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Abstract

CMAQ (Community Multiscale Air Quality)-HDDM (High-order Direct Decoupled Method) simulations with
MICS-Asia 2010 and INTEX-B 2006 emissions inventories were performed to investigate the impact of Chinese
NO, and VOC emissions on 1-hr ozone concentrations over South Korea during May to July in 2014. Chinese NO,
and VOC emissions in MICS-Asia 2010 were 60% higher and 100% lower than those in INTEX-B 2006 during the
simulation period. It makes the ratio of Chinese VOC to NO, emissions in INTEX-B 2006 (Case 1) is 3.2 times
higher than that in MICS-Asia 2010 (Case 2). When the observed period mean 1-hr ozone concentration averaged
across 106 air monitoring sites in the SMA (Seoul Metropolitan Area) was 37.6 ppb, the modeled values were
similar to each other; 37.3 ppb for Case 1, and 40.4 ppb for Case 2. Both cases show that daily maximum 1-hr ZOC
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(Zero-Out Contribution) of Chinese NO, and VOC emissions were as high as 55 ppb and 35 ppb for the episode
respectively. Correlation coefficients between ZOC of Chinese NO, and VOC emissions and the SMA daily
maximum 1-hr ozone were 0.49~0.69. It indicates that Chinese emissions occasionally affect the SMA daily ozone
peaks. On the other hand, Case 2 predicted 7 ppb and 1 ppb higher ZOC of Chinese NO, and VOC emissions than
Case 1, when simulated ozone in the SMA is over 80 ppb. It implies that upwind NO, emissions would be more

important than upwind VOC emissions for the long-range transport of ozone in Northeast Asia.
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AL r=H 5 I L& s ASHU S F
AE Holx ot e&& AFEAY NO,(Oxides of
Nitrogen)?} VOC (Volatile Organic Compound)?] 343}
s} dk-2-of o3l A= ™ (Sillman et al., 1990; Haagen-
Smit, 1950), AT viELol &3t FTF o|9o= %
A o]Fol ot F7Fol uEhe = o] g A
Jroll A BaE| a1 QIt}(ie., Itahashi er al., 2013, 2012;
Kim, 2011a, b). ZUj9] Aot g 1T OF
of gt S= wiE® FFel FE Hh glem(Oh e
al.,2010), G35t wjEFol| Blsf A ol 2 A
Z 48 £329 NO, @ VOC vj&FFo] (Itahashi et
al.,2015), 5 && ko Ay & 7HgHez JF
< UL ALE st gk S 1 @
EEAo et TAEQ AT tjAut, e 2oE
AT A 5& A= W sl A IF
241} & F5 5 BAE ol o3t 59 7]
T HE7} 2938}c}(Itahashi ef al., 2013; Kim and Lee,
2011).

2E 7]oE BAMo= HAF AL vh-E 1 HE 5
A 3A4Y B3 Bdo] 2 o]gHth CMAQ
(Community Multiscale Air Quality)2} CAMx (Com-
prehensive Air Quality Model with Extensions) 5] ©j
¥ Aol 292, DDM (Direct Decoupled Method),
OSAT (Ozone Source Apportionment Technique),

OPTM (Ozone and Particulate Precursor Tagging Meth-
odology) 5 Atk =7E A Z3}x Qch(Itahashi er al.,
2015; Choi et al., 2014; Kim, 2011a). I == tj7]
2 Eabo] A HE WEF ARE HEeRE A9,
24 UgE @ 7lowg AstEg, Je 7o

T S M d71E mAb o] 8E = wiEF
A7 9] A3=7} FHEojoF skt (Byun and Schere,
2006).

SUHE ZARL FHoF A9s FHLE YredE
A A2 o)l ojsto] theket A7t ol 717) v
2228 UKoz o gl £3H vl ok Jeong
et al.(2017)& &% A2 2 INTEX-B (the Interconti-
nental Chemical Transport Experiment-Phase B 2006;
Zhang et al., 2009)5 AFE-5t1 EA4 WHo g PSCF
(Potential Source Contribution Function) 5 o]&
sto] FTO2REY HUFS AT Xie er al.
(2017)2 715 H3}of| W& mjedE o0& T HIE
A &3sh= dAtolA INTEX-B A=E 2008 tis)
AHo|ESt & RALE £33} tt. Itahashi et al.
(2013)2 MICS-Asia(Work Plans for Model Inter-
Comparison Study - Asia Phase III; Li et al., 2017) Hj
EFE o83t FEOF A HofAM Y 2 AAT olF
FFe ZAHAY. Guo er al.(2016)2 & A o=t
o] a24& AES}7| g BAA MICS-Asia #i &
F 552 ol&sth

