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Abstract

CMAQ (Community Multiscale Air Quality Model) simulations were carried out to estimate the potential range
of contributions on surface PM, 5 concentrations over the Seoul Metropolitan Area (SMA) with the gaseous
precursors and Primary Particulate Matters (PPM) available from a recent national emissions inventory. In detail,
on top of a base simulation utilizing the 2013 Clean Air Policy Supporting System (CAPSS) emission inventory, a
set of Brute Force Method (BFM) simulations after reducing anthropogenic NO,, SO,, NH;, VOCs, and PPM
emissions released from area, mobile, and point sources in SMA by 50% were performed in turn. Modeling results
show that zero-out contributions (ZOC) of NH; and PPM emissions from SMA are as high as 4~5 ug/m’ over the
region during the modeling period. On the contrary, ZOC of local NO, and SO, emissions to SMA PM,  are less
than 1 pg/m’. Moreover, model analyses indicate that a wintertime NO, reduction at least up to 50% increases SMA
PM, 5 concentrations, probably due to increased HNO; formation and conversion to aerosols under more abundant
ozone and radical conditions after the NO, reduction. However, a nation-wide NO, reduction decreased SMA PM, ;
concentrations even during winter, which implies that nation-wide reductions would be more effective to curtail
SMA PM,  concentrations than localized efforts.
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A2 PRRANE 2EA ZoAHA AB 5
£ 2021d7}A] 20 pg/m’, 2024 A 7}HA] 18 pg/m’® =2
2 W A35}7] €3 LEZ(Low Emission Zone)2] T
Mg e ABH 27 WA A7) B} 2L A
3 A =9 T EE olF LHUeREE VRl
= AAAEHE (NO,, Oxides of Nitrogen)@} A8k H4
SolA &S = ol4FEkH(SO,), 2B AL 12} HAIHA]
(Primary Particulate Matters) A2 AESIL ot
(MOE, 2016).

ZuA|HA| Q] thFet RS 1S o anpEQl
= AE feiAE AN HEE FAEEE
wirez QRe uld 4 sk 29l et
7} 223}tk (Sun et al., 2016; Kim et al., 2016a). ZH|
AR = wiEdold 24 wiEEs 13 nlAEAE
otzt SO, NO, & AFEZ| 7|Qlste] FYH= 2
3 oA Gl BFHoR Lehtel, B
I= 82E RY sulfate, nitrate, ammonium 52} F
714 ol AE BT7} 50~60% 7FFo R Uehdtt
(Moon et al.,2011).

AZSE-A 7|8 HHEES BH 2013~20159 Ab
o] AR ZuHHUA FEE 25ug/m’, 24 pg/m’, 23
pg/melm, 8 7|4 G0 2L NS HRT +=
A A7t 9] AHE AT Seoul, 2017). 0]
A& 2009 AZA] wARAA] O] tiste] F= T =9
FHFE 49%, =H FIFE 5192 AL H, AU
FIF T olFAY, vAHZA] Fof| tigt 7=t 2
ot B7FsFATH(Seoul, 2011, 2010). 2o AL 7
G4 B4y SelzrE el feo) ARUE oA 1t
B, tf 2 ol thgh S 7]z B AR oA
of & % /M BEx ol&H= WiEEFel ut
Zabd 4= 9Jth(Kim et al., 2017, 2016b).

= s @&, ZUA|UA], A%l SIP (State
Implementation Plan) =32 93] =7} W& 5591
NEI (National Emission Inventory)S 7|90 & oj7|%
g g A9 A ARE 713 Y viEF AR
£ o] &3t JITH(TCEQ, 2016). NEI= A2 Q1 Uyt
AR ARE 7| E s soF ke A AR TA|
52 ©@F FAY FHF Fxo wEbe BEESAUY
A o2 Jegert gojA= HiEd T2 WiEF A
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Hol7] wjZolth. 22, Sl A= @A7A o2t
A o] &t Agolrt.

