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Abstract We evaluated the nation-wide anthropogenic NOy and SO, emissions in the Korean National Emissions Inventory,
named the Clean Air Policy Support System 2016, based on three-dimensional air quality model simulation. The air quality
modeling system comprised of WRF (Weather Research and Forecasting), SMOKE (Sparse Matrix Operator Kernel Emissions),
CMAQ (Community Multiscale Air Quality) predicted NO, and SO, levels at a 9-km horizontal grid resolution during 2016.
Normalized mean biases of simulated provincial annual mean NO, and SO, concentrations ranged from -41.2~11.4%, and
-46.7%~133.1%, respectively. Over-prediction of the annual mean NO, concentrations were observed mostly from metropolitan
areas such as Seoul (10%), Incheon (11%), and Busan (11%). The NO, level in Gangwon was significantly under-estimated by
-41%. Annual mean SO, concentrations were over-predicted in Ulsan, Chungnam, and Jeonnam by 118%, 133%, and 46% in
which point source emissions amount to ~70% of the provincial totals. It is noted that temporal allocation of the bottom-up
emissions is associated with the model biases of monthly mean NO, and SO, concentrations. When the bottom-up emissions are
revised based on the ratios between the observed and modeled concentrations for each province, the national total emissions
have increased by 14% for NOy and decreased by 18% for SO, for the year.
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o Urban air quality monitoring stations

Fig. 1. Modeling domains at horizontal grid resolutions of 27-km (left) and 9-km (right). Yellow circles symbolize urban air
quality monitoring stations in the targeted region.

Table 1. WRF and CMAQ configurations used in this study.

WRF Option CMAQ Option
Version 341 Version 4.7.1
Global MET inputs FNL Chemical mechanism SAPRC99, AERO5
and Aerosol module

Micro physics WSMé Boundary Condition Profile for 27 km,

Nest down from 27 km for 9 km
Short wave radiation Goddard Advection scheme YAMO scheme
Land-Surface Model NOAH Vertical Diffusion Eddy scheme
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Fig. 2. Time series and scatter plots of daily 10 m-wind speed, 10 m-wind direction, 2 m-temperature, relative humidity, pre-
cipitation and cloud fraction at Seoul in 2016. Dot and line represent the observation and simulation, respectively.
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Fig. 3. Spatial distribution of simulated NOy (left) and SO, (right) over South Korea based on the CAPSS 2016 emissions inven-

tory.

Table 2. Provincial emission rates in South Korea based on the CAPSS 2016 emissions inventory. The brackets indicate the

percentage of provincial emissions out of total emissions.

NOy SO,
Emissions Emission density Emissions Emission density
(TPY) (TPY/km?) (TPY) (TPY/km?)
SEOUL 73,042 (5.9%) 120.7 4,039 (1.1%) 6.7
INCHEON 49,389 (4.0%) 46.5 12,368 (3.4%) 11.6
GGD' 203,655 (16.3%) 20.0 15,415 (4.3%) 15
GWD? 83,500 (6.7%) 5.0 17,762 (4.9%) 1.1
DAEJEON 15,719 (1.3%) 29.1 854 (0.2%) 1.6
SEJONG 6,245 (0.5%) 134 148 (0.0%) 0.3
ccap? 73,029 (5.9%) 9.9 9,067 (2.5%) 12
CCND* 134,889 (10.8%) 16.4 81,843 (22.8%) 9.9
GWANGJU 12,951 (1.0%) 25.8 351 (0.1%) 0.7
JLBD? 40,858 (3.3%) 5.1 6,669 (1.9%) 0.8
JLND® 105,776 (8.5%) 8.6 62,171 (17.3%) 5.0
BUSAN 49,468 (4.0%) 64.2 10,777 (3.0%) 14.0
DAEGU 30,110 (2.4%) 34.1 4,187 (1.2%) 4.7
ULSAN 51,223 (4.1%) 483 49,214 (13.7%) 46.4
GSBD’ 109,746 (8.8%) 5.8 39,361 (11.0%) 2.1
GSND? 102,053 (8.2%) 9.7 30,914 (8.6%) 29
12 18,692 (1.5%) 10.1 2,106 (0.6%) 1.1
OCEAN (SHIP) 87,966 (7.0%) - 11,704 (3.3%) -
Total 1,248,309 (100.0%) - 358,951 (100.0%) -

