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Table 1. Population density statistics in 2020 (Unit: Number of people per

km?).
Administrative Population Administrative Population
district Density district Density
Nationwide 516.2 Gyeonggi-do 1,325.3
Seoul 15,839.0 Gangwon-do 90.4
Busan 4,348.9 Chungcheongbuk-do 220.3
Daegu 2,728.6 Chungcheongnam-do 264.0
Incheon 2,765.1 Jeollabuk-do 2234
Gwangju 2,948.5 Jeollanam-do 144.9
Daejeon 2,758.1 Gyeongsangbuk-do 138.9
Ulsan 1,069.0 Gyeongsangnam-do 316.2
Sejong 761.3 Jeju 362.6

Source: Population Density Statistics (2020)

Fig. 1. Geographical locations of the meteorological monitoring sites (ASOS
(blue), AWS (yellow)) in the Seoul metropolitan area (SMA): Gongchon-dong
(GC), Mapo (MA), Incheon (IC), Seoul (SE), and Songpa (SP).



Fig. 2. Same as Fig. 1, but for Busan metropolitan area (BMA): Ghangwon-si
(CH), Gimhae-si (GH), Saha (SA), Busan (BU), and Dongnae (DN).

Glpwa Q
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Fig. 3. Same as Fig. 1, but for Jeju Island: Jeju (JJ), Odeung (OD), Gujwa (GJ),

and Seogwipo (SG).
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Table 2. Weather types observed in Seoul, Busan, and Jeju Island in March
2018.

Region 3/20 3/21 3/22 3/23 3/24 3/25 3/26 3/27 3/28 3/29 3/30 3/31

Snow, . . . .~ Fog , ,
) ) Mist, Mist, Mist, Mist, Mist, Mist,
Seoul Mixed rain Mist, Haze Haze Haze
) Haze Haze Haze Haze Haze Haze
Rain Haze
) Rain, )
Rain, ) ) Mist,
Busan ) Mixed rain Haze Haze Haze Haze Haze
Mist ) Haze
Mist
: : Fog, . : :
) Rain, Rain, )  Mist, Mist, Mist, )
Jeju ) ) Rain Haze Mist, Haze Mist
Mist Mist u Haze Haze Haze
aze
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Table 3. Experimental designs for different emissions.

Case Emissions Calculations
Total Anthropogenic and natural emissions -
Case 1 Total - Chinese emissions Total - Case 1
Case II Total - domestic emissions Total - Case II
Case III Total - Japanese emissions Total - Case I

Case IV Total - Jeju Island emissions Total - Case IV
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T2 AEstal, dsts 7R iddGel st ZdARE A SHI
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Aot B AFNAE WRF-ARW 3.8 ver.s ©] &3t THWRF-ARW V3: User’’s
Guide, 2017). WPS 9] X2 ©hAIQI METGRID & %3 4" =7 48 #
3¢ AA AmE vge®E A5F3t #42 WRF-3DVARE &3 A4 2 4%
Z A5E WRF °o 48AA Rdlde P Aoz A8 A4
x3xo] e 2#Y FE8ElYd NCL, ARWpost, RIP 53 74 321 5
a9 AlEgeld 78S 7HestAl 5= VAPOR % REY FAASES

MET 52 tefat 22 Ert a7 A= Ao,
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S
ok

WRF Modeling System Flow Chart
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System Visualization
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WPS — REAL GEMPAK])
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RUC, NNRF,
AGAMET (0l
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NMM MODEL

Fig. 5. The flow chart of WRF-ARW modeling system (ARW, 2017).

# d7ollA WRF 2dle) 27]/78A A5 A oY Ase Al-a1 8%
=9k FH9] &olde 1#ste NCEPIIA #183= NCEP/NCAR (National

Center for Environmental Prediction / National Center for Atmospheric
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Research)9] FNL A&4 AE(6A1ZF 2H4, 0.25°x0.25°9] s4=)E o] &3t
=93 7]k 20189 3€ 209 00 UTC #E 3¥€ 319 00 UTC 74A] A5k
a7 g a1 FARe FgE FEe f8 VIR de] AREs Uy
% 3t<l 3DVAR cylingE 6A17F tA o2 A3t ARF3e $AHFoz

713 27 203 A 219 A= Fdo] FHoH, thrle s5e 4

7
WRF 2de] FAR9 FH2 F 6/ F9 F FEoMA I
172x118, 4= 27 km), HEE FH (D2, 247x160, 9 km), 3 4
130x187, 3 km)¥} A& IS (D4-1, 64x49, 1 km), F2F G (D4-1, 70x64, 1
km), AF G99 (D4-3, 94x67, 1 km) 2.2 FA3Ath(Fig. 6). LA AFFL F

