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Abstract In this study, we examined the contribution of nitrogen oxides and volatile organic compounds emitted from
China and Japan to ozone concentrations over Gwangyang-bay, South Korea. We used a chemical transport model,
Community Multi-scale Air Quality model, and its instrumented sensitivity tool, High-order Decoupled Direct Method.
Intercontinental Chemical Transport Experiment-Phase B 2006 for East Asia and Clean Air Policy Support System 2007
emissions inventories for South Korea were used for the ozone simulation. During the study period, May 2007, the modeled
maximum daily 8-hr average ozone concentration among seven air quality monitors in Gwangyang-bay was 68.8 ppb. The
contribution of NO, emissions from China was 19.5 ppb (28%). The highest modeled ozone concentrations and Chinese
contributions appeared when air parcels were originated from Shanghai area. The observed 8-hr average ozone
concentrations in Gwangyang Bay exceeded the national ambient air quality standard (60 ppb) 203 times by daytime and 56
times by nighttime during the period. It was noticed that many exeedances happened when contribution of Chinese
emissions to ozone concentrations over the area increased. Sensitivity analysis shows that a reduction in Chinese NO, and
VOC emissions by 15% could lessen the total exceedance hours by 24%. This result indicates that high ozone concentrations
over Gwangyang-bay are strongly enhanced by Chinese emissions.
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1. N g 1% olstol™, EtAQl @& et nigdo] g
SICH(NIER, 2016; 55 13%).
A JHo| EASh= 2E (Ozone)> A H A4 9] Fgre] A9 wid o FolHyF g E T
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Fig. 1. 27 km CMAQ modeling domain used in the study.
The red box shows the Gwangyang bay. Green dots repre-
sent background airquality monitors stations, red dots rep-
resent urban air quality monitoring stations near by the
Gwangyang bay and Black dots represent MAIDS observa-
tion site.
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B £93%F 40|tk (Cohan et al., 2006).
737 (US. EPA, 2007)2 @& WAL A AZLe] 4=
WdEE 4km olot= st Qlok 55 FF
211t o] EZRE ot & 7HAH, FAlel
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|52 (Kim et al., 2017a; Choi et al., 2014;
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Table 1. The configuration of the WRF modeling used in
this study.

Description
WRF Version 3.2
Micro physics WSM3-class simple ice
Cumulus scheme Kain-Fritsch
Long wave radiation RRTM
Short wave radiation Goddard shortwave radiation
PBL scheme YSU
LSM scheme Unified NOAH land-surface model
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714 A5 = WRF (Weather Research and For-
ecasting; Skamarock and Klemp, 2008) version 3.2 &
9 ol gatel Arshlch WRE 2] ol §5 27]
Zrat AA%RS] 72 NCEP (National Centers for
Environmental Prediction)l|4] A%+ FNL (Final
Analysis) AH2E o]-85t9tt. 4] Azt 12 E 175
© 2 #5529 ol 32mE A TE WREOA
AAtE 71422 = MCIP (Meteorology-Chemistry
Interface Processor)= ©]-85}0o] Hj&aF A1} tfj 7]
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Transport Experiment-Phase B 2006; Zhang et al.,
2009) HiE 52, = ol ti5tedi= CAPSS (Clean
Air Policy Support System; NIER, 2015) 2007 H|&=F
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Fo|t}. vj&%F B52 SMOKE (Sparse Matrix Oper—
ator Kernel Emissions; Benjey et al., 2001) version 2.1
2 ©]g3}] t)7] 4 mo] o) s e fETE el
AR 2 A 0 H, Kim et al. (2008)14 AAIE
B =2 (SCC; Source Classification Code)d A|7F &
22 Bl A58 ol gt
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olsto] et =90 AR thE AAufEE AHY
dlg o]8stqrt o] 79 Cho ef al. (2006)°]14]
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sions Inventory System) version 3.12E5 ©]-&5}9 1L,
= (T, 5T )2 B¢ 1202 == FHH
of = AT A AH=E BIF 2 & MEGAN (The
Model of Emissions of Gases and Aerosols from
Nature; Guenther et al., 2006) version 2.0.4E ©]-&3}
et AAuEo] ¢ o] Yo Fad M4
=4 & shel ofo] e (Isoprene)= HiE3HH A
QulET 44 mdo] wet ool s xel HjERE 2
ot 28] 715 Z}o]E HQltk(Carlton and Baker,
2011). j_a]U_E-E ;(]—OI]HH E]: A]-;H EE“_,] /HEH o Q
0] 5} gl 7ol 5 BAGA 9o} ATIgLe] Aol &
3 7sAdo] Atk (Kim et al., 2017b). 3F5HE B
H= SAPRC99 (Statewide Air Pollution Research
Center Version 99; Carter et al., 1999) H|AUZ2 7]
Fom sk A4E A914, A WSS st
2 Wgstel 714 Bae] ol gahirk

