 
The station is located 9 km east of Seoul Station. Temper-
ature, relative humidity, wind speed and direction, down-
ward solar radiation, and 3-dimensional sonic anemome-
ter sensors are installed on a surface energy balance 
tower. Friction velocity is computed by applying an eddy 
covariance method using 30-min block averaging with 
10-Hz meridional, zonal, and vertical wind speed (Kwon 
et al., 2014; Park et al., 2014). A ceilometer (model: 
CL51, manufacturer: Vaisala) gives vertical profiles 

(10-m vertical resolution) of two-way attenuated back-
scatter due to atmospheric aerosols by means of 910 nm 
wavelength laser. Backscatter exceeding 400 × 10-8 sr-1 
m-1 was excluded to remove the effects of high backscat-
ter media such as clouds (Park, 2018).

2. 2  High PM10 Concentrations Classification
When daily mean PM10 concentration in Seoul was 
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higher than 80 μg m-3, the day was classified as a high 
PM10 concentration. As shown in Table 1, there were 65 
high PM10 concentration days in the SMA during the 
period from January 1, 2016 to January 31, 2019. In 
order to compare the characteristics of high PM concen-
tration, the high PM concentrations days were catego-
rized into 3 Cases: Case I was defined as when the PM10 
concentration in BND area was higher than that in the 
SMA, and the PM10

 (PM2.5) concentration at BND Sta-
tion was higher than 100 μg m-3 (50 μg m-3). The high 
PM10 in this case could be considered to be transported 
from mainly long-range transboundary processes; Case 
II was defined as when the PM10 concentration in BND 
was lower than that in the SMA, and the PM10

 (PM2.5) 
concentration was higher than an annual mean of 38 μg 
m-3 (22 μg m-3) at BND. As mentioned, because the 
BND station is far from direct emission sources, the 
mean PM concentration in BND was much lower than 
that in Seoul. Thus, annual mean concentrations at BND 
were considered to discriminate local-emission from 

con tributions from long-range transboundary processes. 
High PM concentrations in this case could be result 
from both local and long-range transboundary process-
es; Case III was defined as when the PM10

 (PM2.5) con-
centration at BND was lower than 38 (22) μg m-3, or the 
PM2.5 concentration at BND was lower than one-half of 
that in the SMA. High PM concentrations in this case 
could be considered to be emitted from mainly local 
sources. Annual mean PM concentrations at BND rather 
than the national standards would be enough to reveal 
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Fig. 1. Location of air quality monitoring and meteorological stations in the study area.

Table 1. Number of high PM10 and PM2.5 occurrence days for the 3 
cases among 65 occurrences of high PM10 concentration (over 80 μg 
m-3 in the SMA, PM2.5 in parenthesis).

Season Case I Case II Case III Total

Spring 4 (8) 26 (19) 2 (5) 32 (32)
Autumn - 2 (2) 2 (-) 4 (2)
Winter 8 (13) 17 (13) 4 (3) 29 (29)

Monitoring data for PM2.5 was missing for 2 days.
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contrasts between local-emission and long-range trans-
boundary processes in the SMA. 

According to the above criteria, around 70% (45) of all 
high PM10 concentration days was classified as Case II, 
while 18% (12) and 12% (8) were Case III and I, respec-
tively (Table 1). Also, 49% and 45% were occurred in 
spring and winter, respectively, while only 6% was 
occurred in autumn. For investigation of detailed fea-
tures, 3 events for all cases were selected: one spring and 
two winter (no event in autumn) were selected for Case 
I. One event in each season (spring, autumn, and winter) 
for Case II and III was selected, respectively. Table 2 
shows the daily mean PM10, PM2.5, NO2, SO2, CO, and 
O3 concentrations at BND and Seoul Stations for all 
high PM10 concentration days.

3.   CHARACTERISTICS OF AIR 
POLLUTANTS

Time series of PM10, PM2.5, NO2, and SO2 concentra-
tion during the 7 days centered on the high concentra-
tion day at SMA and BND are shown in Fig. 2. Median 
concentrations and ratios of the 7-day mean concentra-
tion to the monthly mean concentration for each case and 
each pollutant are summarized in Tables 3 and 4, respec-
tively. The detailed features of the temporal variation 
were analyzed for each case. 

Case I: The PM10 and PM2.5 concentrations in Seoul 
showed a lag time 6 to12 h for the maximum concentra-
tion compared to those in BND during high PM10 con-
centration for all cases. The maximum PM10 concentra-
tion of 111 μg m-3 (180 μg m-3) in Seoul was much 
lower than 386 μg m-3 (299 μg m-3) at BND for the 
spring (winter_a) case (Fig. 2). Because there were few 
direct NO2 sources at BND, NO2 concentrations at 
BND were much lower than in the SMA during the 
study period. The SMA had nearly the same SO2 or 
lower concentration than BND. The median values in 
the SMA were nearly the same as in BND for PM10, 
PM2.5, and SO2 concentrations, while much higher than 
BND for NO2 concentration (Fig. 3; Table 3). The ratio 
of the 7-day mean concentration to monthly mean con-
centration showed high values for PM10 and PM2.5 con-
centration, while nearly the same values for NO2 and 
SO2 at both the SMA and BND (Table 4). 