'Gyeonggi-do, 2Gangwon-do, 3Chungcheongbuk-do, *Chungcheongnam-do, *Jeollabuk-do, ®Jeollanam-do, ’Gyeongsangbuk-do, 8Gyeongsangnam-do,

9Jeju-do
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(right) from the CAPSS 2016 emissions inventory. The observed and simulated NO, concentrations are used in the plots.
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Fig. 6. Spatial distribution of annual average NO, (left) and SO, (right) during 2016. The circles represent location of urban air

quality monitoring sites filled with observation concentrations.

AT 3 H2). B APAAE HEEE 9] A
T3 EFS A8 fE 9ER A8 T, 0
Jslet BgE Fol 7] § HEE Siekn ol
P2zt vEstel 39 A HEFE Bt
st

3.3 NO, & S0, 2At HE

7154 d712 9249 No, A HERE
A F4.0.2 A SR, S0, A7 EFE Ard
AAo] S AN $A HEH (1Y 3). 1

)
o Kol B} Zo] A NO,o| = 9 KA}
i &4 21 el A 20 ppb o1/FS
=7 Uehdth A8 50, s SEEd 9 A

ol FA 4 BB} 8 FeeAc,

A Q) gk &S 7S Boke) 919 & 3
oA A 7IZAE 0] A5 NO,%HS0,0] At
B3 w0l BA S EE vasiet B2 mARE
WiZF ol ololx 714 QJeixtmet o] §ElE BAF &

71 RAE Fol BiEET s A
S AR = Lo, 2 Ao A
2R v E Sl HiEFe] A A e a4t
g B7rsHA.

A B NO, BAF Fkot ¥ 550 Hl=
A ZF 2polE Holu, 0.6~1.1 Afo]ofl LR . o
T &4t BEA €8 NO, B5 =0t BA F
TO] Hl= 1oL = 7P AFSH, U2 0625 oF
40% M4 HARRC A= 48t NO, 559 ¥
I} AL 557} 242 12.5 ppb, 8.2 ppbE U Z|AHA]
% 7P wron, 3597t Tha BARRITH A, A7),
S, A, W &4 A5 B-9ole €% NO,
SO T tiH] AL 2FolE 10% W2 HEbd .

ARtH o2 AWHF SO, v FH, A5, 24,
ddollMes T ZARE Holuh, 11 9] A9 s
Ae i BARI A= E SO, W5 B HAF 5=
H]-&-2 0.5~2.3 AFO| 2, NO,°l| H3l| 2] wj&eFe]
o, T4 A HlE o] et At A& 5o, S
O] BA} 7|17 At $O, B e 3.7 ppbol AL B
At S 8.5ppb LR ST} BAL FI= H]= 239
™, 1770 A= F I ZAPL 7P Aok 24 A
%, S0, ™5 55+ 6.6 ppb, BAL FE= 14.4ppbE,

J. Korean Soc. Atmos. Environ., Vol. 36, No. 1, February 2020, pp.64-83



72 A2, tgiof, Ze

Table 3. Statistics for NO, and SO, at the urban air quality monitoring sites in each region during 2016.

