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Abstract

This study was carried out to understand the regional contribution of Particulate Matter (PM) emissions from
East Asia (82°~149°E, 18°~53°N) to Seoul during high concentration period in February 2014.

The Community Multi-scale Air Quality (CMAQ) version 5.0.2 with Decoupled Direct Method (DDM) was used
to analyze levels of contributions over Seoul. In order to validate model performance of the CMAQ, predicted PM
and its chemical species concentrations were compared to observations in China and Seoul. Model predictions
could depict the daily and hourly variations of observed PM. The calculated PM concentrations, however, had a
tendency of underestimation. The discrepancies are due to uncertainties of meteorological data, emission invento-
ries and CMAQ model itself.

The high PM concentration in Seoul was induced by stationary anticyclone over the West Coast of Korea during
24 to 27 February. The DDM in CMAQ was used to analyze the contributions of emissions from East Asia on
Seoul during this PM episode. PM,, concentration in Seoul is contributed by 39.77%~53.19% from China industrial
and urban region, 15.37%~37.10% from South Korea, and 9.03%~18.05% North Korea. These indicate that PM,,
concentrations in Seoul during the episode period are dominated by long-range transport from China region as well
as domestic sources. It was also found that the largest contribution region in China were Shandong peninsula dur-
ing the PM event period.
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ol HRAE QJAke] 2710] wak B sk Kol
10 pm ©]3}1 PM, (@} 2.5 um ©]3}31 PM, 2 Yo A
t}(Seinfeld and Pandis, 2006). PM, ;= AFd=Fo] NH,,
80, NO,. 9144 $713KH2 (VOCs) 5] 72
o) 23 AETh 53] o7] Fo) wke 2] et
A gio] 7haak Bo] kel WA, PEEY, T
F7182, F7ga) 59 22 A /7] 2 77 242
2 ¥3Et}h(Park er al., 2010). PM,,& PM,,2] {197
Q) Ay 71 B o BRlE A4Ad 2de
(Al,Si, Ca, Ti, Fe 5) 0 2R ubysic}.

olo} 2ol AHH W ANA wAHo R Wael
= oA BAAIEo] Rrg 0] Wt ohyet,
Ao B2 FFS Eot. AlAE A 7] 5 (World Health
Organization, WHO)+= 20124 3t 3jjof tj7| g3} &
gsto] ofF 7009k ol 27] APgshs ALl= HisH
a1, o= MA APEE] 879 19 dFsh= A ot
53] vAdA = t71ed 28 5 A 7P B2
FFS A= EEolTa B¢t (Burnett ef al.,
2014; WHO, 2014). n]A|H A= QAA| SUA] A} 5}
5 7120A A5ueS do7)a, B +3 FolE
st 4% dgE FEAI717] dzol 714 7]
LH=E FolA 7P AA HEEel =2 Ae= &

A

oleh. B3t A 2717k 4248 HEE A

H2o] Yol 3% Tol dAmH s +
olA Aol Wt frai4dol Hzsttt (Korea Environ-
mental Industry & Technology Institute, 2013; Harrison
et al.,2012; Lee et al., 2003). 0] AHZ] A2 TA
ko] Pope (2002)2 wlAAA] 7] g3t #HoF R A
o A AFYERS BEA iRt d+E Aok A
T A3 w A A 10 pg/m’ S7He djupet A A9
2 4% S7VekaL, WA AFYL 6%, G2 AT
AP 8% Z715H= Ao 2 Rt Shang et al.
(2013)& 2WAAA] FE} AFFE] HE AFE 3
ok B4 A3} 2o WA 7L 10 pg/m’ F71eHE 557
A2 051% S7F A AP 044% S71st0 &
AFLE 038% F7kste Aoz Uyt S2uetd]
A= 1990@d o] uNHA| ] A7 Gl tht A

T 237 Buglow, 5 - Yool A mAHA], 2u|A|
AR 7} QAo m A= A7 FFe] BEE A7 &S
B E3 Qlth(Bae, 2014; Kappos ef al., 2014).