Case II: The PM10 and PM2.5 concentrations in the 
SMA were nearly the same as concentrations in BND. 
NO2 concentration in BND was much less than that in the 
SMA, while SO2 concentration in the SMA was higher 
than that in BND, especially in winter (Fig. 2). In au -
tumn, high PM10 concentrations in BND were observed 
later than in the SMA by about 6 h, and high NO2 con-
centration in BND were recorded on 18-19 November 
2016. These implied that air parcels in BND might be 

Table 2. Daily average PM10, PM2.5, NO2, SO2, CO, and O3 concentrations for the 3 cases of high PM10 concentrations selected in this 
study.

Case Season (Date) PM10
(μg m-3)

PM2.5
(μg m-3)

NO2
(ppb)

SO2
(ppb)

CO
(ppm)

O3
(ppb)

Case I

Spring (April 30, 2017) 911)

1572)
491)

572)
221)

62)
81)

42)
0.61)

0.32)
711)

712)

Winter_a ( January 20, 2018) 102
160

63
108

47
10

7
5

0.9
1.4

13
34

Winter_b ( January 13, 2019) 115
122

83
97

49
6

6
3

1.1
0.9

13
49

Case II

Spring (March 12, 2018) 991)

462)
641)

332)
551)

62)
61)

22)
0.81)

0.22)
191)

572)

Autumn (November 18, 2016) 94
81

54
49

56
20

6
3

1.0
0.5

5
27

Winter (December 22, 2018) 88
51

63
37

54
5

7
1

1.0
0.5

9
33

Case III

Spring (March 26, 2018) 1061)

192)
711)

132)
501)

52)
61)

22)
0.81)

0.52)
251)

632)

Autumn (November 6, 2018) 102
30

71
20

63
4

5
2

1.0
0.7

5
35

Winter (February 4, 2017) 96
38

70
31

61
10

5
3

1.1
0.3

4
33

1)Daily average concentration in the SMA. 2)Daily average concentration in BND.
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Fig. 2. Time series of PM10
 (first panel), PM2.5

 (second panel), NO2
 (third panel), and SO2

 (fourth panel) concentrations in the SMA and BND during the 7 consecutive days around the maxi-
mum concentration for each case. High PM10 concentration days are shown by green shading.
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advected from the SMA. The median values in the SMA 
were similar to or higher than BND for PM10, PM2.5, and 
SO2 concentrations, while much higher than BND for 
NO2 concentration (Table 3). The ratios of the 7-day 
mean concentration to the monthly mean concentration 
were more or less unity except for high for PM concentra-
tions in both areas in winter and low SO2 concentrations 
at BND in autumn and winter (Table 4). 

Case III: The PM10 and PM2.5 concentrations in the 
SMA were nearly the same as concentrations at BND 
prior to the high PM concentration period in the SMA. 

However, PM concentrations in the SMA increased, but 
those in BND sharply decreased (Fig. 2). These implied 
that prior to the peak of PM concentration in the SMA, 
the SMA might be influenced by air masses that passed 
the BND region. But after the peak, SMA and BND 
might be influenced by different air masses. So high PM 
concentration in the SMA was mainly contributed by 
local emission. The NO2 and SO2 concentrations in 
BND were much less than concentrations in the SMA, 
except for SO2 concentrations in winter. The median 
concentrations in the SMA were much higher than those 
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Fig. 3. Boxplots of PM10
 (first panel), PM2.5

 (second panel), NO2
 (third panel), and SO2

 (fourth panel) concentrations in the SMA during the 
7 consecutive days around the maximum concentration for each case.
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in BND for PM10, PM2.5, and NO2
 (Fig. 3; Table 3). The 

ratios of the 7-day mean concentration to the monthly 
mean concentration were larger than unity in spring, but 
more or less unity in autumn, and winter (Table 4).

4.   METEOROLOGICAL 
CHARACTERISTICS

4. 1  Synoptic Analyses
To identify the impacts of meteorological conditions 

on PM concentrations, surface weather charts near the 
Korean Peninsula at 0900 LST for selected event days 
shown in Fig. 4 were investigated. 

Case I: A relatively small-scale high pressure system 
affected the entire Korean Peninsula for all event days. It 
started from northwest of the Korean Peninsula, and was 
separated from the periphery of the Siberian High, espe-
cially in winter (Fig. 4b, c). A small anticyclonic system, 
originated from rear-side of the upper trough, passed 
through the Korean peninsula from northwest to south-
east in spring (Fig. 4a).

Case II: A weak anticyclone system, separated from 
the high pressure system centered on the Japanese Is -
lands, was stagnant over the Korean Peninsula in spr ing 
and autumn (Fig. 4d, e). The SMA was affected by a 
small-scale high pressure system originating from the 
Siberian High in winter (Fig. 4f). Due to the position of 

Table 3. Median PM10, PM2.5, NO2, and SO2 concentrations in the SMA and BND for the 3 cases.