2.4 tH7|& 2AL & 7|0{E 2A] HtH

718 BEAL= 33515 29 CMAQ version 4.7.1S
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ule version 5)& AE5}A T, 7] mElo] AHE AF
2 1 20] Astaieh. BAZA] 749 CMAQQ)
2 Z 23} (profile)S ©]-85}%.0H, mhabA] A}
B (FFOIA ) LolA FYEHE L& dF
HARR] Qlo] AHA Y 4= QITh Hong et al. (2012)
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Table 2. The configuration of the CMAQ modeling used in
this study.

Option Description
CMAQ Version 4.7.1 w/ HDDM
Chemical mechanism SAPRC99
Chemical solver EBI
Aerosol module AERO5
Boundary condition Default profile
Advection scheme YAMO
Horizontal diffusion Multiscale
Vertical diffusion Eddy
Cloud scheme ACM

o] o] wEw A 2| RN £3Pd mAF A
WE FHot Aol digt Az = o] g7t A
AIoA, A9 A& oF HAbsEE 95
(5¢, 89) Bt 1.7 ppb 7HF S7F5t3lH

EH7]Z1 BARRL A 71 & 242 skt o
718 Hedlg o] g3t 7| £ 24 1dE
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o Quek BAR O] A9 viE DAl i

o] H #iE ol BAE 2] olF % A wE
Sk HSE FATT di7]d BN eEe #4
517] 915l o] 75t FT =42 = OSAT (Ozone
source apportionment technology; Dunker et al.,
2002; Yarwood e al., 1996)°] Sltt. 34|12} 1 o] 7
$ HlE S0t S0 4TS Holk H9E 1
25}2] k= AlgEg o] QItH (Koo et al., 2009).
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(Brute Force Method; Yarwood et al., 2004; Blanchard,
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B Y whet At Aolo] TAS (M g
N AlS= (sensitivity coeffi-
cient)2 A ATt (Hakami et al., 2003). HlEH-5&
Atolo] RIZE A5 ol-g5hd, v &= W] tigh
= HeE Adte Bl FAE 4 ok 22y A
o UFLEE ol&stRw HiEw HapPt St eE
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t}(Hakami et al., 2003).
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2 A= F= EXH ] NO,, VOC HiE
FI &F BARsIE Afolo] #AE HDDME &4l
A¥stitt. HDDM ZATH= NO,, VOC Hi&% W3}
of g FE F=o] Wt ks Uetiie 12 1%
= A4 (First-order sensitivity coefficient; S{, S{.)
o HIAFA HolE VT 4 Sl 23 W Al
(Second-order sensitivity coefficient; S2, SZ.)7}F 4t
AE ) 4P E "I E Al Taylor expansion®] T
Astol A (1)3F 2] NO, vOCe] BlE Wt (Ae)
o }E & Fk HEE 43 4 91tk (Cohan et
al., 2005).

1
Cy > C0+AsiSi(1’+7AsfSi(z) (1)

7oA Cpi= FHE 2F T& WS}, C= 712
DAV, Ae= HRES 1 (NO, & VOC) 9] ¥shs,
S, SV wiET i9] 12} RIZE Aot 23 R E
Aol

AFE4 WiEFY] AHES 100%E 73S w9
S ¥M3= ZOC (Zero-Out Contribution; Cohan et
al., 2005)2} 5, 2] (2)2} Zo] ANt & Stk &2 <
TFolAE ZOCE MEF- 4GS et
7|0 & o]-g5k3ith

Z0C,;=C,=Cy,= —S‘“+ S @)

3.2

3.1 718 U th71E 2AL 48 Bt
ti7]etet Redls o]gsto Hirjed @
517 Sl R d o2 olgE 14 a9
07 BARsEo] @4 AES Bask 714 BAL
Aol JF=s B7Ist7] 918 MADIS (Meteoro-
logical Assimilation Data Ingest System; a9 2 #4%)
HEARE ol g3tk I9 29t B 32 2} =
Y& FEote] 2m 2% 9 10m Fol thet AJA
2 BAAE AASAeH, T 8% 0°~180°,