SetAAE 7] BA71Z) PM,0] 1995H,
PM, ;0] 2015 &= qict 5o df7|gg AR
(Ministry of Environment, 2015)9] 9J3}d, A& 7]
ToE A% PM,& 98ARH 06d7FA] 51~61 ug/
m Afo] 2 2742 WhEsiT 0743 245k Al
o] 12{0] 45 pgm’ o2 37 obgich. ol 134,
14O tha F718e] 2412t 49 g’ S UEhgiet. 2
A AEA FEE Oh ANED goit $3
2 %A Aolg FHUOE DEE vAEA 28 4
WEE AR BAV BAS Q. FRE AR
e A 100] @ o) 717t A& o] o,
£ 20139 201490 FF3} Asel Aol BT 3
AY 2oL A F&3} 7] EF Rols} ot
Ao B AR 7} Wiol] %253 (Jo and Kim, 2010;
Ministry of Environment, 2008), L 3E32 7} A% Ht
SOl o3l F7t= 23 mAHA7E AAAE A An
I EAY RIET} gobrl Aotk ARz F=9 Ho]F,
gsto]l 9 W A oA 2RAHA F=7F 500~
1000 pg/m'e] = THEs} Wws] wAyssch
(Ji et al., 2014; Wang et al., 2014; Yuesi et al., 2014).
oj9} o] F=9| ZAISH AFIAY A oA A=
oA A 7 EAYSHE HAE AL vhES Bal sy
2 fFE o] gRtzof Egsta Az 7] L g of
71 X171tk (Koo et al.,2015; Park et al., 2013; Koo et al.,
2008).

2 Aol 20149 2o F=ollA] TS F
T A AEA7E SHE fAE S 2EE vAHA|
E AT AHE e RE Sl viEel] Yt vlA|
AR 71=E stz gttt ol & SsiA 22
Community Modeling & Analysis System (CMAS)©]| 4]
BFE3E Community Multiscale Air Quailty Model ver-
sion 5.0.2 (CMAQ v5.0.2)¢] Direct Decoupled Method
(DDM) 255 #8350 473744 2e= u|AHx7F y
B 717401 20143 28 S e R RHUEs 9
Skt SotAlol 9 A& A HolA AT mAHA|
94 uAEA] AR wEE 2 Y v B4t =
A7 AF=E BIIsHHL, SOt okE ez A
= A9 vAEA e A= WY A9E 7o=s
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Fig. 1. The modeling domain of CMAQ and 20 emission source regions for regional contribution analysis.
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and Ching, 1999). 7] A2 2-> Weather Research Fore-
cast version 3.4.1 (WRF v3.4.1)& AM8-35}4 1L (Borge et
al.,2008; Skamarock and Klemp, 2008), 8] & ¢ o] g
+ Sparse Matrix Operator Kernel Emissions (SMOKE;
Benjey et al.,2001) version 2.7] 2]} # 2}s}ict.

713 2Eel WRFE 8 Edigo 2= vAlEd
742 WREF Single-Moent 6-class (WSM6) 271, A},
chu} o) 7] EA} 2448 Rapid Radiative Transfer Model
(RRTM), Dudhia short radiation 7], A AA = 24
3} A7]9 2= Yonsei University (YSU) &3], 2832
A B3} HFH L Kain-Fritsch (KF) 272 AR89
o} =3 WRF 2elg)oA 7] 9 AA AL Global
Forecasting System (GFS)9] B RE AR5t 7]
FAEARE AR, Fotrlor A HoA 714
o wAL 58S A7) Ssko] GESe] dlEA RS
A7 F3F5F= Grid nudgingS A48} th (Koo et al.,
2012, 2008).
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= Tsinghua Universityo| A 20109 7|&£22 243t
Multi-resolution Emission Inventory for China (MEIC)
& (http://www.meicmodel.org)S ARE3} o0,
U2 % I 9 A2 dE THEAH AT 04 2008
HE 71&2 2 7j4tE Regional Emission inventory in
ASia(REAS: Ohara et al.,2007)E A-&3}t}. =4 )
L 011U 7E02 AT 2YBYHIAY
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71 B AR AR QA 2 H] (Clean Air Policy Support Sys-
tem: CAPSS) vj&& A3} th(Lee et al., 2011).

Solxlof A|ole] HETY wae 714 % £ of
Lo wat A VOCs 52 AAFH= Biogenic Emis-
sion Inventory System 3 (BEIS 3)& Z-&3lgoH, 3
AL A O] HIAMAZE 1#s}7] 915ke] Park et al.
(2010)0] 7Wrstar gk 7144 (http://www.kma.go.
kr)o| Al At E ol 8% 1 9l Asian Dust Aerosol
Model 2 (ADAM2)S 28315t}

et rdl 714 REd WRFY A7 355%
CMAQY] 157] 202 % 1% 15kmo| WAL,
CMAQ9| A WA 5 (35m)= WRF 55t o4
Sttt 2dElo] 7pAAl 3FeHE2-S Carbon Bond-V
(CBOS)y& ™3I, olFgoll A AFEAYHL
Yamartino global mass-conserving (YAMO)2A7]-& A}
Btk E3 YAGEE A2 AERO6 HES 2]
gateich hote.2 sloromny sl wage
De Leeuw et al. (2000)T} Gong (2003)2] wj/iHs-S
ARgsEe] CMAQO A ALt T