30719 Fo2 BASAT, trlodRAY A-F7 Bxol FFS HAE )]

ol 1 km AE7FA F 1170 F(Sigma level=0.996, 0.990, 0.980, 0.970, 0.960,
0.950, 0.940, 0.930, 0.920, 0910, 0.895) 0.2 =W3tA FAsSch =3t sh+H &
EAEE 9 Met officed| Al 4= 9l OSTIA-SST (Operational Sea
Surface Temperature and Sea Ice Analysis) AR & A&3IR oM, ©] AH5+= A
T A sl 2= s F=ol tisl 0.05°x0.05°9 ¥ I EEE e
£ o] ATh(Xie et al., 2008)

2d F3o A EX &S+ USGS (US Geological Survey)oll Al Al 338k 247)
o] #3E AFH land-use 302 AEE, AFAEE USGSe| 30x AFPARE
o] &3t JTHUSGS, 2008). =He] AEHAAG] ALEH &8 A2 Table 49 #&
o " Al &2 378 (Microphysics) T E AAA d5 8T & A48 29
274 3g WRF Single-Moment 3-class schemes 4% Ewlo] AR5+
(Hong, at al., 2004), Milbrandt-Yau Double-Moment 6-class scheme< 3¢l =
HQlol A gste] 22 I FRAM HE FLHRJ] EFIUt JHsstES 63
S (Milbrandt and Yau, 2005). 7-5F%& & (Cumulus) B3} #4-2 Kain-Fritsch 7
=Y EF3E AESA S M (Kain, 2004) A 3EZ(Surface layer) 23 A2

Monin-Obukhov Surface layer scheme (Monin and Obukhov, 1954), @3} 3 %

Kl

3 B243tE RRTME ARS8 th(lacono et al. 2008). Land surface &2
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5-layer thermal diffusions A3t ™ (Dudhia 1996), wtA|9to. 2 7] 4 A
(Planetary Boundary layer) 42 YSU B35 A =<l AA43I3THHong
et al., 2006).
714 2 tird mdo moAn AFS fd, F=d ¥ A Y, agn
ool F 147 #ZAH(Figs. 1~3)lA1e] PMys = 717484 (7]2, Ht
#? dulsE) ARE ol &t FAF EAes FdSAT E=I FAR E4S
Al F8 1A urld BSHHS AAs. trd BSR4 A
3] 5 (YH: Yeonhui-dong), 1% 4185 (SH: Sinheung-dong), A& %
T(G: Jung-gu), A& PFET(MP: Mapo-gu), A& & 37(SP: Songpa-gu)= A

Aot on, HAHLE A §EE(UN: Ungnam-dong), A3l &4-5(DS:
Dongsang-dong), A 355 (GB: Gwangbok-dong), o5 (MJ:
Myeongjang-dong), & 3H-&(JR: Jangrim-dong)¥  AFAHL  o]=F(ID:

Ido-dong), A-5(YD: Yeon-dong), “34F5(SS: Seongsan-eup), &35 (DH:
Donghong-dong) &= 43} 3 T

Table 4. Details of the grids and physical options used in the WRF model.

D1 D2 D3 D4-1 D4-2 D4-3
Horizontal grid 172x118 247x160 130x187  64x49 70x64 94x67
Horizontal
. 27 9 3 1 1 1
Resolution (km)
Vertical layers 30
Microphysics WSM3 WDM6
Short wave .
. Dudhia
radiation
Long wave
. L. RRTM
radiation
Planetary
YSU
Boundary Layer
Land surface 5-layer thermal diffusion
Surface layer Monin-Obukhov
Cumulus Kain-Fritsch scheme for D1 and D2
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Latitude (N)

Fig. 6. The nested model domains for WRF and CMAQ simulations and the geographical locations of air quality (triangles)
and meteorological monitoring sites (circles). The model domains and geographical locations of air quality monitoring sites:
Sinheung-dong (SH), Yeonhui-dong (YH), Jung-gu (JG), Mapo-gu (MP), and Songpa-gu (SP) for PM,5 in the Seoul
metropolitan region(a), Ungnam-dong (UN), Dongsang-dong (DS), Gwangbok-dong (GB), Myeongjang-dong (M]), and
Jangrim-dong (JR) for PM,s5 in the Busan metropolitan region(b), and Ido-dong (ID), Yeon-dong (YD), Seongsan-eup (SS), and
Donghong-dong (DH) for PMs Jeju Island(c). The meteorological monitoring sites (Figs. 1—3) are located 2—7 km away

from the air quality monitoring sites.
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232 F4AH £4 24