SEoF A9 o& Y viETo i AFAFE
Am B, Jena et al.(2015)-2 EDGAR (Emission Data-
base for Global Atmospheric Research), INTEX-B,
REAS (Regional Emission Inventory in Asia) Hj &% &
22 d Hu AT 0F A5 WP ulTsIGL
W, BAIZE B9k A AT 8AIZE 0F BARSEL )
2% B2 W 15-40% BE Aol BT
Kim ef al.(2017)2 MICS-Asia Hi&F 529 &=
NO, Hj&%-2 INTEX-B W& £50f H|a] 1.54] 4
E 52 Aog B o7t Afole HiEA Y
A F=2 EE, T A9 Y o& 5T 2ARG
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Table 1. Foreign and domestic emissions inventories
used in this study.

Anthropogenic

uglo} - ol - A4 -

A8A - WS - AAY - 9AA

okt 2 Sl Q19 HiE%2 CAPSS (Clean Air
Policy Support System) 201002 TA3}31, 2] vj&
F 555 2E5t t7|d BAE SS A& |
Fx). d71d EAbo] o] g AHH wEFL
SMOKE (Sparse Matrix Operator Kernel Emissions,
SMOKE; Benjey et al.,2001)E o]-&3}o] E71a, Al
7 2, et BRE Susigon], A9 WERe
MEGAN v2.04 (The Model of Emissions of Gases and
Aerosols from Nature, MEGAN; Guenther et al., 2006)
€ 283t 85k

2.2 7| & H7|” 2A
712 BAF= CMAQ v47.1% o]@3tdon], o=
BAS 93] SAPRC99 (Statewide Air Pollution
Research Center, Version 99; Carter et al., 1999) 3}t
HAUES o] &8t3eh 718 EAbs I8 194 2
l“ A o] = =S ZIshe FEF A
o giaro 2 20149 59 1522 79 3177 28
sheith. BA 9L 27.kme] 47 =Y ARE
FAEGT 22 BARsEE ST we ZAL
A7 g2t 4= o, S SR1F wiEdel 9
e 5k F¥EUE AAY olF F Fot AFe
Ao dFe 24T J, 2 A7 F84

AAHR SAAAS} HEo] o

Case Biogenic
Foreign Domestic HDDMY] A<
1 INTEX-B 2006 CAPSS 2010 MEGAN AE 1#3te] 27-km @Y HAFG G o] &3}t
2 MICS-Asia 2010 CAPSS 2010 MEGAN . .
. Choi et al. (2014)3} Ttahashi et al. (2015) AL AL
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Fig. 1. A modeling domain at a horizontal resolution of 27-km used in the study.
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Table 2. WRF model configuration used in this study.

WRF v3.3 Physical option
Land use KMOE/SRTM
Micro physics WSM3
Cumulus scheme Kain-Fritsch
Long/Short wave radiation RRTM/Goddard
PBL scheme YSU
LSM scheme NOAH

LZo| FAY olFol Wt 60-km, 80-kmo| 43
=S ol &t A5 BF & dFolAM=
T 15702 FEHAeH (& 2), 35| ®ol= 33m
olt}. H-20] CMAQ ¥l 7|2 ATA o] 87 47
F4oh H3159) Sole Astgnt. /14 JedRE
WRF (Weather Research and Forecasting; Skamarock
et al., 2008) v3.33} MCIP (Meteorology-Chemistry
Interface Processor) v3.6.1% ©]-&3}o] AJAlstgon,
NCEP (National Centers for Environmental Prediction)
oA AEBEE 0.5%x0.5% (degree) T2 GFS
(Global Forecasting System) A}25 27|13 U FAZ
o2 ojgatgct.