NO, (ppb) SO, (ppb)
SITE

OBS MOD R IOA RMSE BIAS OBS MOD R I0A RMSE BIAS
SEOUL 314 344 0.7 0.8 8.3 3.0 49 3.8 0.8 0.7 1.9 -1.1
INCHEON 24.8 276 0.7 0.8 8.2 238 6.1 47 0.6 0.7 23 -14
GGD 273 253 0.7 0.8 6.7 -20 46 33 0.7 0.7 1.7 -1.2
GWD 17.8 10.5 0.6 0.6 2.0 -7.3 3.5 22 0.6 0.6 20 -13
DAEJEON 19.1 16.8 0.7 0.8 6.1 -23 3.2 2.1 0.6 0.7 1.7 -1.1
SEJONG 216 14.2 0.6 0.7 10.1 -74 3.7 23 0.5 0.6 20 -14
CCBD 20.1 13.5 0.7 0.7 8.7 -6.5 3.6 26 0.7 0.7 16 -1.0
CCND 18.7 17.0 0.7 0.9 56 -1.7 3.7 8.5 0.5 03 6.1 49
GWANGJU 183 13.0 0.7 0.7 7.7 -54 238 15 0.7 0.6 15 -1.3
JLBD 15.8 1.1 0.7 0.7 6.5 -4.7 43 24 0.6 0.4 2.1 -1.9
JLND 15.4 16.8 0.4 0.6 6.6 14 5.5 8.0 0.7 0.5 4.0 2.5
BUSAN 21.2 234 0.7 0.8 6.1 22 55 52 0.7 0.7 22 -03
DAEGU 19.9 19.4 0.7 0.9 6.1 -0.5 3.5 32 0.7 0.8 13 -03
ULSAN 224 225 0.6 0.8 6.2 0.2 6.6 144 0.5 0.4 9.4 7.8
GSBD 16.6 16.8 0.6 0.7 5.5 0.2 47 8.2 0.4 0.3 49 3.5
GSND 19.6 15.0 0.6 0.7 7.2 -45 43 3.0 0.8 0.7 1.6 -13
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Fig. 7. Comparisons of monthly average NO, concentrations in each region. Regional colors mean Normalized mean bias of
annual NO, concentrations. Line and circle plots represent the model simulation and observed NO, concentrations, respectively.
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h7|Z! ZALE E35 CAPSS 2016 HIEZ220| A|= NOy L SO, HiE2F ZHE 75

Table 4. Compare the Normalized Mean Bias of NO, (a) and SO, (b) with emissions by region and sector. Emissions represent
the ratio of emissions from each region to the total emissions by sector.

(@) NO, (b) SO,

. o o . - o

SITE Normalized Normalized sectoral NOy emissions (%) Normalized Normalized sectoral SO, emissions (%)
i (o) i 0

mean bias (%) AREA MOBILE POINT mean bias (%) AREA MOBILE POINT

SEOUL 9.5 47.7 51.2 1.0 -233 96.3 0.5 3.2
INCHEON 114 354 41.5 23.0 -23.2 233 0.1 76.7
GGD -7.2 349 56.9 8.1 -27.2 53.6 0.4 46.0
GWD -41.2 16.7 229 60.4 -37.2 27.2 0.1 72.7
DAEJEON =121 31.8 63.5 4.7 -35.2 40.6 0.6 58.8
SEJONG -34.2 56.0 346 9.5 -38.7 81.4 0.7 17.8
CCBD -324 16.2 373 46.6 -27.2 35.2 0.1 64.7
CCND -9.1 24.4 22.7 529 133.1 27.0 0.0 73.0
GWANGJU -29.4 39.8 54.0 6.2 -46.7 79.5 1.1 19.4
JLBD -29.9 29.6 54.8 15.6 -44.4 324 0.2 67.4
JLND 9.2 35.9 215 42,6 45.8 30.6 0.0 69.3
BUSAN 10.5 63.1 30.6 6.4 -45 90.1 0.1 9.8
DAEGU -2.7 30.7 62.0 73 -8.1 67.5 0.2 323
ULSAN 0.7 422 17.5 40.2 117.7 14.6 0.0 85.4
GSBD 1.1 35.6 40.8 23.6 73.1 733 0.1 26.7
GSND -23.2 256 38.8 356 -30.9 16.6 0.1 83.3
JJ -34.6 48.9 42.2 8.9 -41.4 66.6 0.2 33.2
HARE Hole 2|9 & 349, Ad, 42 A 294, NO, ¥ 5= HH] HAL 5o H&r 345 =
AEe W 240 50, W&ol 71 Fa50, Tl NOy hETE] Wb -10~70% Wl Lhehie)
HALS] Qlo] H 4= Qi 7]& CAPSS 2016 thH] HlESF S7H= 2 (70%), A