2 dToAE s E PMys AElA 9= Tl ZIRHEE getstr]
#3l NOAA/ARL (National Oceanic and Atmospheric Administration/Air
Resources Laboratory)oll A #|&3k= HYSPLIT (hybrid single particle
lagrangian integrated trajectory model)E AH&3FA T HYSPLIT> 2}13%|¢F
W 7123 FF - Gt AAZE AL edEFY v 2 AUFdE 2 o
gogol AR FZo] JhesiH, & 7|4t d ) nlaste] A4k &

dH AlZEe] A cgdvs AR Atk 24 dY AR2e g 7R

fo of

il

7} AHgE+=dH, NCAR AE4 A5 = ECMWFE  (Buropean Centre for
Medium-range Weather Forecasts) 22 A¥}E5 F= ARE-3Th HYSPLIT 2E-&
Omega FieldE ©]&3 AF &5 7|& FO= 3} Isentropic, Isosigma,
Isobaric, Isopycnic wAES AHE &+ Jd& EAE 7HA UH(Drxler and
Hess, 1998; Draxler et al., 1999). HYSPLIT =25 A &3tol| we} 5% PMys
Aol 71l diste s719 9 AHS 73
el A AHHAIG tE ARE A om AL 5 Yk
A=

Aol A= HYSPLIT 2d< o] &ste s F4Ho2 3 F5okA o}

o

Aol ed=d ofF FHEEW =4 B A A9ew) dEHS E48HA

o ol muel A Aol AEF /14 ARE T NCEPY 714 0% =

-

rlr
ok
N
N
N
A
12
»
[-'0
Mo
off
o
f
=
o
off
o
kY
rlr
N
N
ol
ol
ol
=2
ok
u
Ll
Ao
»
ol
ol
rlr
oZ

7]
AY =34 ARE s 54 A9LS ntZF(MP : Mapo-gu), F4AH A
g2 ZHE(R : Jangrim-dong), AFTE AL FAHF(SS : Seongsan-eup) =
AotR o™ 1%+ 500 hpa, 1000 hpa®] TUHLEA 33 AEV) &23 AFH
o] ZAA FFe WA F= HAY Fol2 Hd=HY AAY FFe At &

Qe HEA =02l 1000 mE SFATHATZ 5, 1993).
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233. 4712 =4

thr7|de] FARYE A3 AHES ERE vx $HH S (US Environmental
Protection Agency, EPA)°lA 7HE3 CMAQ (Community Multiscale Air
Quality Modeling System) Z@o|t} o] a2 3219 @3 ¢ Rd= fiF/
A W Toly mAUAE 33 F

2 i
T Jom e FE(Multi-scale)oll thF A 32| 527} 7158t (Byun and

Ching, 1999; Byun and Schere, 2006). =3 o2] Z& FZ22 FA45 o] Zt
Axg Z=a93F 58] a1 g8 or Ao JHIE A F e AH
o] lom, AR FAGAA s AYE, TRt 2 FAGN 5 tr]ed

=49 o]F& AAtslE 3% (chemical solver)—% s At
T3 AR Fig. 73 2om, 67le] F2 Mg A 149 gshaF
E I (CCTM: CMAQ Chemical Transport Model)< 7}Zlth. WRF 228 <& 5

AR 714AEE CCTM 3o Hdadt JExs FAoz Adste 744
A2 2D MCIP (Meteorology-Chemistry Interface Processor), 332l & 4t&<

#1% JPROC (Photolysis Rate Processor), Z7]%Ex7& AA3ste ICON

ox
ol

(Initial CONditions processor)¥ ZAAFEZ71ES A4S BCON (Boundary

ofl
Ll
-
S
31'4
rlr
@)
0
™
2>
Z

CONditions processor), 3} ¢ FA|o g 2 3xe| FE
mizlgto 2 wjE#FS oud= EMIS (EMISsion)2] 6712 Hxzl z43t &7
CCTM2 o]&gt 67FA A2 Ame}t vied ARE AHARRE 319 2dEd
o] gehikg, FE-olF, A FFS AA A trlede=d sEE AR
ok (US. EPA, 1999, https://www/cmascenter/org/cmaq/).

g71d 2o =vQl H3EA = WRF 298 A3 AA a5 Zo|7] 93t
o 6708 WRF =¥IRIS 7|Fo 2 7} Eujles SAYER 747 3424 FoA]
TAEAT CMAQ Rd9 AAZE Fx= 1% °F 1 km7HA 297 202 A4
st HotE 1= A LPHo) B 0996 (half layer %: ¢F 16 m)E AA s
F=2 g Aol Az mojd £ AEF At CMAQ EHo| 7]
A d¥ A5+ WRF 228 435 MCIP(ver. 4.2) A8 Z2A2E o| &3}
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CMAQ EH ] x7]/7A A el FEHobrlol F(Domain 1) EPAOI A

AFste 7128 =4 Z29Y Z5 (Stockwell et al., 1990)F AH&-3H 3, F=

AR E 23S dhlE, dE P9 (Domain 2)F U E$ G < (Domain 3),

A Y, T4 99 2 AF I (Domain 4-1, 4-2, 4-3)°l thaiA= 49 =
o] mdldy ZA¥E ICON/BCON REo| dste] =z7]/74A dHA=
st mdgo] AMg" oo2F wWAHAUEZLS AERO-06, W AYUEZLS

CB05_tucle]l™, <2 Advection scheme wrf% PPM (Piecewise Parabolic

b

mlm

A

Method)<, % %9 <dAAGibol= ZH2F Multiscalet ACM2  (Asymmetric
Convective Method) schemes A3} Th(Table 5).