N4 mArel ARE BAE 98] NOAAA AE
Z&= MADIS (Meteorological Assimilation Data Ingest
System; NOAA, 2005) &2 72 E 0] 83}o], THo}A
of A o] thigt MwA<l 7142 Brbsltt d71E
AR AR Frbe S YA LSEY =AY &
AT ARE ol&stgeH, s H +=d Ags o
Fo2 Brpstith 2% 1o MADIS ¥ =AIH7] &
Ao AAE HER AT

& AFolA ol &H HiEF 5E9 A%, NO, &
FE ofy2 VOC Hj&ZFoAE ApolE Hol7] w&
o, NO,2} VOC &l tiet ZH2te| RIg=E 4
232} HDDM (High-order Decoupled Direct Method)
71"& 283ttt HDDM 33+¢] 33}st ®dl o] 7|
ulj ¥4 4] (governing equation)& Hu|E3s}o] = o7
H = (input parameters)©l| gt XY U= (local sen-
sitivity)® £&3= who|th(Cohan ef al., 2005;
Dunker, 1984). %, &A= % shfel vl dhat
oE FE UHRES AT 5 glon, o] Taylor
expansion®] &5 wjESF Wdlo WE oF =
9] H3lE ZA}(approximation)d 4= Qlth(Cohan et
al., 2005).
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Fig. 2. Monthly mean Chinese (a) NO,, and (b) VOC emis-
sions in INTEX-B 2006 and MICS-Asia 2010 emis-
sions inventories.
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Fig. 3. Spatial distributions of annual mean (a) NO,, and (b) VOC emissions over the 27-km modeling domain; INTEX-B
2006 (left), MICS-Asia 2010 (middle), and the difference (right). The difference is made by MICS-Asia 2010-

INTEX-B 2006.
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Fig. 4. Time series of observed and predicted meteorological parameters in Northeast Asia.

Table 3. Statistical model evaluation of WRF (wind speed
and temperature). The units for each quantity
are indicated in the table.

2-m Temperature 10-m Wind Speed

Statistics ©C) (m/s)
Mean (observed) 239 3.1
Mean (predicted) 222 4.0

R" 0.98 0.71
I0A? 0.88 043
RMSE? 1.74 0.95
BIAS -1.67 0.83

YR: Correlation coefficient
PTOA: Index of Agreement
"RMSE: Root Mean Square Error

2013; MOE, 2013; Moon et al., 2011) 3% o]o] tfdt
7NAe] dasit.

3.3 Hi7|E 7I122Ar 7t

LE I 718 71E2 AR Bt 8417
* FEE FEHO Ao, @A g o - FE
Me F2 1A B §EE °l837] medl, & &
TAAE AR B 2F SEE 7IE2E 245
o I8 Se A=8d AL o0& BANSEE U5

2o Hlud Ao BATE F 5 T 7dol=
o EARF Holub, AuEA QL AZHESHs fAFSHA U
Ehdth 59 3199 F¢ BEF=7F 108 ppbE A}
71t 5 7P w2 o2& =7 SR EHYeH, dFd
9] WAL=+ 103 (Case 1), 109 (Case 2) ppb= -F-A}SH
A ZARBFETH BET ZAA BE W AIZE Feto]
£ IFE 2&o] Yeht v, ik AI7F Fetoll= 10
ppb AEE WRolR| = do] Wokon, o]2et AY¥: &
AP AL QlTt.

NO, &9 7% 590l #5 FARE AlHst
£ Holu, 683} 7= R AIRE S A =ARL
ZRIF =T, o= 69| HHUA FH3] RoAl= &&
FEe Aol e ALR ARHN NO, BAFE ==
QE HAREE a9 A RolAl= AFFE Holu,
WEof| A= ol2gt M3t UehtA] gh=tt.

EAZIHE Qe R He Bt A7 & R
gt Ax=E O9 60 Bt AA= INTEX-B
2006 ©]&3t Case 13} MICS-Asia 20102 o] 83
T A 2R 08322 22 e EeH, 7e7]=
27} 1.02, 1.06 2.2 Case 19] B]3]| Case 27} B 4%
HE B e BASAG. WERE o8] we
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Fig. 5. Hourly variations of the South Korea mean (a) ozone, and (b) NO, during the simulation period of May to July in

2014.
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Fig. 6. Scatters of observed and simulated 1-hr ozone for (a) Case 1, and (b) Case 2 averaged over the SMA during the

simulation period of May to July in 2014.
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(a) Case 1 (b) Case 2 (c) Case 3
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Fig. 7. Period mean daily maximum 1-hr ozone for (a) Case 1, (b) Case 2, and (c) the difference Case 2-Case 1 during
the simulation period of May to July in 2014.