& dFolA= 2013 CAPSS HiEF H525 o83
712 BAE F8f =1 wiEFel Y A % F
W 299 2uH9A] s=of vA= 7owE 2 Y
AE ZARRIT o] $13) 2013 CAPSS Hi &2 °|&
T HAREARE #EA| 9 vjwste] @S sk,
U= BAE Fo HjEF Hste] mE ZnAuA
TS =g WA ol A= AT ERE
Aol T2 2u|AEA] FEHE MY #4E 7hsst
A s, &5 e=d A9 ZuAHA ALAE
Al F8 ddEd A4 Sl 282 5 Atk

2, |+ 4H

2.1 7|1 & 7= Z2A

t)7]2 HAl= WRF (Weather Research and Fore-
cast; Skamarock et al., 2008) version 3.4.1-SMOKE
(Sparse Matrix Operation Kernel Emissions; Benjey et
al.,2001) version 3.1 /MEGAN (Guenther et al., 2006)
version 2.1-CMAQ (Byun and Ching, 1999) version
4.7.1 29 A2HE o] &3}t (Kim et al., 2008).
WRF &A} A] 27]%-& NCEP (National Centers for
Environmental Prediction)/FNL (Final Operational Glo-
bal Analysis data) A2 E o] &3lg o $2&L 363
O 7 F/J3th. WRFOA 4y E 7] 4Ak== MCIP
(Meteorology-Chemistry Interface Processor) version
362 &3l d71d BANE 71dAERR HEsla, of
W $H3e 230 AFEHYOR, Aotz Fol
33uEE Stk AE /1Y mAS 7gAEE
AaufEF A 2 A wEFY 25 9 g7
2 AL o] &t t7]E BALS P8 AUA &
71&32 SAPRC99 (Statewide Air Pollution Research
Center, Version 99; Carter, 1999) 3}3} w|#A1UZ0| u}
2t 3ok FRENeH, Jdoj=E EAS
AEROS57} o] &5}t BAFY 2 |t B3t 47
£ o2 33 9-kme] A2 FAHEH, 3
g EZAG o] HE BARAES BAsH] $1sto
27-km FHHFEE S5 5o ZFE FEOMAOL A
ool EAS WA Fsi o] &H wWigAEE &
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-

Table 1. WRF and CMAQ configurations for the base and
sensitivity runs in the study.

(a) WRF
Description
Version WRF v34.1
Global MET inputs FNL (NCEP, 2000)
Micro physics WSM6 (Hong et al., 2004)

Short wave radiation
Land-Surface Model

Dudhia (Dudhia, 1989)
NOAH (Chen and Dudhia, 2001)

Fig. 1. CMAQ modeling domain at a horizontal resolu-
tions of 27-km and 9-km, respectively. Filled cir-
cles and an open box in SMA represents air quali-
ty monitoring stations and Bulkwang super site,
respectively.

Bol 9o tjafAl= 2010 CREATE (Woo et al.,
2014) AEZ, o] HajA= 2013 CAPSS Hj&F
229 SMOKEE o|-83lo] H2|sharh.

A 20149 19, 49, 795 1098 2 AR
o) fm 9= Hao 3 2H BAE YAk BA
WEL mAZTE uRd 5 9 BEXRT} oS
st A7leh WEF B2l |2UEE 15t
2014302 Bkgich. BAF A] spin-up 717+ 7 BA}
Qo] dis) 152 AE=E ARetAT. 18 1S BAl
olg® BAGAL BolFn], B 10] WRFS} CMAQ
o) ma 24 AN

PBL scheme YSU (Hong et al., 2006)
(b) CMAQ
Description
I Seoul Metropolitan Area (SMA) Version ) Version 4.7.1
T Chemical mechanism SAPRC99
@ Air quality monitoring stations Chemical solver EBI
0] Bulkwang supersite Aerosol module AEROS

Default profile for the 27-km domain
Nest-down boundary for the 9-km

Boundary condition

domain
Advection scheme YAMO
Horizontal diffusion Multiscale
Vertical diffusion Eddy
Cloud scheme RADM