180°~360°7} A2 A& o] T 7] wiZell, Jimé-
nez and Dudhia (2013)2] W'H-S w2} 4] (3)1} Zo]
TET RAE FFO 2ol (Ad)E ALISEAL Relative
Al ASFAT

RMSE (root mean square error)=

dWRF - dubs ideRF ohs < | 180|
Ad=1dype—dy,— 360 if dyypp—d,y, > 180 (3)

ygne— Aoy +360  if dyyue— d;s< ~180

HAZIZ 1 B A]] TA A 20E HY 2
m %o digt AAS(R)2 0.96~0.98, 22t
(RMSE)¥ 0.8°C~1.6°C, 10 m &%°f digt RZH-S
~0.8, RMSEE= 0.6~0.8 m/s2] & ROt 53
9] 79 19°~27° Ato] 9] Relative RMSES H it} £
Ao o] g 7|AF A} ZF=E Emery et al. (2001)
oA Aeter FAZEY 7I£4] (2 m &% Gross
error<2K, Bias< £0.5K; 10 m &< RMSE<2m/s,
Bias< +0.5m/s)¢} H| w5ttt 25 9] FL S X
Aol tholiAl= 71| olHl o] |AE Bl on, S
Aol A= 7] Het oF 1K 7hg Hart 2
Al BAE QIS $59] A% S 5 B A9

of et AAE 71*?4% G}Oﬂ‘:}

7 3.8 okat 2|
S 2dR)E VEoR QEHR Q
Bt RAFEES HEFEE H Rt otk 02
59 8, 15, 229 100 ppb oJ/4fo] TZE|lom,
53] 59 27% F& 542004 148ppb ] Ao 5=

7b WS E QT HAFE = 100 ppb ©]4d 9] AEE
Lo BEH B —13%~10% 7HEFe] WA=

H

Aot ZAP|ZE B 1A W o Eof g BEE
Lot HARS L O] A= 0.74%0H, Hat WAL
= 2.5ppbE ETE NO,9| ¢ oF 20% o] A

2 Holuh, A% 0.53, 717t B WAL 5ppb 5

DAFs o] gt =3 H 7= Emery et al. (2017)°]
AAE Fetet mEls o] g3 oF mARY] XA4T]E
(Normalized Mean Bias; NMB + — < 15%, Normal-
ized Mean Error; NME + — < 25%, A4 R>
0.5)7} ZF3H7|E (NMB+ — < 5%, NME+ — < 15%,
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Fig. 2. Time series of observed and predicted 2 m temperatures and 10 m wind speeds in China and South Korea.

Table 3. Performance statistics of the WRF simulation for 2
m temperatures, 10 m wind speeds, 10 m wind directions.

Variables Statistics China South Korea
(30 sites) (14 sites)
Mean (observed) 219 17.8
2m Mean (predicted) 21.6 16.5
temperature R" 0.98 0.96
o) RMSE? 0.8 1.6
Bias -04 -13
Mean (observed) 3.2 33
10m Mean (predicted) 34 3.1
wind speed R 0.80 0.82
(m/s) RMSE 0.6 0.8
Bias 0.2 -03
10m
wind direction  Relative RMSE® 27.7 19.2
(degree)

"R: Correlation coefficient; ?RMSE: Root Mean Square Error; *Relative RMSE:
Jimenez and Dudhia (2013)

R>0.75)2 7|&C 2 H|WstTE 2 AolA =&
H et 2199 o WA A= NMB 1.97%,
NME 21.3%= Z}7t] ZR7|F HAar|es s
5lH, RFFS 0.742 BB 7)Z0]| 717k 3HS B AT
QE FAY o)y FTF A2 SlolAl= S/l
ok =te] 2 =W 219e] tigh BAF @A A
E A "gsict ohih B dTto] mARs| ko] st
o] 3=, 42 5 =9 t7|d TS5k EIt ol
& A& Bebotr] Qloff Ui vliE kol diH e s