=3

ol M-S TSt & 49] E I NO, HAF &
T AE, A, Faks ALl giRRe] Aol
TAg7LRit) olet T2 A S0, s S, 24t &
oA 100% ol FiE7tstH, o] 2|99 F4 HiE
A A oY T viETke] i Ak e AE
7t 2 a5tk

Z(53%), A& (52%), T5 (48%) 52 Aol =
SITH( 1| 9). &4t 5ol A 9] NOy Hi&F W3}
Z2 1% olHjo]m AE, 1A, FAL SollAE= 9~10%
Tart Hagt Ao g FPdnt viEg A g2
= NOx HiE F%-2 7] CAPSS 2016 ZF=2} H]
W35} 166,002 TPY (14%) S7H7F Bast Aoz F

Ech 7HY =2 NO, HiE A9 7o+, 7]&

3.6 CH7|E AL 718t A28 HIEE F£H tiH] 15,771 TPY 5719t 219,426 TPY R HlETF =74
12 HofA= NO,2t 0,9 = w1 thH] BA At & & wjEwFo] 7P Aok et viE 5
T H|E o] gato] AL wiEe] 4 H9lE 7te] AgAQl ghe 7Y 58,347 TPY, 5 35,112

2
Shoick. olefat W& F 4L A wiEe 7
ST} MR A ol gatul, Fu AEe
gol $59 9% 33
% 5o A grech i, olefet HlE $3
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(¢}
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ZeE0 _57~879% WO A] Wsleln, A|wE Il
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Fig. 9. Comparisons of NOy emissions between CAPSS 2016 and model-based estimations using NO, concentrations by

regional local authorities.

100,000
S B Model based Emis. (over estimation)
B i . B Model based Emis. (under estimation)
S
Suw X 1] CAPSS 2016
9 ()
80,000 v p= o
‘—1 X
= o s
= o) = .
a — s s =
E ] ] N 3
@ 60,000 v 8 ¥ B
()
© =
) . T g =
4 S e 3
e < () 2
; = B g _ v s
540,000 g 8 3 s = 1
s ) a N X <
2 T 2 3 <« o =) X 4 s
=) ¥ « 3 £ o e o = 3
(1 = w -+ < & ,D\: < © g =
2] %) ) N — =
20,000 X L = B m ® m n g 1
3 % g & 7 s o R g
oy s 3 e + o =
+ + 1 & +

GGD
GWD
CCBD

=
2
o
)
7]

INCHEON
DAEJEON
SEJONG

CCND

JLBD
JLND
BUSAN
DAEGU
ULSAN
GSBD
GSND

GWANGJU

Fig. 10. Comparisons of SO, emissions between CAPSS 2016 and model-based estimations using SO, concentrations by

regional local authorities.

Ul SO, &3S CAPSS 2016 THH] 62,456 TPY 74
7} "ag Ao 2450, 50, W&ol 71 Bk
H FH-2 81,843 TPYOIA 35,117 TPY 2 57% ZHAeh

th. SO, HiEF 71 ZolA= Ad 13,833 TPY
(45%), 7+ 10,496 TPY (59%), 7371 5,804 TPY (38%)
o8 F Hsks Wtk CAPSS 2016 HEEE0A]
= A& SO, HiEFE S0l 7P wou, 4 H