2 AFdAE MEF Ase aA4A AYE A8 AA ZEZIHMATLAB)
<= °ol&3t JA9A wWiEEH AAH wiEede] Fo= FAHICH, 747t @

Aol sto] AAAS} SFATHEAN, 2021). WA, FEROIAOF FH ALA Hj
=% EDGAR-HTAP v2 (Emissions Database for Global Atmospheric
Transport of Air Pollution) A& AR&3A =0, o= 0.1° x 0.1° THIIFEE
7FA™ PMs, PMy, SO, NO,, CO, CO, NMVOC, BC, OC, NH; 59 & <
HEZE Argste] €8 JEHE A5E A AoH(Carmichael et al., 2002). %=
e g9 AR mEFe Ty AstbA AFH= CAPSS (Clean Air
Policy Supporting System) 2016d ®& <QIWIEZ AH(TSP (PM; %3, NO,,
SO, VOC, CO, NH3)E AH&-3FATHNIER, 2018). CAPSS A&+ F
A 374, olF 299, "Hrle A, A 2 A B2 5 £FZE(Source
Classification Codes, SCC)°ll @z} 1d @2 4 H &+ (kg/year)olH, 33t
HAoZE A=E& 1 km x 1 km AAEE AEHUT - 29 )
< ABAREFR HiEAT Foll NE BAAEY tiE BAEE & A
of AHgstal, olFedd wMEFS ATE FI AL VKT (Vehicle kilometers

traveled)oll WiEA+E wste] AT, o]elol ) R AA AT G Tt

4

A+ v = 2 (Biogenic emissions) i< MEGAN (Model of Emissions of Gases
and Aerosols from Nature) version 2.04 22 o] §3sto] AAAE P 7]/
of W& AXHE wjEFo] A" AHAE ©] &3ATHGuenther et al, 2006). ¢

H4e Helg T AEHoR 2 mdy oo xR A9A NS A



Wl & %S 4Hete] CMAQ-ready emission input< AJ/d 3} A T

EMIS

OCEAN

Third Party Programs !
CMAQ Preprocessors I:I

CMAQ CTM I:l
CCTM Input S
CCTM Output =)
Met Model Output —

) A

MCIP

CMAQ Programs
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Fig. 7. The flow chart of CMAQ modeling system.
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Table 5. Details of the physical and chemical options in the CMAQ model.

Module Option
Horizontal advection(ModHadv) yamo
Vertical advection(ModVadv) wrf
Horizontal diffusion(ModHdiff) multiscale
Vertical diffusion(ModVdiff) acm?2
Aerosol module(ModAero) aerob6
Gas-phase chemistry solver(ModChem) EBI
Deposition velocity calculation(ModDepv) m3dry
Cloud module(ModCloud) cloud_acm_ae6
Gas-phase chemistry mechanism(Mechanism) CBO05_tucl

B AL #88 AT AAdo] tE PMys o B354 24 A
A 72 E Hrtstr] 918+, PAS] IPR (Integrated Process Rate)®4]< <33}

d-adol i dojZ2E YA FAAH(AERO: Aerosol process), % °|&(HADV:
Horizontal advection), % &4HHDIF: Horizontal diffusion), €

Vertical advection), 125 (VDIF: Vertical diffusion), ¥lZ&& A§4 74 (EMIS:
emissions source), 4 A (DDEP: dry deposition), 7544 2L +&4
318} A (CLDS: cloud process) &2 Atz 7| &S A4tste [PRY 338
ABs THHLE H7lsk= IRR(Integrated Reaction Rate)® -4 F o] U Th

n:
oo

1o

(Gipson, 1999; http://www.epa.gov/asmdnerl/ CMAQ/CMAQscienceDoc.html).
B Aol &&3 IPR A2 FA @92 4 AFS FHs ANE HA ol

ANE = WH3te Tl eEEA aEE 5 AT AAMR =23 FE2 Table
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= g WEFS YERdTE CMAQOIA PA A4S F33tr] HdliA=
=

o thgk famil

y M5 A4 2 BA oy odBdel d ¥ AEE pacpinp
Z m#Edg. E£3H, PROCAN 302 &¥HE+= PA_CMN.EXT, PA_CTL.EXT,

PA_DAT.EXT Y5 o]&sly CCIMoA PA EAHE HES

chemistry-transport 225 3 3}A €t

Table 6. Integrated process rates process codes.