3. Zm % 0¥

3.1 MTEE HEY 2N

2013 CAPSS Hj &k
oA WiZEE WS ATEEY 7= BAsIA
 20] Aol BALE Sasheth WaAEHRT At
sgo] A% SEUC] HHT Azka AZH Ao
UE G AolZ ] gdtel AT A BAE
27590 714 BAE B8 7|9 B4 BRM

=3

o) BE $ES BN AL ol8E WEY
B2o)4 50% 71e] Atzel WAT A& TPystel
(MOE, 2013), AF&dd2 4dE2Q 50% A< 4
$8 ¥ BAZ sty ek B ATl B2
F RS LU A TR AFSE Dol g
S | 2ANHE AgPAo] e 4 Yk F ¢
AT AL 3,220 Aahelt.

B ATE ATERE AN V|2 94
A7) 918 W, AL | RS 5 ghetort, 1Y 2
o PARE TEY SEA ATRY EFE 2013
CAPSS A28 A3kl AN WgE 24 A
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142 Ay - wie - g - Jdd
7IAA AFEAT ¥ EE primary elemental car-
bon, primary organic carbon 5 primary PM, 5, PMC
(Coarse Particulate Matter) 8]&=3} 7 PPM (Pri-
mary Particulate Matter) 2.2 FLE3}GcH ZdF
(model species)o 2 E=F Zu|NHA| vj&HFS
2013 CAPSSE SMOKES £3) a3t A3, SCC
(Source Classification Code)d H-&-& ©| EPA (Envi-
ronmental Protection Agency) A 25 ZAZ ZAE
], AHEE di o] REgE T

eSS F=2 F(Sulfur)o] 24 ARO|E Al
Ao, A4S, HlEz e dY FolA T s, &
=4 Y &L 37,894 tons/year (TPY)2.2 A=t Hj
E%9] 10% 7FFo|tt. AAASEL F2 454 5

Table 2. CMAQ sensitivity runs used in this study.

Case Source region Species for emission reduction
El NO,
E2 SO,
E3 SMA NH,
E4 PPM
E5 vOC
E6 NO,
E7 South Korea S0,
SO, NO,
0% 13%
37,894 47% 45% 284,942
53% (ton/yr) (ton/yr)
PM, VOC
7% % 129
% 14776 306,804
(ton/yr) (ton/yr)
49%
81%

2
40% = AAFITE X S Fho A T
£ S-S o wiE&dol ¥lg) 1/3~1/4 &0t &
Tl AA| A2ASE vjETF 284,942 TPYO 2 A
9] 25% 74FS AAFC) I GBS S
&2 AT} Hlet Ao, §7]-8A4 A
|02 Qg HjEo] FE olEth. R Yot & A
$ 56443TPYO R ulE B2 Aol 32 59 L A
A ZAR o)A wiEEl= AR AAIE o] et 12} H|A|
AR & AU Axe 7 BEL d4LE 2
A R 32,509 TPYo] MiE=w, Wt A < Ed
of FFE o] itk

3.2 7|22A =EI}

a9 33t 49 714 mAbe] gt S8} (perfor-
mance evaluation) 24 2-m 7]-23} 10-m E&0) 3)
2% BAKE BAS] e Hlweheic 19 3
NN BESARE I8 194 EQl ZAG S| tisf 7]
B BEARE APER FAe Ao YA AL
2L (14, 44,79 282 10€e] s 2+ 0.5°C,
12.4°C, 23.5°C, 15.6°C)¢} W3R o= #=X](0.5°C,

PMC

1%

17,733 43%

56% (ton/yr)

42%

NH,

7% 1%

56,443
(ton/yr)
Point
Area
86% Mobile

Fig. 2. Annual emission rates and proportions of point, area, and mobile sources in SMA for the selected species in the

2013 CAPSS.
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Fig. 3. Time series of hourly 2-m temperature at the monitoring sites for (a) January, (b) April, (c) July and (d) October

in 2014.
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Fig. 4. Time series of 10-m wind speed at the monitoring sites for (a) January, (b) April, (c) July and (d) October in 2014.