Case Season Season (Date) PM10
 (μg m-3) PM2.5

 (μg m-3) NO2
 (ppm) SO2

 (ppm)

I

Spring Apr 27-May 3, 2017 67.01)

68.02)
29.51)

24.02)
0.0341)

0.0062)
0.0051)

0.0032)

Winter_a Jan 17-23, 2018 51.0
39.0

32.0
19.0

0.043
0.004

0.004
0.003

Winter_b Jan 10-16, 2019 84.5
86.0

58.0
55.0

0.053
0.006

0.005
0.002

II

Spring Mar 9-15, 2018 35.01)

30.02)
23.01)

17.02)
0.0331)

0.0042)
0.0041)

0.0022)

Autumn Nov 15-21, 2016 54.0
34.0

32.0
14.0

0.050
0.003

0.003
0.002

Winter Dec 19-25, 2018 48.0
45.5

29.0
27.0

0.052
0.004

0.005
0.001

III

Spring Mar 23-29, 2018 78.01)

51.02)
51.01)

38.02)
0.0401)

0.0072)
0.0051)

0.0022)

Autumn Nov 3-9, 2018 44.5
28.5

30.0
19.0

0.046
0.003

0.004
0.002

Winter Feb 1-7, 2017 43.0
32.0

28.0
19.0

0.041
0.005

0.004
0.003

1)SMA, 2)BND

Table 4. Ratio of the 7-day average concentration (calculated as three days before and three days after the maximum concentration) to the 
monthly average concentration for the 3 cases.

Spring Autumn Winter

Case I Case II Case III Case II Case III Case I (a) Case I (b) Case II Case III

PM10
1.241)

1.332)
0.94
0.80

1.76
1.35

1.17
0.86

1.02
0.84

1.33
1.53

1.53
1.61

1.21
1.37

1.18
1.07

PM2.5
1.221)

1.102)
0.98
0.85

1.84
1.70

1.15
0.82

1.23
1.23

1.36
1.67

1.78
1.99

1.29
1.52

1.29
1.19

NO2
0.951)

1.282)
1.06
0.96

1.26
1.34

1.16
1.50

1.09
1.10

1.15
1.23

1.19
1.15

1.35
1.46

1.09
1.13

SO2
1.301)

1.342)
1.02
0.89

1.31
1.24

1.03
0.77

0.99
1.02

1.06
1.18

1.10
0.95

1.29
0.60

1.00
1.02

1)SMA, 2)BND
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the weak high pressure system near the Korean Peninsu-
la in autumn and winter, weak easterly winds became 
dominant in the SMA. The easterly wind might be evi-
dence for advection from SMA to BND in autumn and 
winter, and the high NO2 concentration in BND (Fig. 2). 

Case III: The synoptic meteorological patterns in spr-
ing and winter were similar to that for the Case II autu-
mn case (Fig. 4g, h). A small-scale high pressure system, 
separated from the southern part of the Korean Peninsu-
la, was stationary over the SMA in winter (Fig. 4i).

Overall, most high PM concentration episodes in the 
SMA were accompanied by weak migratory anticyclone 
sy stems over the Korean Peninsula. The horizontal ex tent 
of surface pressure near the Korean Peninsula for all ca ses 
were very small, implying that the synoptic system near 
the SMA was weak and stagnant during the event periods, 
as previous studies have shown (Park, 2018; Seo et al., 
2017).

4. 2    Surface Meteorology and Boundary-Layer 
Structure

In order to understand the effect of surface meteorolo-
gy and boundary-layer structure on PM10 and PM2.5 con-
centrations near the surface, time series of meteorologi-
cal variables (Fig. 5) and the time-height cross section of 
attenuated backscatter (Fig. 6) measured at Jungnang 
Station were analyzed (Fig. 1). 

Case I: Strong south-westerlies were dominant for the 
spring case, but weak winds with local circulation were 
dominant for the winter case (Fig. 5). Air temperature 
showed an increasing trend for the spring case, and had 
nearly the same trend but was much warmer than the cli-
matological mean (-2.8 to -2.2°C) for the winter case 

(http://www.kma.go.kr). Solar radiation during the high 
PM10 episode was lower than on the antecedent clear 
days. It was due to high scatter of incident solar radiation 
by atmospheric aerosol (Barmpadimos et al., 2011). A 

 (a) Case I Spring (b) Case I Winter_a (c) Case I Winter_b

 (d) Case II Spring (e) Case II Autumn (f) Case II Winter

 (g) Case III Spring (h) Case III Autumn (i) Case III Winter

Fig. 4. Surface weather charts near the Korean peninsula at 0900 LST on (a) 30 April 2017, (b) 20 Jan 2018, (c) 13 Jan 2019, (d) 12 Mar 2018, 

(e) 18 Nov 2016, (f) 22 Dec 2018, (g) 26 Mar 2018, (h) 06 Nov 2018, and (i) 05 Feb 2017 for high PM10 concentration days.
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                       A
sian Journal of A

tm
ospheric Environm

ent, Vol. 13, N
o. 2, 117-135, 2019

126      w
w

w.asianjae.org

 (a) Case I Spring (b) Case I Winter_a (c) Case I Winter_b

H
ei

gh
t (k

m
)

H
ei

gh
t (k

m
)

H
ei

gh
t (k

m
)