Process Definition
ZADV Vertical advection
HADV Total horizontal advection (XADV+YADV)
HDIF Horizontal diffusion
VDIF Vertical diffusion
EMIS Emissions
DDEP Dry deposition
AERO Aerosols
CLDS Cloud processes and aqueous chemistry

Source : CMAS, 2012
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31. 3% ALY 714 2 PMys 55 54 24

Fig. 82 20181 3¢ 24% ~26% 73t ¢ FHEAL S & F U= AL
TE Yehd Zojth ol BY =ALSFH Z2E7HA fEivEtelA ARtz ow
Uehte 713 sidl ol A 7|k weEt olFo] #EHETH =3 24U ~26
FAGe Hit 7S 115C, B T5L 22 m/sE THF9
FIFol ZAsE FUsATE F, =T a7Iske] @A el wetk -4
H 71z stdA driedEde] AAEL, A &3 93] aujellA A
FEAY FFo] AAWA 7] F wAMA FHo] YEhtr] L 7%

Z70] FAFHAL. (o1& 5, 2020)
2 ATFoA AA #A471352018F 3€ 20€ ~309)
A, AFE)Y F 140 BSAFA(FEASMN, TS, AFZA4M)AM 713

(1=, 35, dUlEE)T PMpso| &5 Bl B9 ("Total”) AIE Bl L} Th(Figs.
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&
)
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12
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o)
> _lE

= = =
i A0

Fig. 8. Synoptic weather charts for East Asia and the study area on March
24-26, 2018.
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Fig. 9. Time series plot of the observed and simulated air temperature at 5
meteorological monitoring sites (IC, GC, SE, MP, and SP) (=< 3 km away
from the air quality monitoring sites) for Total case at D4-1 (SMA) during the
entire simulation period (March 20 - 31, 2018).
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Fig. 9. (Continued).
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Fig. 10. Same as Fig. 9, except for relative wind speed.
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Fig. 11. Same as Fig. 9, except for relative relative humidity.
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Fig. 12. Time series plot of the observed and simulated air temperature at 5
meteorological monitoring sites (CH, GH, BU, DN, and SA) (< 3 km away
from the air quality monitoring sites) for Total case at D4-2 (BMA) during the

entire simulation period (March 20 - 31, 2018).
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Fig. 12. (Continued).
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Fig. 13. Same as Fig. 12, except for relative wind speed.
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Fig. 13. (Continued).
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Fig. 14. Same as Fig. 12, except for relative relative humidity.
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Fig. 15. Time series plot of the observed and simulated air temperature at 4 meteorological monitoring sites (JJ, OD, GJ, and

SG) (= 7 km away from the air quality monitoring sites) for Total at D4-3 (Jeju Island) during the entire simulation period

(March 20 - 31, 2018).
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Fig. 16. Same as Fig. 15, except for relative wind speed.
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49 MBEE 04~12 m s'2 AW og nwE oA IHjre = HIFTFS
At AUsEe HA$ I0AE 064~0.899 FXE XY RMSEE 10.1~17.
1%E ERom, MBEx J] A% OD AHLE 11.2% 3 3.7% =2 AR, G A
A3 SG NEE -62%, -24% 2 FAmo = AFS Fels k. Aubz o
2 EE AYoA A =2 di7]d RoE 9§ V|8 se U AF=v}
2 #S YUY CMAQ EHe] 7Y dEARE AP AEdES BRAT
(NIER, 2016).

Table 7. Statistical evaluation of the meteorological variables between the
observed and simulated values at four monitoring sites in D4-1(“All”, five

sites for meteorological variables) during the study period (March 20-30, 2018).

Site Variable I0A RMSE MBE
IC (ASOS) TEMP 0.83 3.3 22
WS 0.86 1.2 -05
RH 0.79 16.8 10.3

GC (AWS) TEMP 0.83 3.6 23
WS 0.51 241 1.8

RH - - -

SE (ASOS) TEMP 0.85 4.0 -3.0
WS 0.57 2.1 1.1
RH 0.66 24.5 18.8

MP (AWS) TEMP 0.84 4.0 2.8
WS 0.87 1.2 0.2
RH 0.67 25.1 194

SP (AWS) TEMP 0.84 4.4 3.3
WS 0.63 1.3 0.6

RH - - -
All TEMP 0.84 3.9 2.7
WS 0.69 1.6 0.6
RH 0.71 221 16.2
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Table 8. Same as Table 7. except for relative D4-2