13.1°C, 24.7°C, 14.8°C)2} S-A}8E ¥d, 10-m £452
AL tis] T= FEHE 2.0 m/s, 2.2 m/s, 2.0 m/s,
2.0m/s¢Ql BHH A} E490 7F 38m/s, 3.3m/s, 2.8 m/
s,34m/s2 YEE 0.8 m/s~1.7m/s &= I BALS}
B, A7 E F4o] WMESE B BA} AxE A
o=z & 4tk

E39| Z4$ WRF-MCIP 232 uigtog o 2

(D& 7|8tz U, V HIEHAEE 4o mE oA A
2] (Wind Displacement)E A3 tH(E 5). o|F A
Pt 87 % AT AFER WA Rolt} 9kmi
o duEoR Ze e moltd), o|AA 7%
o2 AAIZE 9-km= ©] EPASJA Z2u|A|HA] RALS
Sfal AN MY 27 27 Ax2, FYAToY
o ti71d ARAARAE FHIE RAFG S BApo|
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Fig. 5. Diurnal and monthly wind displacements at the
meteorology monitoring sites in South Korea dur-
ing 2014.

o] o] F7]o]th(U.S. EPA, 2013; NIER, 2011).

Wind displacement (km) = (U_Mod — U_Obs +
V_Mod — V_Obs)* (1 km/1000 m)* (3600 s/hr)* (1 hr)
(H

of7]o]A U_Mode SAUE HAES, U_Obs: &
A BEFS V_Mode GEHE HARES, 17
I V_Obs: 21 #&FLo|t)

a9 6% mARE 20149 19,49, 79 221 109
of sl th7]d HAF $YFIE B A=, uA|
A9 AL BE mAF] sl HAH7F ot 49
of e Ta BAPL FEHZG EARL Y| g
nA WA B #FSeEE S2ug/m’, BARSEE 36
ug/m’ (R=0.73)0|ct. 7|34 Ato|Eof| oJ5hH 2014
49 B9t HuE AL glon, 100 pg/m’ o] 4
o HAHA BEYL 2 o A FIFo] AN
Aoz woteth Zulq A mAEe] B3t BE =
AR 306 pgm’e 2 BE2w o] 30.0 ug/m’e}
AR FE pFo] BOEGIoh(Bias=0.6 ug/m’). £&

a7 A 33 A A2 &

9] A% 497 790 2 =t WERE=, ¢
H3t 5ol frASHA AR THR =0.89). ’F 7FHA] ¢
ot £ HE &Y AL 2EBSAE Y 1§

£ Fdstdletl, 1dole S8k 199 B
Z5% 23 ppb, BARSE 27 ppbE H|ZA%E=2l 35 ppb
o Hlg} W& FEE Hol=t, o= NO, Mi&% w2
Ao e HAazte] oF Aoz wotEh
NO,% 7% Aoz #55=7F FUA 7=
=5 213 ppb, BAFsE 26.6ppbE ThA ol &
AZE o|F R o, o2 BAM O HisiA s HEEE
v gt 5~10ppb 7FF RA HARSHATH(EAM
= F 32.5ppb, ZAFHF 29.4ppb). 20144 1Y &
SO, B&%E UBF 8ppb FEFOU, BABEL 5
ppb W= T2 EAREGlOn, 44, 79 T2|3 10€
e B55ee EAbs=s 242 3~6 ppb, 2~5 ppb
Hele] F=5 HArh HRtder £ 2 Yo of
3k SO, T HA =AM tfsf 30% 7HF w4 B
7kttt

I8 72 20149 =AM O] tjaf BE S 49
 FEY AZEE H Ao oEL2 U
o] HatS BYch S AAFAA AT upet Zol
ulAq AR 8] Fe =mAIZE Bt HEAE 30% THE
T HARFROU (7]&7] 0.74), ZUAHA 9 H -5
71&7] 10 =2 HARSATH 22 B5X] (46 ppb)
oF frARRE dHI &= (47 ppb)E HARIHLH (R=
0.89), NO, At =5 E™H 40ppb oA 9] 15r: U3
B35 AL BAREETE A AE5E & 4 QU SO,
= ZAVIZE Wt FEFE 58 ppb, BARSE 3.8 ppb
2 2wl 3 %7t malt,
B Aol oA EEA % UE BARs )
EAE AU 7o =S B Qe Ae=
E4E BSARE o] &sto] zuAIHA] FAEE
gt ZA A BIFsHEIT I 3o =AM o] Tigh
ZHNHA EARE It tiet £33 S a00A9 F4
E AN sEHen, & 40 JEEH HAMEIE H Yo