 (d) Case II Spring (e) Case II Autumn (f) Case II Winter

 (g) Case III Spring (h) Case III Autumn (i) Case III Winter
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precipitation event of 3.3 mm was recorded on January 
22, 2018. The friction velocity indicated mechanical tur-
bulence and was proportional to wind speed. Weak fric-
tion velocity meant the poor vertical and horizontal dif-
fusion (Li et al., 2018). Attenuated backscatter near the 
surface tended to be proportional to the PM10 concen-
tration (Fig. 2). The aerosol layer formed at 300-700 m 
in the morning, and descended to the surface in the eve-
ning on April 30, 2017 in spring. For the winter_a case, 
an aerosol layer formed near about 1 km height at 0000 
LST, and intruded into the lower height (600 m) at 0600 
LST on January 20, 2018. The aerosol layer combined 
with the evolving mixing layer in the morning, and 
exhibited the maximum PM10 concentration near sur-
face in the early evening. For the winter_b case, the aero-
sol layer formed near the surface and in the overlying 
residual layer, respectively, at 0000 LST on January 11, 
2019. The upper aerosol intruded into the evolving mix-
ing layer two times: from 1 km height in the morning on 
January 12, and from 500 m height at 0300 LST on Janu-
ary 13, 2019. As a result, the maximum PM10 concentra-
tion at the surface occurred during the late evening on 
January 14, 2019. 

Case II: Relatively strong westerlies were dominant for 
the spring case like Case I, but very weak north-easterly 
winds accompanied by local circulation were dominant 
for the autumn and winter cases (Fig. 5). The air temper-
ature was much warmer than the climatology (3.9 to 
5.9°C for the spring case; 5.6 to 7.0°C for the autumn 
case; -0.18 to 0.4°C for the winter case). Solar radiation 
on the high PM10 concentration day was lower than on 
antecedent clear days. Weak northeasterly wind occurred 
in the morning and the aerosol layer at 1 km height 
intruded into the mixing layer in the afternoon on March 
12, 2018 for the spring case (Park and Chae, 2018). For 
the autumn case, the aerosol layer at 1.5 km height on 
November 16, 2016 intruded into the mixing layer in the 
next afternoon (Fig. 6). After a weak rain in the late eve-
ning, PM10 concentrations decreased on the next day. 
For the winter case, a weak aerosol layer intruded into 
the surface layer on December 20, 2018 and in the 
morning on December 22, 2018, respectively. 

Case III: Relatively strong westerlies were dominant 
for the spring and winter cases, but weak northeasterly 
winds were dominant for the autumn case. Differing 
PM10 concentrations in the SMA and BND was accom-
panied by southwesterly winds for the spring case, and 
northeasterly winds for the autumn and winter cases 

(Fig. 5). Air temperature showed an increasing trend for 
the spring case, and was warmer than the climatology 

(9.3 to 10.4°C for the autumn case, and -2.4 to -0.9°C 
for the winter case). The aerosol layer was trapped in the 
lowest 500 m and 300 m in the morning on 25 and 26 
March 2018 for the spring case, respectively. There was 
no intrusion from the upper layer for the autumn case 

(Fig. 6). After the high PM10 concentration, a heavy rain 
event (64 mm) occurred on the next day. The aerosol 
layer was trapped in the lower 300 m under weak wind 
and a weak aerosol layer intruded from 1 km height on 
February 4, 2017 for the winter case.

5. TAPM MODELING 

TAPM employed in this study is composed of two 
prognostic subsections: meteorological and chemical 
modules (Hurley, 2008). The TAPM meteorological 
module predicts gridded three-dimensional meteorology 
and air pollutant concentrations. The meteorological 
component of TAPM is an incompressible, non-hydro-
static, primitive equation model with a terrain-following 
vertical coordinate for three-dimensional simulations. 
The model solves the primitive meteorological equa-
tions: momentum, temperature, water vapor specific 
humidity, and cloud/rain/snow components. It includes 
parameterizations for cloud/rain/snow micro-physical 
processes, turbulence closure, urban/vegetation canopy 
and soil, and radiative fluxes (Hurley, 2008). The chemi-
cal component of TAPM consists of an Eulerian grid-
based set of prognostic equations for both gas and partic-
ulate components. TAPM includes gas phase photo-
chemical reactions based on semi-empirical mechanisms 
called the generic reaction set (GRS) of Azzi et al. (1992) 
with the hydrogen peroxide modification of Venkatram 
et al. (1997). More details on TAPM equations and 
descriptions can be found in Hurley (2008) and Hurley 
et al. (2008). 

The domain for TAPM in this study was based on 
grids of 100 × 100 × 25 at three domains (12 km, 4 km, 2 

km), centered in central Seoul (latitude 37°33.970ʹN and 
longitude 126°58.671ʹE). The initial conditions of the 
me teorological variables, LAPS (Local Administrator 
Password Solution) data with a resolution of 75 km ×  
100 km (ftp://ftp.csiro.au/TAPM) and surface and land 
use data (1 km × 1 km) from the USGS (United States 
Geological Survey) (Hurley, 2008) were used. 
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Nationwide average concentrations of PM10, PM2.5, 
SO2, NO2, CO, and O3 during 3 days before the maxi-
mum PM10 concentration were used for the initial back-
ground model conditions (Table 5). A spin-up time of 5 

days was applied to minimize the initial condition influ-
ences for both surface and non-surface concentrations. 