Site Variable I0A RMSE MBE
CH (ASOS) TEMP 0.95 2.6 -1.6
WS 0.68 1.9 0.6

RH 0.85 15.7 10.0

GH (ASOS) TEMP 0.92 3.1 -1.7
WS 0.60 1.9 0.6

RH 0.80 15.8 41

BU (ASOS) TEMP 0.89 2.7 -1.1
WS 0.66 3.0 1.2

RH 0.68 184 12.9

DN (AWS) TEMP 0.93 29 -1.3
WS 0.55 2.5 1.7

RH 0.71 224 16.9

SA (AWS) TEMP 0.91 2.8 -1.2
WS 0.84 1.6 04

RH 0.74 18.0 12.9

All TEMP 0.92 2.8 -1.2
WS 0.67 2.2 0.9

RH 0.75 18.1 114

Table 9. Same as Table 7. except for relative D4-3

Site Variable I0A RMSE MBE

J] (ASOS) TEMP 0.85 3.1 2.4
WS 0.88 1.4 0.5

RH 0.64 171 11.2

OD (AWS) TEMP 0.98 1.4 0.3
WS 0.78 1.8 04

RH 0.89 101 3.7

GJ (AWS) TEMP 0.94 1.8 -0.6
WS 0.89 23 1.2

RH 0.71 11.9 -6.2

SG (ASOS) TEMP 0.90 24 -1.2
WS 0.85 1.6 0.9

RH 0.77 115 2.4

All TEMP 0.92 2.3 -0.9
WS 0.88 1.8 0.7

RH 0.78 16.4 -6.2
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Fig. 18. Time series plot of the concentrations of observed and simulated
PM;s at five air quality monitoring sites (SH, YH, JG, MP and SP) for Total
during the entire simulation period (March 20 - 31, 2018).
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Fig. 19. Time series plot of the concentrations of observed and simulated
PM,s at five air quality monitoring sites (UN, DS, GB, MJ and JR) for Total
during the entire simulation period (March 20 - 31, 2018).
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Fig. 20. Time series plot of the concentrations of observed and simulated PM,s at four air quality monitoring sites (ID, YD,

SS and DH) for Total during the entire simulation period (March 20 - 31, 2018).
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Flg. 21. Spatial distributions of the model-predicted PM»5 concentrations
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(b) D4-2(BMA), and (c) D4-3(Jeju Island).
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Table 10. Statistical evaluation of the meteorological variables between the observed and simulated values at 14 air quality

monitoring sites within SMA, BMA, Jeju Island, as shown in Fig. 6 during the study period (March 20-30, 2018).

Domain Site I0A RMSE MBE

D4-1 SH 0.68 27.21 -10.01

YH 0.68 26.51 -14.04

JG 0.81 20.15 -5.65

MP 0.85 30.70 -16.77

SP 0.80 21.79 -2.13

D4-2 UN 0.85 15.98 -10.92
DS 0.92 9.71 0.65

GB 0.88 12.98 -5.97

M]J 0.77 20.43 -16.51

JR 0.82 18.77 -14.07

D4-3 ID 0.89 15.26 -3.65
YD 0.88 14.65 0.56

5SS 0.79 21.60 -15.35

DH 0.89 12.44 -6.42
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Fig. 22. Contributions of Chinese (long-range transport)
emissions to PM,5 concentrations (ug m~) averaged during a high PM,s event
(March 24 - 26, 2018) for D4-1(i.e., SMA): (a) “Total - Case 1” and (b) “Total
- Case [MI” denote the differences in PM,s concentrations between Total and

Case [ (for Chinese emissions) and between Total and Case Il (for Japanese

emissions), respectively.
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Fig. 23. Same as Fig. 22 except for D4-2(i.e., BMA).
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Fig. 24. Same as Fig. 22 except for D4-3(i.e., Jeju Island).
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Table 10& 2249 HiEF 7ld: B4 WHS 3 A" F=d A9
PMps F=° thid F5 LRT 98 wiEZFe] 7|9 x(%)E 44 Uebdth(Fig.
22¢] 57 A3 SH, YH, JG, MP, SPE thdo2). WA F= HjE| LRT &3
719 = (Total - Case 1) SH AHL 73%, YH AHL 76%, ]G MP A4 9
A ek 70~71%, SP A A oF 69% =2 AEERow, 5AH mF HFe oF

72%% FAHAt £ SH, YH A & AWt 99 JhAoD A%
AANF EAHOR FF 5 AN S0l AT YFL o A B oE A=W

, BE AHANAY & Sl 93 7] E(Total - Case M)= "% 7

0202 Table 118 FA4H Aol PM,s %ol thik 53 LRT, ¥& Hj=
Fo] 715 (%)S 47 YERAtH(Fig. 232 57 XA UN, DS, GB, MJ, JRE U
o). AA T #lEY LRT| 3 7|9 %=(Total - Case I)¥ UN A
oF 74%, DS AL 73%, GBS} MJ A HollA < 68~70%, JR A Z AN <F 70%
2 AEFHNeH, 5 BT ydE HFS o 71%E FHHAG RE AH
o Aol B HjZFol 9 7] E(Total - Case )T A=A S vl7IA 2 w5
uu] st th Table 12+ AFE AY PM,s %0 Uigh $5 LRT, & wj&F
o] 71 x(%)E 22 YebAthFig. 242 47} AH ID, YD, SS, DHE t4o =)
AA F= WjEe] LRTO| o3t 7] (Total - Case I)& ID9 YD A A A