3% HH I9 63} 7oA Bl =AY ST
= gy E3F SA2dAE BZE AR Y]
Z2UAHA] =5 T4 Frbste, 4o 7 2 HA
£ Helth A7 Hat 2uAHAlE T 385 ug/
m’, A} 31.5 pg/m’2 20% BE B4 ZE QT

I 404 FAEA ] A 190 His) T3 6.2 pg/m’,
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Fig. 6. Time series of daily averaged (a) PM,,, (b) PM,;, (c) O;, (d) NO, and (e) SO, at the monitoring sites in the SMA for
the modeling months in 2014. The daily mean values were used in the plot while mean of the maximum concen-
trations was used for ozone.
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Fig. 7. Scatters of daily mean (a) PM,,, (b) PM,;, (d) NO,, (e) SO, and (c) daily maximum 1-hr O, averaged for the moni-
toring sites in the SMA for the modeling months in 2014.
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Table 3. Statistics for PM,; at Bulkwang super site during the simulation period in 2014.
Monthly mean (ug/m”)
R Bias Error RMSE I0A
Observed Modeled
January 49.1 443 0.8518 -4.8 11.0 14.0 0.9024
April 47.1 30.7 0.8541 —-164 17.3 229 0.7600
July 35.8 30.0 0.7080 =57 12.9 16.6 0.8083
October 230 214 0.7926 -15 7.1 8.4 0.8783
Annual 385 315 0.8013 =70 120 16.2 0.8536
Table 4. Statistics for PM,; composition at Bulkwang super site for each modeling month in 2014.
Mean (pg/m’)
Species Month R I0A Error RMSE Bias
Observed Modeled
January 6.2 3.6 0.7230 0.6379 32 4.5 -2.6
Sulfate April 10.7 8.0 0.8769 0.8105 43 6.0 -2.8
July 11.1 10.2 0.8664 0.8942 40 53 -0.8
October 3.1 2.8 0.8718 0.9265 09 1.1 -0.3
January 10.6 11.6 0.8096 0.8904 3.1 4.0 1.0
. April 11.0 93 0.8567 0.9018 3.0 4.1 -1.7
Nitrate
July 74 70 0.2889 0.5285 53 8.0 =05
October 94 10.9 0.8680 0.9093 2.8 38 15
January 52 50 0.8878 09122 14 1.7 -03
Ammonium April 6.8 5.8 0.9071 0.8993 19 2.7 -1.1
July 6.1 59 0.7404 0.8256 2.8 37 -03
October 42 44 0.8713 0.9290 1.1 1.3 0.1
January 23 25 0.7650 0.8590 0.6 0.7 0.2
EC April 19 13 0.8435 0.7057 0.7 0.8 —0.6
July 1.3 1.3 0.5945 0.7325 04 0.5 0.0
October 14 1.4 0.7965 0.8809 04 0.5 0.0
January 5.7 7.8 0.7107 0.7428 2.7 34 20
oc April 3.7 23 0.6408 0.6297 1.6 2.0 -14
July 3.7 14 0.3948 0.3972 22 39 2.2
October 35 22 0.7966 0.6861 14 1.8 -13
January 18.8 14.1 0.7959 0.8238 5.6 7.0 —4.7
Others April 149 4.6 0.6337 04676 103 11.8 -10.3
July 10.5 3.7 0.2481 0.4448 6.9 9.5 -6.8
October 8.3 43 0.3574 0.5118 40 4.7 —4.0