92 7t i T WS4 (AR, A, Hal ok
NIER, 2016)5 W2 BAF S F7lstatt
(18 4). oI HS5L0A HAFS S TS5 9
H W ATE B §hA Hel gt 2191} fAFsHA
T A YR (B 15%), A EAG= 0.69~
0.76 =02 A E ek v S 4of gt A
ESE Emery et al. (2017)9A4 AAE FH 47|50 B
A= QUL FF RO AHolA dr|edEE FA
2 o]F ol o3t =7t FF B4 Alell= 8 s
L5 HIRS BAF 74, o] 8= dEiatm Soll o
AUt Pt Ao s metE

R
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3.2 S=0t Y= HiEZol st
a9 5= BAPIE F =3 S EA~174) 7

=
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>
=
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o
i
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H
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i
Z
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= 8
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4
+ Hlo]F, Astolet & H Ao s 29 &
Heltk, o] NO, HijEFo] #Aad 745 sid 2199
QE v SRS onlRith = tlA 9] A
ol 2¥Y T dFLE NO, HiEZl
VOC-limited 272 2 <& A QTH(Xing et al., 2011;

J. Korean Soc. Atmos. Environ., Vol. 34, No. 5, October 2018, pp.708-726



714 HH &S AES, ZAHE, Hak

(a) Os [Gwangyang-Bay] 1-hr average nsite=7

150
o) @® OBS OBS range MOD .
8 -
< =
9
8
=]
o
[}
Q
c
<}
(@]
May 2007
(b) NO2 [Gwangyang-Bay] 1-hr average nsite=7
_. 100 3
a @ OBS OBS range = MOD 3
2 80 3
S 60 E
g 40 =
S ]
g .
e 20
[} /
o 0
01 05 10 20 25
May 2007
(c) Os scatter (d) NO: scatter
150 T T 100 T T T T
n=744 ¥ n=744 14
mean_x=48.39 , mean_x=16.38 Y
mean_y=49.36 . 8o | Mmean_y=21.50 g
ey Y=1.20X+ —8.91 ® A g Y=1.46X+ —2.42 A
[} =
2 100k ®, ] %— R=0.53 A
° 9] / 4
g g
E g
E E
2] o -
S sl 1 e
0 " L ) L
0 50 100 150 60 80 100

O3 Observed [ppb]

NO: Observed [ppb]

Fig. 3. Hourly variations of (a) O, and (b) NO, over Gwangyang bay during the simulation period of May in 2007.

Liu et al.,, 2010). VOC-limited ZZ°4 NO, vl&2F

o] =2 AL NO AA o5t 9= 74 Fr}T Uek
Y 4= 3t} (Seinfeld and Pandis, 1998). watA] o] 2{stH
2ol 4 &) NO, v & T4 NO 4 X*E?Jr Hasw

olojz|H, o] 2 Q3| FFA| G| & FrE FUts}
Al Hct
", F5) 2] 99l M 2] o)l A = NO, HiE

5~10 ppb= AL
Tefs, E20)

NO, HjEFo] el Fafmt 2|o9] 0 & Frof
0 2= G2 2] GA BAFETH(E 5(). T
VOC HiE%9] & skl tigh 124 1A E Ag=
NO,2t= Hit = HjEwo] W2 A HoA &2 49
Ze Helth NO, 2t voC vi&sFe] @& tigh 13}
= Ao ddighS Blashd, NO, Bl &%l o
AT AT AHiA o R A9 (11" 5(0), ol
7] & F sk ¥sE NO, HiEH ®ist] %

u7kst Ao & sfASH 4= 9lr},




CMAQ-HDDMZ 0188t BBt 9F 5E0| 29 7|0l 24

200 (a) Suckmo - OBS — MOD 50 Mean_x=62.7
o) — Mean_y=68.4
Q ) Y=0.79x+19.1
150
< g 100 R=0.70 ¢ o fodo
¢ E o
S 100 K
o =]
) £ 50
[e] 50 o
N (o]
o )
v Ooéb 8'50 100 150
5/1 5/3 5/5 5/7 5/9 5/11 5/13 5/15 5/17 5/19 5/21 5/23 5/25 5/27 5/29 5/31
O3 observed [ppb]
150
200 (b) Jeogu s
o) 0% 8§
2 150 g
g 2 100
- s
o
°
& 100 &
g S 50 ean_x=46.3
S £ Mean_y=61.1
Q 50 o Y=0.92x+18.7
le) o 0 R=10.70
0 50 100 150
5/1 5/3 5/5 5/7 5/9 5/11 5/13 5/15 5/17 5/19 5/21 5/23 5/25 5/27 5/29 5/31 01 observed [ppb]
150
200 (c) Tacha Mean_x=60.9
5 Mean_y= 60.1
Q 150 ) Y=0.69+18.4
= 8 100 RrR=0.76 °
%] o 0 8
[}
§ 100 &
b g 50
S 50 &
o]
0
0 0 50 100 150
5/1 5/3 5/5 5/7 5/9 5/11 5/13 5/15 5/17 5/19 5/21 5/23 5/25 5/27 5/29 5/31 0Os observed [ppb]
200 (d) Pado 150 Mean x=59.9
— Mean_y=70.2
2 150 = Y=0.70x+28.5
e & 100 R=069, o 6
o
5 3
g 100 k]
2 2 50
S 50 @
o) S
0 0
0 50 100 150
5/1 5/3 5/5 5/7 5/9 5/11 5/13 5/15 5/17 5/19 5/21 5/23 5/25 5/27 5/29 5/31 0; observed [ppb]