F 81~82%, SS¢+ DH A AHoA <k 89% = AL=EH oM, 4XH HFo HFL&
F 85% =2 FAHEUT E3] SS AFL g2 AHF Hls] FAHI AHojlmg F
o 5 YF FF 93k FEFo] ¥ A YEhd Aoz AdHT Hbd, dE )

Zol 93t 7] E(Total - Case M)= FHH O E uj-g- wH] st}
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Table 11. Contributions (%) of Chinese (long-range transport) and Japanese
emissions to PM,5 concentrations at five air quality monitoring sites (SH, YH,
JG, MP, and SP) in D4-1(i.e., SMA) during the high PM,s episode (March
24-26, 2018).

Contribution of LRT from Contribution of Japanese
Site
China emissions
(Total - Case 1) (Total - Case III)
SH 72.7 £ 12.0 <1
YH 75.8 £ 10.1 <1
]G 70.0 £ 9.8 <1
MP 709 = 10.7 <1
SP 68.5 = 12.0 <1
All 71.6 = 109 <1
Sea areas
734 = 14.6 <1
(D4-1)
Land areas
742 + 126 <1

(D4-1)
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Table 12. Contributions (%) of Chinese (long-range transport), and Japanese
emissions to PM:s concentrations at five air quality monitoring sites (UN, DS,
GB, M], and JR) in D4-2(ie., BMA) during the high PM,5 episode (March
24-26, 2018).

Contribution of LRT from Contribution of Japanese
Site
China emissions
(Total - Case 1) (Total - Case II)
UN 73.6 + 12.1 <1
DS 731 + 13.3 <1
GB 679 + 11.5 <1
M]J 69.6 + 11.4 <1
JR 69.8 + 13.0 <1
All 70.8 + 12.2 <1
Sea areas
799 + 12.7 <1
(D4-1)
Land areas
781 + 11.1 <1

(D4-1)
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Table 13. Contributions (%) of Chinese (long-range© transport), and Japanese
emissions to PM,5 concentrations at four air quality monitoring sites (ID, YD,
SS, and DH) in D4-3(i.e., Jeju Island). during the high PM,s episode (March
24-26, 2018).

Contribution of LRT from Contribution of Japanese
Site
China emissions
(Total - Case 1) (Total - Case II)
ID 81.1 + 12.2 <1
YD 82.0 + 13.0 <1
SS 89.4 + 4.0 <1
DH 89.0 £ 49 <1
All 854 + 85 <1
Sea areas
794 + 121 <1
(D4-1)
Land areas
78.7 + 13.6 <1

(D4-1)
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Fig. 25. Contributions of domestic emissions to PM,s concentrations (ug m'3)
averaged during a high PM,s event (March 24-26, 2018) for (a) D4-1(SMA),
(b) D4-2(BMA), and (c) D4-3(Jeju Island). “Total - Case II” denotes the
differences in PM,5 concentrations between Total and Case II (for domestic

emissions).

_63_



Latitude (°N)

33°N
20.00"

Fig. 25. (Continued).

20

_64_

au 127°E

Longitude (°E)

(€)

50

40

30

20

10



Table 132 214 ¢] 7% AAWHEE T3 A4tE ASAY PMys = o
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Table 15&= AFAY PMys X0 tigh ] &t wiEH 7A=(%)E 44
UebATHFig. 259 ()¢ 47} XA ID, YD, SS, DHE th o 2). ID9 YD A H
oA oF 43~45%, SS& DH Aol Z2; oF 41, 43% = AF=HAoH, 424

o] Wi oF 43%E FAHHUT. 53] ID, YD AHE & Ax el Hs) &

d B FAAGe| R IAH wfjEo] o3 FEFe T

o
i
N
IS
o
o

2 AFolA FHE (T, &3, d8) 79dE&S EF Gsid 100% =
z3st=d o= CMAQ BEM 71WHe| AR Atsdt. ©Al 23, PMyse| 23t
7] dojzE 2 A4y 2 23 grled=d S S Edd o=
FEY AFEHo] st or HAE G o8] AHEHY] wIol, eddd
719& o] Aol7f Mg Aoz FAHHAT (Lee and Lee, 2015 Kim et al.,
2017, ¢71% -5, 2019; Bae et al., 2022).
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Table 14. Contributions (%) of domestic emissions to PM,5 concentrations at
five air quality monitoring sites (SH, YH, JG, MP, and SP) in D4-1(SMA)
during the high PM,5 episode (March 24-26, 2018).