5. 1  Emissions 
Total and categorized (area, line, point) emissions of 

PM10, NOx, SO2, and CO in nationwide and in the SMA 
for 2015 were used in this study. Total emissions were 
232,794 ton y-1, 1,000,064 ton y-1, 351,010  ton y-1, and 
941,238 ton y-1 nationwide and 44,385 ton y-1, 289,431 

ton y-1, 37,223 ton y-1, and 307,929 ton y-1 in the SMA 
for PM10, NOx, SO2 and CO, respectively (Table 6). 
PM10 and CO emissions mostly originate from area sou-
rces, while most of the NOx emissions are from line sour-
ces and SO2 emissions are from point sources (Park et al., 
2004). Each of these source categories were considered 
and urban-scale air pollutants were accurately invento-
ried by taking into account of all the information on sta-
tionary sources such as stack height, stack diameter, exit 
velocity, and temperature. Fig. 7 illustrates the spatial dis-
tribution of total and apportioned categorized emissions 
for PM10, NOx, and SO2 for each grid (in ton y-1 (2 

km × 2 km)-1). Total emissions of PM10 and NOx were 
found to be highly dependent on traffic densities, and 
the largest emission occurred in the central SMA, along 
expressways, and at junctions of major roads or streets. 
High emissions of SO2 were found along the western 
coastal area, where higher densities of power plants and 
industries are located (Park et al., 2004). 

5. 2  Model Evaluation 
In order to validate the simulated results, the simulated 

PM10 concentrations at Seoul station and simulated 
meteorology at Jungnang station, located 11 km from 
central Seoul were used. The evaluations were per-
formed by using statistical performance measures such 

Table 6. Nationwide and SMA emission of PM10, NOx, SO2, and 
CO (year 2015). (unit: ton y-1)

PM10 NOx SO2 CO

Nationwide

Area 162,777 314,884 111,146 556,560
Line 55,193 311,957 186 264,919
Point 14,825 373,223 239,678 119,759

Total 232,794 1,000,064 351,010 941,238

SMA

Area 27,470 95,888 16,164 144,618
Line 14,967 119,904 77 111,015
Point 1,948 73,639 20,982 52,296

Total 44,385 289,431 37,223 307,929

Table 5. Initial background concentrations for TAPM modeling in this study.

Case Season PM10 (μg m-3) PM2.5 (μg m-3) NO2 (ppb) SO2 (ppb) CO (ppm) O3 (ppb)

Case I
Spring 60.3 23.6 21.4 5.2 0.5 43.6
Winter_a 76.7 52.5 33.8 4.9 0.7 16.2
Winter_b 71.9 47.5 31.3 3.8 0.8 21.1

Case II
Spring 54.6 37.8 23.1 4.1 0.6 29.3
Autumn 65.4 32.3 31.5 4.9 0.6 15.2
Winter 54.0 34.6 34.6 3.5 0.7 18.4

Case III
Spring 85.1 62.1 26.9 4.9 0.6 39.7
Autumn 40.4 28.1 26.0 2.8 0.7 33.6
Winter 43.1 25.1 28.1 5.1 0.6 21.6

Table 7. Mean bias (MB), root mean square error (RMSE), corre-
lation coefficient (R), and index of agreement (IOA) between simu-
lated and observed meteorological variables and PM10 concentra-
tion for Case 1 spring, Case 2 autumn, and Case 3 winter.

Case Temperature Wind speed Wind direction PM10

Case I 
Spring

MB -2.21 -0.59 -12.67 38.36
RMSE 3.08 1.05 76.4 62.9
R 0.94 0.82 0.50 0.02
IOA 0.93 0.77 0.60 0.61

Case II 
Autumn

MB -1.37 0.02 48.7 24.5
RMSE 2.76 0.78 134.7 50.6
R 0.81 0.48 0.47 0.15
IOA 0.89 0.71 0.71 0.68

Case III  
Winter

MB 0.10 0.09 74.3 9.48
RMSE 1.94 0.88 130.4 44.4
R 0.85 0.69 0.51 0.40
IOA 0.93 0.85 0.60 0.77
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as the index of agreement (IOA), root mean square error 

(RMSE), and correlation coefficient (R). IOA is a fre-
quently used measure of how well the predicted varia-
tion about the observed mean is represented, with a 
value greater than about 0.50 considered to indicate a 
good prediction (Hurley et al., 2008). 

Simulated meteorological variables were, by and large, 
well coincident with the observed ones for all cases (Fig. 
5). Wind speed was slightly underestimated under strong 
wind, while downward solar radiation was overestimated 
by around 10% in spring. Nighttime temperature (rela-
tive humidity) were underestimated (overestimated) in 
spring. These differences were mainly due to the urban 

heat island (Park and Chae, 2018). TAPM ex hi bited 
some weaknesses in simulating the urban heat island 
over vast urban surfaces. In order to verify the perfor-
mance of the model, the mean bias (MB), root mean 
square error (RMSE), correlation coefficient (R), and 
index of agreement (IOA) for Case I Spring, Case 2 
Autumn, and Case 3 Winter cases were evaluated (Table 
7). The results showed that the meteorology (tempera-
ture, wind speed, and wind direction) were reasonably 
well simulated for all selected cases. For PM10 concentra-
tion, the IOAs were above 0.6, indicating the simulated 
PM10 concentration was in good agreement with observ-
ed concentration (Hurley et al., 2008). The IOAs in this 

Fig. 7. Spatial distribution of air pollutant emissions in the SMA. Total emissions for PM10
 (a), NOx

 (b) and SO2
 (c); area source emissions 

for PM10
 (d), NOx

 (e) and SO2
 (f); line source emissions for PM10

 (g), NOx
 (h) and SO2

 (i); point source emissions for PM10
 (j), NOx

 (k) 
and SO2

 (l). Black-dotted line represents the boundary of SMA.