2.3 CMAQ v5.0

CMASO A CMAQ v5.00] 2012 ¢f ¥FE5i o, o
o]2% w|AYZF o] AERO59]4 AERO6C. 2 o] E
itk AERO6S 2835104 PM,, 9 W (Mg™,
Al Si,K*, Ca®, Ti, Mn, Fe, Fine mode POC) &3 o] u}
S 3FsHREg7] o] 745t CMAQ v5.00] 2012
W w3 201449 499] CMAQ v5.027} Z7ps
t}. CMAQ v5.0.2901 A= nlAH Ao Hjgt High-Order
DDM (HDDM)-3D7} AERO6& H&3te] Za)st 4
ouct. lAEA B AR WEYel et uaEE
°2 Wl nAYA 7|6=S HDDME £9) 24}
7Fs5tck (http://www.cmascenter.org/).

2.4 DDM

] 3243 ®34 (U.S. EPA, 2007)9]| 2|58 HDDM
58 o848 U= 9 7dE E4L b7 mAto
ol gHE HMEY 5 dYARY BIEE AT,
hAdete b E8E 4 St .23 nAEA= 13
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Fig. 2. Schematic ozone response to emissions for brute-
forceand DDM-3D sensitivities (Cohan, 2004).
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U= AE B8l iEd sl T 12} U4
< &3t o]¢} fEo] 22} T AeE Aoty
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2J3l%lE 7% 9-oll= DDMolgt 3, 22} ASE §H
5t%l& o= HDDMo|} it

DDME o|g3te] 1, 2% U= ASE APgs,
o|F o|gsto] wiEF Wt wE nAHA] FEE
ool & (1T} o] Yehd 4= Qlth(Cohan er al.,
2005).

1
Cao=Cot Mgy S+ A 7 (1)

Coot Coi= 271 WS} she wjEwol 23t v
AA] FEolth. A 27] W& e H3td wiE
F LS, 50 jED it nAuA Y 13, 23
W&ot} Cohan er al.(2005)°] &JstH 24 1, j2
UERE 2 (1)o] gHgEo] 4 )= yerd 5 Qi
A1(1)9] Bl Al LA WA= AL (ST)7F 7M.

1
CAgAek = C() + A‘("j : Sj{l) + 5 : ASJZ S!'(Z) +
1
Ae,- S+ 3 A - SP+Ag; - Ae- ST (2)
7]¢d% I (Zero-Out source Contribution, ZOC)=
Felo] EANA B 399l FER BT 4 ek

vl AP A2 S-S e BEAL A 2 FHd
et 7ol s=e it ddjHos dA|shA] et
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Fig. 3. Locations of air quality and weather monitoring stations in East Asia. Circles are air quality monitoring stations
in China. Square is Seoul weather monitoring station, and triangle is Seoul supersite.
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Fig. 4. Time series of observed and predicted meteorological parameters in Seoul area.

Table 1. Statistics of observed and predicted meteorological variables.

Avg. OBS Avg. MODEL I0A RMSE (ug/m”) MB (pg/m’)
Wind speed (m/s) 253 1.83 0.73 1.28 -0.71
Temperature (°C) 4.11 333 0.94 1.65 -0.78
Humidity (%) 50.71 60.15 0.85 13.89 9.45
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Fig. 5. Time series of observed and predicted surface level PM,, concentrations at air quality monitoring stations in
China.
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Table 2. Statistics of observed and performance of predicted PM,, result at air quality monitoring stations in China.

Avg. OBS (ug/m’) Avg. MODEL (ug/m®) I0A RMSE (ug/m?) MB (ug/m”)
Yantai 101.43 89.74 0.73 47.10 —11.69
Kaifeng 159.34 146.09 0.73 71.86 -13.25
Tangshan 199.67 183.58 0.75 101.43 —-16.08
Shijiazhuang 246.49 206.56 0.68 136.14 -57.93
Tianjin 166.83 146.00 0.77 84.36 -20.83
Table 3. Statistics of observed and performance of predicted PM,, result at Seoul supersite.
Avg. OBS (ug/m?) Avg. MODEL (ug/m’) I0A RMSE (ug/m’) MB (ug/m”)
PM,, 93.86 68.90 0.78 45.14 —-24.96
250
200 A
E
< 150
Z
< 100
[=}
50 A
0

3.2 stste& Y ANt HlW

shstsrd A7E SolAloh AT Ag Ao
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Table 4. Statistics of observed and performance of pre-
dicted PM, and its chemical species results.