Site Contribution of domestic emissions

(Total - Case II)

SH 26.0 + 11.3
YH 26.0 £ 10.1
]G 495 £ 9.8
MP 495 + 109
spP 55.6 £ 8.1
All 41.3 + 10.1
Sea areas

40.3 + 11.7

(D4-1)

Land areas
494 + 119
(D4-1)
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Table 15. Contributions (%) of domestic emissions to PM;s concentrations at
five air quality monitoring sites (UN, DS, GB, M], and JR) in D4-2(BMA)
during the high PM,5 episode (March 24-26, 2018).

Site Contribution of domestic emissions

(Total - Case II)

UN 528 + 175
DS 591 + 12.7
GB 547 + 194
M]J 573 + 16.5
JR 554 + 16.3
All 559 + 16.5
Sea areas

503 + 13.7

(D4-1)

Land areas
542 £ 99
(D4-1)
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Table 16. Contributions (%) of domestic emissions to PM,5 concentrations at
four air quality monitoring sites (ID, YD, SS, and DH) in D4-3(Jeju Island)
during the high PM,5 episode (March 24-26, 2018).

Site Contribution of domestic emissions

(Total - Case M)

ID 453 + 21.8
YD 433 + 227
SS 412 + 199
DH 428 + 21.9
All 432 + 21.6
Sea areas

222 + 104

(D4-1)

Land areas
414 + 119
(D4-1)
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Fig. 26. The 72-h backward trajectories (March 24-26, 2018) of air masses arriving at three air quality sites (MP, JR, and SS)

(@) MP (Mapo-gu)

(b) JR (Jangrim-dong)

(c) SS (Seongsan-eup)

at a height of 1,000 m. The percent of trajectories belonging to a particular wind sector are shown in parenthesis.
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Fig. 27. Temporal changes in mean PMs concentrations (1g m> h') from
various physical and chemical processes at air quality sites in the 1-km model
domains (a) D4-1(SMA) (b) D4-2(BMA), and (c) D4-3(Jeju Island) during the
study period. The processes include aerosol process (AERO), horizontal
advection/diffusion (HTRA), vertical advection/diffusion (VTRA), primary
emission (EMIS), cloud process (CLDS), and dry deposition (DDEP).
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Table 17. Comparison of the integrated process rate (IPR) (ug m® h') for PM,s in three domains (D4-1, D4-2, and D4-3)
during the high PM,s event (March 24-26, 2018) and non-event (March 20-23 and 27-30, 2018). The IPR processes include
aerosol process (AERO), horizontal advection/diffusion (HTRA), vertical advection/diffusion (VIRA), primary emission
(EMIS), cloud process (CLDS), and dry deposition (DDEP).

Content AERO HTRA VTRA EMIS CLDS DDEP
D4-1 High PM,s5 event 27.8 -83 -3 171 16.0 -13.0
Non-event 14.0 -2 -64 18.2 14.5 -12.5

D4-2 High PM,5 event 5.0 14 2 8.3 0 -18.9
Non-event 6.1 0 -15 9.2 19 -7.0

D4-3 High PM,s5 event 35.6 22 -54 7.0 0.3 -10.1
Non-event 11.3 0 -17 7.7 8.8 -10.2
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Abstract

In this study, the contributions of emissions (foreign and domestic) and
atmospheric physical and chemical processes to PM,s concentrations were
evaluated during a high PM,s episode (March 24-26, 2018) observed on Korea
in the spring of 2018. These analyses were performed using the community
multi-scale air quality (CMAQ) modeling system with the brute-force method
and the integrated process rate (IPR) analysis, respectively. The contributions
of long-range transport (LRT) from China (70-76%) for SMA (Seoul

Metropolitan Area) were significantly larger than those (26-56%) of domestic
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emissions in South Korea. The contributions of LRT from China (68-74%) for
Busan Island were significantly larger than those (53-60%) of domestic
emissions in South Korea. The contributions of LRT from China (81-89%) for
Jeju Island were significantly larger than those (41-45%) of domestic emissions
in South Korea.

The substantil contribution of LRT of SMA was confirmed in conjunction
with the air mass trajectory analysis, indicating that the frequency of airflow
from China (57% of all trajectories) was higher than from other regions (e.g.,
South Korea) larger than those (41-45%) of domestic emissions in South
Korea. The substantil contribution of LRT of BMA (Busan Metropolitan Area)
was also confirmed in conjunction with the air mass trajectory analysis,
indicating that the frequency of airflow from China (57% of all trajectories)
was higher than from other regions. The large contribution of LRT was also
confirmed in conjunction with the air mass trajectory analysis in Jeju region,
indicating that the frequency of airflow from China (58% of all trajectories)
was higher than those (31%) of other regions. These results imply that
Chinese emissions have a stronger impact than domestic emissions on the
high PM,s concentrations in the study area. From the IPR analysis, the
contribution of horizontal transport, aerosol process and vertical transport to
PM,s5 concentrations were dominant in most of the areas of urban and

background areas during the high PM,s episode.
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