RAF 3.6 ug/m’E 50% 7V TA BARSR, AtE e
2 1wy =9 787 1099 A$ 2AEE 107
pg/m’et 11.1 pg/m’, BE2%= 8.0 pug/m’, 10.2 pg/m’2
10% 7V Zpol g H ot Aatg el 49 1€+ &=
10.6 ug/m’, BA} 11.6 ug/m’2 10% o ZASH} 4
7} 10¥oll= 22 10~20% 4, Tl BrRgtch 4
w9 AF AT A kol osf 23E AL
2 ygEy, 2y s EE E o, #E5X%Y H

A= 1 pg/m’ 2ok Zoh ECol - 49o& tha IAa
ARSI, U Al BAML O] dfi = BEE = FA
g ¢2S ZARSHETH OCY AL 1¥de ¥ 57
ug/m’, A 7.8 ug/m’E 30% AL o =ASR ok
£ ZAMEE Byt Holw, §35] 799 A¢ I5
3.7 ug/m’, A} 14 pg/m’E 24 2AE S
ZuNHA] F 7]t & (Others)oll HajA= 19&
A QJstae s & ztolE Bt £3| 49| 3|
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disbenefit’y} THE BFA (box) HAFAT= I ollA|
T 433 v} Qlt}(Gie., Lee et al., 2006).

13 8(b)y= =4 8l SO0 93t Zu|AHA] 7]
=S Bl Ao wAE AFF 7|9 EE 04 pg/m’
A=2 vehdrh 29 8(0)dlA 7taA tmYot wiE
of 9t ==d ZuAHA] 7|oEE ABF 4~5pg/
m’ xR 2 B vlg] £ 7= g Bk &
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Fig. 8. Zero-out contributions of (a) NO,, (b) SO,, (c) NH; and (d) PPM emissions from the SMA to surface PM,; concen-

trations averaged for the modeling period in 2014.
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(a)

PM2_5.5SMA NOx emission contribution.period mean

(©)

PM2_5.SMA NOx emission contribution.period mean
————————

(d)

PM2_5.5MA NOx emission contribution.period mean

(d)

PM2_5.SMA NOx emission contribution.period mean
~——— = —

Fig. 9. Zero-out contributions of NO, from the SMA to surface PM,; concentrations averaged for (a) January, (b) April,

(c) July and (d) October in 2014.
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Sao)7|8AstEA A 33 A A 2 5

£ Ho|x glon, viZE Z4& A% 50% +=d
NO, ¥i&F Azl whet =4 9 S5 A7 Ao
A NO, 5=7} WolAle= Z& & & Jth (2™ 10(D).
I3 10b)yE B & =7 & A9 vls) ¢
o, o= NO Z7Fe] &J3t o= Ho|u (Kwak et al.,
2011), 1% 10(g)° A &= NO, Tk #47} Hol= X
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[ppb)

Fig. 10. Spatial distributions of selected species; (a) NO,, (b) O;, (c) HNO;, (d) Nitrate and (e) NH;, and the concentration
changes of; (f) NO,, (g) O, (h) HNO,, (i) Nitrate and (j) NH; after a SMA NO, reduction by 50% in January 2014.
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Fig. 11. Zero-out contributions of SMA (a) NO,, (b) SO,, (c) NH, and (d) PPM emissions to PM,; concentrations for each

modeling month in 2014.
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(a)

| SMA(NO, emission)

B Seoul
[] Incheon
Il Gyeonggi A

SMA (SO, emission)

Contribution to PM, 5 (ug/m’)

SMA (NH,

emission)

()

SMA (Primary PM emission)

SMA (VOC emission)

Fig. 12. Modeled zero-out contributions of (a) NO,, (b) SO,, (c) NH,, (d) PPM and (e) VOC emissions from the SMA to
PM,; concentration at each monitoring site over the region. Contributions at the monitoring sites are sorted

decreasingly for each pollutant.
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Fig. 13. The same with Fig. 12 except (a) NO, and (b) SO, emissions from the whole South Korea.

(b)

Fig. 14. Zero-out contributions of (a) NO, and (b) SO, emissions from South Korea to surface PM,; concentrations

averaged for the modeling period in 2014.
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