	 (a) PM10 total (b) NOx total (c) SO2 total 

	 (d) PM10 area (e) NOx area (f) SO2 area 

	 (g) PM10 line (h) NOx line (i) SO2 line

	 (j) PM10 point (k) NOx point (l) SO2 point
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study were found to be generally better than those in 
recent similar studies in urban areas (Park et al., 2018).

5. 3  Wind and Concentration Fields 
Fig. 8 shows the horizontal distribution of PM10 with 

the wind vector simulated with nationwide emissions for 
the 3 cases. The patterns are strongly governed by the 
wind; upwind regions had lower concentrations while 
downwind regions had higher concentrations. The areas 
where confluence of wind occurred had higher concen-
trations and areas where the wind diverged had lower 
concentrations. The overall concentration field in spring 

and autumn showed an inhomogeneous horizontal dis-
tribution pattern. The highest concentration was in the 
western coastal area due to the high density of point 
sources such as power plants, industrial complexes and 
steel production facilities, and also high in the central 
SMA due to the high density of line sources, with some-
what higher PM10 concentrations in the southeast due to 
the presence of cement manufacturing facilities. The 
PM10 concentration in winter was higher in the southern 
area due to the prevailing northwesterly wind and show-
ed a more homogeneous horizontal distribution pattern 
due to stronger winds in winter. The concentration plu-

 (a) Case I Spring (b) Case I Winter_a (c) Case I Winter_b

 (d) Case II Spring (e) Case II Autumn (f) Case II Winter

 (g) Case III Spring (h) Case III Autumn (i) Case III Winter

Fig. 8. Horizontal distribution of predicted wind and PM10 concentration with the use of nationwide emission in the SMA for each case (a-i). 
Domain size is 100 km × 100 km with a center at Seoul Station indicated by a red solid circle.
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me for Case I was also broader than for Case II and Case 
III due to relatively strong northwesterly wind (Park et 
al., 2004). 

Fig. 9 shows the horizontal distribution of PM10 with 
the wind vector simulated without SMA emissions for 
the 3 cases. The overall concentration field showed a 
homogeneous horizontal distribution pattern except for 
the highest PM10 concentrations in the western coastal 
area. It should be noted that point sources including 
industrial combustion, electric utility, incineration, 
cement manufacturing, and residential heating facilities 
in the satellite cities located to the northeast of the SMA 
were important local sources that can account for at least 
10 μg m-3 in the SMA for Case II in spring and Case III 

in autumn. The temporal variation of simulated PM10 
with nationwide emissions showed higher diurnal varia-
tion and higher concentrations compared to simulated 
concentration without SMA emissions. PM2.5 concentra-
tion showed less diurnal variation and lower concentra-
tions compared to PM10 concentration. 

5. 4    Assessment of Local Emissions during High 
PM10 Concentration 

The simulated average surface concentrations were 
used to assess the fractional contribution of total local 
emissions of PM10, PM2.5, NO2, and SO2 in the SMA 
during high PM concentration for each case. The contri-
bution of local emission was assessed by analyzing the 

 (a) Case I Spring (b) Case I Winter_a (c) Case I Winter_b

 (d) Case II Spring (e) Case II Autumn (f) Case II Winter

 (g) Case III Spring (h) Case III Autumn (i) Case III Winter

Fig. 9. The same as in Fig. 8 except for without SMA emission.



                       Asian Journal of Atmospheric Environment, Vol. 13, No. 2, 117-135, 2019

132      www.asianjae.org

difference between model results with and without SMA 
emission based on nationwide emissions. This approach 
is basically the Brute-Force Method (BFM) by zeroing-
out the emission on the targeted area (Koo et al., 2009).

For Case I, the fractional contribution to the average 
surface concentration ranged from 8 to 28% for PM10, 8 
to 35% for PM2.5, 28 to 74% for NO2, and 33 to 52% for 
SO2. For Case II, the fractional contribution to the aver-
age surface concentration ranged from 23 to 37% for 
PM10, 23 to 34% for PM2.5, 35 to 57% for NO2, and 54 to 
60% for SO2. For Case III, the fractional contribution to 
the average surface concentration ranged from 25 to 27% 

for PM10, 24 to 26% for PM2.5, 39 to 65% for NO2, and 
44 to 63% for SO2

 (Table 8). Distinct characteristics for 
each case appeared only for Case I in winter with the 
fractional contribution to average surface concentration 
of local emissions of 8 % for PM10, 8% for PM2.5, 28% for 
NO2, and 33% for SO2. 

The fractional contribution of non-SMA emissions to 
the SMA on the average pollutant concentration for the 
3 cases was analyzed. For Case I, the fraction of non-
SMA emissions was 83% for PM10, 81% for PM2.5, 55% 
for NO2, and 58% for SO2 on average. For Case II, the 
fraction of non-SMA emissions was 71% for PM10, 70% 

Table 8. Fractional contribution of local emissions on the average concentrations in the SMA for the 3 cases (value considering two power 
plants shown in parenthesis).