Avg.OBS  Avg. MODEL RMSE  MB

(ng/m’) (ng/m’) (ng/m’)  (ug/m’)
PM,, 7092 54.58 079 3536 —1634
SO, 1652 13.06 078 980  —346
NO, 1723 22.87 069 1327 5.65
NH," 1089 11.15 080  6.10 0.26
oC 7.89 345 052 525 —444
EC 273 2.10 058 166 —063

oh J2u 24 23U R E PM,, =7t EolAIH, 24
o]% Nt AT o Ak wEZo] iy
2 3A vehde sarsta gl 349 1Y $ole
SAgko] Ropxm] =g gro] thA] S| AFS o
Z7be AP=T EolAle AS Eelskilnh. A4tR
PM,, 5 &7} B RO E= o] f= LF et YAsH=
A71249 239~249 2890 7R E S B3 ALR
TFY EYA, 281 71 AR 9 ST £
el 71908 Ao 2 AE Tt (Koo er al., 2015; Ku and
Park, 2011; Jeong et al., 2007). ko2 Rt} o Alg
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Fig. 8. Surface weather charts at (a) 00OUTC on 24 FEB,
(b) OOUTC on 25 FEB, (c) 00UTC on 26 FEB.
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(e) 2014.02.24. 12:00 (LST)

(f) 2014.02.24. 18:00 (LST)

Fig. 9. Wind vector and spatial distribution of simulated surface level PM,, concentrations for FEB 23 at 12LST ~ FEB

24 at 18LST.
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Fig. 10. The same with Fig. 9 except for FEB 25 at 00LST ~ FEB 26 at 18LST.
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Table 5. Daily averaged contributions of emission source regions in East Asia to Seoul during episode period.

Date FEB 24 FEB 25 FEB 26 FEB 27

South Korea 21.45 ug/m’ (15.37%) 23.25 pg/m’ (20.65%) 33.26 pg/m’ (34.83%) 38.09 pg/m’ (37.10%)
(Daily rank : 3) (Rank : 2) (Daily rank : 2) (Daily rank : 2)

North Korea 25.20 ug/m’ (18.05%) 11.22 pug/m? (9.96%) 8.63 ug/m’ (9.03%) 10.75 pg/m’ (10.47%)
(Daily rank : 2) (Daily rank : 4) (Daily rank : 3) (Daily rank : 3)

72.49 pg/m’ (51.94%) 59.89 pg/m’ (53.19%) 43.95 pg/m’ (46.03%) 40.83 pg/m’ (39.77%)

China (Daily rank : 1)

(Daily rank : 1)

(Daily rank : 1) (Daily rank : 1)

16.20 pg/m’ (11.61%)

Other regions (Daily rank : 4)

11.74 pg/m’ (10.42%)
(Daily rank : 3)

2.80 ug/m*(2.93%)
(Daily rank : 5)

7.22 ug/m*(7.03%)
(Daily rank : 4)

1.63 pg/m*(1.17%)

Initial (Daily rank : 6)

2.12 pg/m’ (1.88%)
(Daily rank : 6)

1.89 ug/m’ (1.98%)
(Daily rank : 6)

1.22 pg/m*(1.19%)
(Daily rank : 6)

Boundary 2.59 p%g/m3 (1.86%) 4.37 p%g/m3 (3.88%) 495 p%g/m3 (5.19%) 4.56 p%g/m3 (4.44%)
(Daily rank : 5) (Daily rank : 5) (Daily rank : 4) (Daily rank : 5)
A& ZUg 5 Ak 7] J% &E AolA oF 3d 160 W S Korea [ Other regions
79 239~259) YAk FRA 27]%k0] FA =] 140 N N Ko M Il
AL, ol sl F& FAA L FEE o AL 120 1
2 WRET oot 2 FAY 1A% FFOR A 10,
3, F2oA BT L= TAAT}F AAYFoR  E g
«3E ThE o3kt " w0
A WAT WAUATE BRER 24 BHE 0.
I5L7] ) s EF e 249 2395 259 0
7HA) vl v A BIHEES 19 99k 19 10 N

of ettt IHEEEE Sl £ Azt hite A
ol AA ‘ilﬂ HAHAE AEbE AR 3y
o, A|7He] 5| whet F=7h ok AL, ke A
of FIF= UIXIt Aoz yepdtt a2 29 269
o] ol AAY 71l 9t FEol EolEH $EE
€ AR sEe ol AR, Faae FaFol W
EAWOR ot AFe wA|HA] @] A&E=
Aoz wE