(a) Case 1: NO, (b) Case 2: NO,

Fig. 8. Spatial distributions of period mean (a) Case 1 NO,, (b) Case 2 NO,, (c) Case 1 NO,, and (d) Case 2 NO, during
the simulation period of May to July in 2014.
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Fig. 9. Period mean 1st-order NO, sensitivities to Chinese NO, emissions for (a) Case 1, (b) Case 2, and (c) the differ-
ence Case 2-Case 1 during the simulation period of May to July in 2014.
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Fig. 10. Period mean 1-hr ozone for (a) Case 1, (b) Case 2, and (c) the difference Case 2-Case 1 during the simulation

period of May to July in 2014.
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Fig. 11. Period mean daytime 1-order ozone sensitivities to Chinese NO, emissions for (a) Case 1, (b) Case 2, and (c)

the difference Case 2-Case 1.
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Fig. 12. Period mean daytime 1%-order ozone sensitivities to Chinese VOC emissions for (a) Case 1, (b) Case 2, and (c)

the difference Case 2-Case 1.
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Fig. 13. Daily maximum 1-hr ozone and ZOCs of Chinese NO, and VOC emissions averaged over the SMA during 2014

May to July; (a) Case 1, and (b) Case 2.
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Fig. 14. Scatters between simulated daily maximum 1-hr ozone and ZOC of Chinese NO, and VOC emissions for Case
1 (top) and Case 2 (bottom) over the SMA during the simulation period of May to July in 2014.
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Table 4. ZOC of Chinese NO, and VOC emissions to SMA 1-hr ozone concentrations for low and high (>80 ppb) ozone

days during the simulation period.

ZOC of NO, (ppb) Z0C of VOC (ppb)
Period mean ozone ; ;
(ppb) High ozone days Low ozone days High ozone days Low ozone days
(>80ppb) (<80ppb) (>80ppb) (<80ppb)
Case 1 38 23.4(25%) 12.0(36%) 18.0(19%) 6.0(18%)
Case 2 41 30.0(32%) 13.8(39%) 19.4(20%) 7.0(20%)
(a) Case 1 (b) Case 2 (c) Case 2-Case 1

I I (b

7 10 15 20

Fig. 15. ZOC of Chinese NO, and VOC emissions on 1-hr ozone for July 1, 2014 at 14 KST; (a) Case 1, (b) Case 2, and

(c) the difference Case 2-Case 1.
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O oL
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o AP WPt

A2 Bt F= iiEHY 2 X 2E 7]
ol T Hl&F B2 ths) 22 17.9 ppb INTEX-
B 2006), 20.0 ppb (MICS-Asia 2010)& 2.1 ppb 2}o] &
Bk A 3 1A7 2F H=7F 80 ppb oAtz
HAE gof tisfiAl= S5 NO, &l 93t 7]oj=
7} 23.4 ppb (INTEX-B 2006), 30.0 ppb (MICS-Asia
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o3t =@ U 1 2F 7]oJx= & 18.0ppb, 19.4ppb
2 Uetdth 25% Al 5 NO, ¥ VOC AA H#i&
#of 7]ed:== INTEX-B 2006 o]-§& A] 41.4 ppb,
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MICS-Asia 2010 ©]-& A] 494 ppbZ2 7HXJ]] Z=38
ppb A= AolE BTt o] HE A= HH%%“:%
v W& o, INTEX-B 20069 H]3] VOC HH%%} vt
ArZ Fo} NO, HiE&FE 60% °)A =& MICS-

Asia 2010& 0|88 A A Fat A FY &&
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E T 719EE BAR o e Ao s udEn
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FAEA RS viF o2 fPHG o, 25 SHE
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Table 1. Vertical layer structure in previous study.

Author (published year) Air quality Model Number of vertical layers

The first layer height

An et al.(2007) CMAQ 12
Byun et al.(2006) CMAQ 23
Chatani et al.(2011) CMAQ 25
Czader et al.(2012) CMAQ 23
Fu et al.(2009) CMAQ 14
Godowitch et al.(2008) CMAQ 14
Hogrefe et al.(2015) CMAQ 35
Lin et al.(2009) CMAQ 29
Tong et al.(2000) CMAQ 12
Wei et al.(2007) CMAQ 21

35m
34m
70m
34m
38m
38m
19m
17m
38m
38m
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