Case Season PM10
 (μg m-3) PM2.5

 (μg m-3) NO2
 (ppb) SO2 (ppb)

Case I

Spring

Nationwide
SMA
Reduced Conc.
Fraction (%)

76.6
54.9 (54.8)
21.7
28.3 (28.5)

45.3
29.6 (29.5)
15.7
34.7 (34.9)

60.5
15.7 (14.3)
44.8
74.0 (76.4)

10.1
4.9 (3.8)
5.2

51.5 (62.3)

Winter_a

Nationwide
SMA
Reduced Conc.
Fraction (%)

69.3
58.1 (58.0)
11.2
16.1 (16.3)

54.6
46.2 (46.2)

8.4
15.4 (15.4)

40.8
27.8 (27.3)
13.0
31.9 (33.1)

6.2
3.6 (3.3)
2.6

41.9 (46.8)

Winter_b

Nationwide
SMA
Reduced Conc.
Fraction (%)

59.7
54.9 (54.9)
4.8
8.0 (8.0)

46.1
42.6 (42.6)

3.5
7.6 (7.6)

33.5
24.1 (24.0)

9.4
28.1 (28.4)

4.0
2.7 (2.6)
1.3

32.5 (35.0)

Case II

Spring

Nationwide
SMA
Reduced Conc.
Fraction (%)

47.8
30.3 (30.3)
17.5
36.6 (36.6)

37.1
24.5 (24.5)
12.6
34.0 (34.0)

45.7
19.7 (18.5)
26.0
56.9 (59.5)

7.4
3.0 (2.3)
4.4

59.5 (68.9)

Autumn

Nationwide
SMA
Reduced Conc.
Fraction (%)

68.9
49.4 (49.4)
19.5
28.3 (28.3)

43.1
29.0 (29.0)
14.1
32.7 (32.7)

44.1
25.1 (24.8)
21.0
45.6 (46.2)

7.6
3.3 (3.1)
4.3

56.6 (59.2)

Winter

Nationwide
SMA
Reduced Conc.
Fraction (%)

59.7
46.2 (46.2)
13.5
22.6 (22.6)

44.4
34.4 (34.4)
10.6
22.5 (22.5)

43.2
28.3 (27.8)
14.9
34.5 (35.6)

6.3
2.9 (2.7)
3.4

54.0 (57.1)

Case III

Spring

Nationwide
SMA
Reduced Conc.
Fraction (%)

66.2
48.3 (48.2)
17.9
27.0 (27.2)

56.4
43.0 (42.9)
13.4
23.8 (23.9)

58.4
20.9 (20.1)
37.9
64.5 (65.8)

8.4
3.2 (2.5)
5.2

61.9 (70.2)

Autumn

Nationwide
SMA
Reduced Conc.
Fraction (%)

40.0
29.6 (29.6)
10.4
26.0 (26.0)

32.0
24.4 (24.4)

7.6
23.8 (23.8)

39.6
18.4 (18.4)
21.2
53.5 (53.5)

4.3
1.6 (1.6)
2.7

62.8 (62.8)

Winter

Nationwide
SMA
Reduced Conc.
Fraction (%)

44.1
32.8 (32.8)
11.3
25.6 (25.6)

32.5
24.1 (24.0)

8.4
25.8 (26.2)

35.9
22.0 (21.6)
13.9
38.7 (39.8)

6.6
3.7 (3.5)
2.9

43.9 (47.0)
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for PM2.5, 54% for NO2, and 43% for SO2 on average. 
For Case III, the fraction of non-SMA emissions was 
74% for PM10, 75% for PM2.5, 48% for NO2, and 44% for 
SO2 on average (Table 9). 

The fractional contribution for the average concentra-
tion in the SMA during high PM10 concentrations was 
co n sistent for the 3 cases except winter in Case I. It 
should be noted that the classification into the 3 cases in 
this study was based on the daily average PM10 and PM2.5 
concentrations, not meteorological characteristics. 
Before the maximum PM10 concentration at Seoul, the 
temporal variation for each case showed special features 

(Fig. 2). The PM concentrations in BND exhibited their 
peaks prior to those in SMA for Case I, while the latter 
exhibited their peaks prior to the former for Case III. 
Whereas the PM concentrations in both BND and Seoul 
exhibited their peaks at similar time for Case II. 

Especially for Case II, polluted air masses from the 
outside of SMA were transported into the SMA by west-
erly (in spring) and northerly (in autumn and winter) 
winds before the high PM10 concentration events (Fig. 
5). During the high PM concentration event periods in 
spring and autumn, stagnant synoptic systems over the 
Korea Peninsula, due to the surrounding pressure pat-
terns (e.g., the high pressure system over Japan), hin-
dered the horizontal transport and vertical dispersion of 
pollutants. Thus, air pollutants were accumulated, and 
their concentrations increased in the SMA. During the 
events in winter, a small-scale high pressure system was 
located over the Korean Peninsula. Easterly winds were 
too weak to disperse air pollutants effectively (Figs. 4-6). 