Mg As® AL =9 ulAHA o &gt Ao
2 wdEy, ol gt A EAS 98 OM’\ 7]
7He Ao 2 CMAQ v5.0.22] DDME 43319t}
a9 112 A FES 6712 51 7]@1—‘5E§ U
O Yetd 7| & Aato|n, o]F HFH O R & 59|
Aestact A9 FEE A9 AY (R12~R19), H5
(R11), 5= (RO1~R10), ©] 9] X H(R20), 27|Z4, 7
AzAcR BRIt 24 23, 249 F29] 714
£0] 51.94%2 71 E9ron, g o Eato] 18.05

IS A 2 AL =

2/24 2/25 2/26 2/27

Fig. 11. Daily averaged contributions from emission
source regions in East Asia to Seoul during epi-
sode period.
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Table 6. Daily averaged contributions to emission source regions in China to Seoul during episode period.

Date FEB 24 FEB 25 FEB 26 FEB 27
RO 0.15 pg/m*(0.21%) 0.37 pg/m*(0.62%) 0.36 pg/m*(0.82%) 0.24 pg/m*(0.60%)
(Daily rank : 10) (Daily rank : 10) (Daily rank : 8) (Daily rank : 10)
RO 0.32 pg/m’* (0.44%) 0.63 pg/m’*(1.06%) 0.47 pg/m*(1.07%) 0.31 pg/m*(0.76%)
(Daily rank : 9) (Daily rank : 8) (Daily rank : 7) (Daily rank : 9)
RO3 0.60 pg/m’* (0.82%) 0.56 pg/m*(0.93%) 0.34 pg/m*(0.77%) 0.54 pg/m*(1.33%)
(Daily rank : 8) (Daily rank : 9) (Daily rank : 9) (Daily rank : 8)
RO4 1.96 ug/m*(2.71%) 0.84 ug/m’ (1.40%) 0.29 ug/m*(0.65%) 0.58 ug/m’* (1.41%)
(Daily rank : 5) (Daily rank : 7) (Daily rank : 10) (Daily rank : 7)
ROS 12.85 ug/m’ (17.72%) 2.59 ug/m*(4.33%) 1.19 ug/m*(2.70%) 491 pg/m’ (12.02%)
(Daily rank : 3) (Daily rank : 5) (Daily rank : 6) (Daily rank : 4)
RO6 13.23 pg/m’ (18.25%) 7.46 ug/m* (12.46%) 5.10 pg/m’ (11.59%) 5.03 ug/m’ (12.32%)
(Daily rank : 2) (Daily rank : 2) (Daily rank : 3) (Daily rank : 3)
s 39.72 pg/m’ (54.79%) 38.02 pg/m’ (63.48%) 23.66 pg/m’ (53.83%) 18.12 ug/m’ (44.37%)
(Daily rank : 1) (Daily rank : 1) (Daily rank : 1) (Daily rank : 1)
ROS 2.10 pg/m’ (2.90%) 4.33 ug/m*(7.23%) 6.29 ug/m’ (14.30%) 5.63 ug/m’ (13.78%)
(Daily rank : 4) (Daily rank : 3) (Daily rank : 2) (Daily rank : 2)
RO9 0.70 pg/m’* (0.96%) 2.81 pg/m’ (4.69%) 3.14 ug/m’ (7.14%) 2.60 ug/m’ (6.38%)
(Daily rank : 7) (Daily rank : 4) (Daily rank : 4) (Daily rank : 6)
RI0 0.87 pg/m’ (1.20%) 2.29 ug/m’ (3.82%) 3.13 ug/m’ (7.11%) 2.87 ug/m’ (7.02%)
(Daily rank : 6) (Daily rank : 6) (Daily rank : 5) (Daily rank : 5)
gog 80
= z} 73 BN RO! @ RO6
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Fig. 12. Daily averaged contributions to emission source
regions in China to Seoul during episode period.
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(a) 2014.02.24. 00:00 (LST) (b) 2014.02.24. 06:00 (LST)

o

(g)2014.02.25. 12:00 (LST) (h) 2014.02.25. 18:00 (LST)

Fig. 13. 72-hr back trajectories of FLEXPART-WRF model starting from Seoul.
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