Fig. 4. Hourly variations of background monitoring sites ozone concentration during the simulation period of May in 2007:
(a) Suckmo, (b) Jeogu, (c) Taeha, and (d) Pado.
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Fig. 5. Spatial plots of the first- and second-order sensitivity coefficients of daytime 8 hr ozone to Chinese NO, and VOC emis-
sions during the simulation period. Sensitivity coefficients between 8~17 KST were selected to calculate the daytime mean
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Fig. 6. Spatial plots of the first- and second-order sensitivity coefficients of daytime 8 hr ozone to Japanese NO, and VOC
emissions during the simulation period. Sensitivity coefficients between 8~17 KST were selected to calculate the daytime

mean values.
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Table 4. 8 hr average ozone concentration and foreign contribution of each cluster on Gwangyang bay.

S=o =2 7|0= 24 719

(Unit: ppb)

Contribution

N Data (hr) 8 hr O, (ppb)
China NO, emission ~ China VOC emission  Japan NO, emission  Japan VOC emission
Cluster 1 253 55.5 27.8 (50%) 11 6 (21%) 5 (1%) 0.1 (<1%)
Cluster 2 130 49.5 10.3 (21%) 9 (10%) 7 (5%) 0.6 (1%)
Cluster 3 143 47.2 18.4 (39%) (1 3%) (2%) 0.2 (<1%)
Cluster 4 91 52.6 20.7 (39%) 22 (14%) .0 (<1%) 0.0 (<1%)
Cluster 5 92 454 11 1 (24%) 6 (10%) 6 (6%) 0.6 (1%)
Cluster 6 39 47.9 3 (19%) 0 (8%) 11 8 (25%) 3.1 (6%)
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Holup F= HlEF2] 719k 11.5ppb2] Ao
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g
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Fig. 9. Diurnal variation for simulated O, concentration and
foreign contribution of O, on Gwangyang bay ((a) Long-
range transport; (b) Local circulation).
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Fig. 10. Comparison of simulated concentration (a: O, b: NO,) and ozone sensitivity to Chinese emission (c: NO,, d: VOC) by
emission revision on Gwangyang bay during the simulation period of May in 2007.
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Appendix 1. The number of valid sites and attainment rates of air quality standards for 8 hr average ozone concentrations

(NIER, 2016).
2011 2012 2013 2014 2015 2016
The number of valid sites 239 247 253 256 256 261
Attainment rates of air quality standards (%) 2.5 2.0 0.8 0.0 0.4 0.0
Appendix 2. Location of airquality monitors stations near by the Gwangyang bay.
Province City Site code Site name Location Latitude (*DMS) Longitude (DMS)
127 43 3444
336121 Gwangmu-dong Gwangmu-dong 42-4 48.565 37997
. 127 41 34 49
Yeosu 336122 Samil-dong Jungheung-dong 600 18.631 29.307
127 43 3451
336124 Wollae-dong Wollae-dong 1392 28.712 00,689
127 41 3456
Jeollanam-do 336352 Jung-dong Jung-dong 1312-3 57.704 13147
. . 127 45 3456
336353 Taein-dong Taein-dong 1649 06.823 21,853
Gwangyang
. . . 12743 3501
336354 Jinsang-myeon  Jinsang-myeon Seomgeo-ri 292 14.296 06.017
. . . . 127 35 3458
336355 Chilseong-ri Gwangyang-eup Chilseong-ri -70 04.077 36113

*DMS: Degrees (°), Minutes (), Seconds (")
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