Although the TAPM experiments indicated larger 
impacts of non-SMA emission and long-range transport 
processes on the high PM concentrations in the SMA 

(e.g., 71% for PM10, 70% for PM2.5, and 54% for NO2) 

(Table 9), this does not mean that the contribution of 
local emissions was negligible, because local emissions 
still contributed between 30% and 50% to the high con-
centrations of air pollutants. This suggests that both 
long-range transport processes and locally emitted pol-
lutants play a role as a contributor to high PM10 concen-
tration events in the SMA. 

The Dangjin and Taean power plants located on the 
coast southwest of the SMA have been identified as large 
point sources in South Korea (Park et al., 2018). To 
assess the contribution of these two power plants to the 
SMA, the results for simulated average surface concen-
trations from emissions without emissions from the 
SMA and the two power plants in nationwide emissions 
were used. For all Cases, the fractional contributions to 
the SMA were negligible for PM10 and PM2.5, and about 
1% for NO2

 (Table 9). But, the fractional contributions 
for SO2 were 6%, 5%, and 4% for Case I, Case II, and 
Case III, respectively. The contribution of power plant 
emissions to the SMA for PM10 and PM2.5 in this study 
can be neglected. This shows that the SMA is located at 
an upwind location from the large two power plants dur-
ing the high PM10 concentrations. But PM10 and PM2.5 
concentrations at downwind locations about 30 km dis-
tance from the power plant were reduced by 6% and 4%, 
respectively, similar to the estimate in previous studies 

(Park et al., 2018). This implies that local emissions from 
line sources in the SMA are a major source of PM10.

6. CONCLUSIONS 

The results of this study have shown that Case I in 
winter was influenced by long range transboundary pro-
cesses. The PM10 and PM2.5 concentrations in the SMA 
showed a lag time 6 to12 h for the maximum concentra-
tion compared to BND. Case III was influenced by the 
accumulation of local and neighboring (non-SMA) 
emissions by atmospheric stagnation. After the PM10 
and PM2.5 concentrations in the SMA increased, concen-
trations in BND sharply decreased. Case II was a mixed 
case between Case I and Case III with local circulation. 
The PM10 and PM2.5 concentrations in the SMA were 
nearly the same as concentrations in BND. The maxi-

Table 9. Fractional contribution of non-SMA emissions on aver-
age concentrations in the SMA for the 3 cases (value considering 
two power plants shown in parenthesis). (unit: %)

Case Season PM10 PM2.5 NO2 SO2

Case I

Spring 72 (72) 65 (65) 26 (24) 49 (38)
Winter_a 84 (84) 85 (85) 68 (67) 58 (53)
Winter_b 92 (92) 92 (92) 72 (72) 68 (65)
Avg. 83 (83) 81 (81) 55 (54) 58 (52)

Case II

Spring 63 (63) 66 (66) 43 (41) 41 (31)
Autumn 72 (72) 67 (67) 54 (54) 43 (41)
Winter 77 (77) 78 (78) 66 (64) 46 (43)
Avg. 71 (71) 70 (70) 54 (53) 43 (38)

Case III

Spring 73 (73) 76 (76) 36 (34) 38 (30)
Autumn 74 (74) 76 (76) 47 (47) 37 (37)
Winter 74 (74) 74 (74) 61 (60) 56 (53)
Avg. 74 (74) 75 (75) 48 (47) 44 (40)
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mum PM concentrations in BND occurred 6 h later than 
in the SMA by air parcels advected from the SMA. 

Our study shows that the high PM10 concentrations in 
the SMA were mostly governed by the conditions for 
Case II (45 among total 65 occurrence days) compared 
to for Case I (12 days) and Case III (8 days) and that 
nearly 50% occurred in spring (total 32 for Case I, 26 for 
Case II and 2 for Case III). Prior to the PM10 concentra-
tion reaching the peak concentration, the pattern in each 
case was distinct. After that, the pattern for the 3 cases 
became less distinct, and the meteorological conditions 
were characterized by local circulation systems with weak 
wind, particularly in spring. The classification into the 3 
cases in this study was based on the daily average PM10 
and PM2.5 concentrations, not meteorological char  a  c  t-
eristics. Therefore, the fractional contribution to the aver-
age concentration in the SMA during the high PM10 con-
centration, except for winter_b for Case I dominated by 
the Siberian high pressure system, was consistent am ong 
the 3 cases. This implies that the local and neighboring 

(non-SMA) emissions during high PM10 concentration 
in the SMA particularly in spring were the major sources 
rather than emissions from long-range transboundary 
processes and most of the non-SMA contribution to 
PM10 and PM2.5 resulted from neighboring emissions. 
Particularly, approximately 1600 stacks from combustion 
sources in the SMA and mostly industrial sources includ-
ing electric industrial combustion, electric utility, inciner-
ation, cement manufacturing, and residential heating in 
the satellite cities located to the southeast and east of the 
SMA were important sources of local emissions in addi-
tion to mobile sources. The fractional contributions to 
high PM10, and PM2.5 in the SMA at upwind location 
from two large power plants were negligible compared to 
about 6% and 4% contributions to PM10, and PM2.5 in 
the other areas at downwind locations. 

High PM10 concentrations in the SMA in winter main-
ly resulted from long-range transboundary processes by 
the Siberian high pressure system. It will be valuable to 
confirm the fractional contribution to the SMA from 
long-range transboundary processes in future studies 
using other research approaches.
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