Aol 44,747 TPY Y] SO,E W&
f =250, HjES Hol+=

B ool 7

SO, HiE& &A=
sto], A=t Aol A 7H
o7 A= S0, HIEF] 4%,

& ol 30% o] & 371 E& Mot
2 gAdel WA F, &4, A SAAL

30~50% 7H A4t st HRl ol et At

A o]F A HeA €] SO, HfEC] A E= W 2PYEL

Zet5|X| M36 HM1S

_I



h7|Z! ZALE E35 CAPSS 2016 HIEZ220| A|= NOy L SO, HiE2F ZHE 77

Jo

2 71& WiE FE7t fA" = 7H stell d&5E
HjEFo| B g, AA viE FeEf A Aol wiEF
st Fo] Dbl 4 glok o]9F TS| Kim et al.
(2017b) ¥} Ju et al. (2019)2 HiE B2} 25 A Qo
et Bj & F Hego] 34 geEtdS Balst
Act.

i

;O

4.2 &

B ool A= CAPSS 2016 U] HjESE= A
NOx %} SO, HIEE AEE flol 714 RALS 43
Shal W= F=e} Bl skt o]et oA =& NO,
4 S0, S Lot BAF L9 HIE o|-&5to] A
9 NOy, SO, Hi&% &2k el E F745H3lt

AT NO, = o] A Hof tfsf ThAa &
Abst2|gE A&, 1, KAt &4t Ad, A& T
HAFSEITE A= NOy HiEZolA A, A, | 29
Hol RS AT o, S viEF 4] A
T 7N H S Aol A A 2o 7t HEedE]ofof
g o2 Bty €99d NO, sk $=d, 9
W, A FolA o5l A BAbsk, AL
ol E tF2e] A Ho] T4 BARE HH SO,
o] A%, AW FLot YA T BT 24k S,
A, AEA A BAPE FEHRH, s 29
A, AE D A 5O AR §19 A1
olgt= A 540l Sl

AT NO, BAF 5ot #5 FE o] H|E o]856
of &S F4T 2T, 7]E CAPSS 2016 thH] =
W NOy & &2 166,002 TPY (14%) S7FoFL
o A EEE AEHEE -10~70%2] NOy Hi& H 3}
£ HAth S0, &% =l AAH o=+ 18% &
A7t FAE, A EER2E -57~87% JEo] A T
L 7P East Ao g Bl SO, HiEHo] v
Bt A2 T2 H 29 HIFol =2 A=
gelskairt. o]t #edsto] qhm] A =i o7
& A BYE F5f SO, HiEFe Hi¥7t 7he

gol AA=7]1= SHATH (NIER, 2017). ©]={?t NO,
% 50,9 A Aol Ee HA AR HiE 0] 9]0
T 7t 71 e dEd o) AA G whE GRS o
71edEdzo] dgo] ti71d BAF Yol A dofd
g lom, 714 BAF 230f| whE o] Bl gt A7

14 S FF= WA 5 gl
A 0@ B9l FF ol 5ol uhet 55
9 89 P W25 Aggo] bl 4 97 )
ol Wz @A} Aol o2 Helat Heto] Ba

Sttt (Ju et al., 2019; Parvez et al., 2017). °F&2] &
g Z|get 7] @ 24 Al A7t wiEgFS
A Wi EF o R FHESto] A-gobn, A EufjAS
A-gof upet wjEFe A, T4 o] Gl 4

qlomz A4 2743 fA% e BEES 488

4 Q= wieto] npgmjojop 5t 7o 2 Holt,
E Ao A AAGE NOLet SO, HiE&sF H7H= of
714 BALE o] gotng, ui&SF A= 2o dHEHE

718 AAmek, viEw 8l B, Ji 7130 | A
o, BAF Y 9 24 B 5ol e =S EE W
ok ok A, B9 HiE o3 A 230
utet gk HlE BAVE SRR ol et
=2 9 24 23 E8 A @7 AlefEofoF ¢
o o A eiE 97 A 2 dE 2
Sto] TR Q1 B Sl A= oA Bo1st
A= A, 29 Ao wET S 8
oz ANSHHAHE 4, olE Edz Aidd =
A wiEFe] MekE A2 HolA o7t v
F5 ot di7)d 2AF B B S o183t ¥
7het 21 1S e Hde o Bk akshd
TS Ae ¢ oS ZloR wokHEnh B A

A ) EEES o] gt

i
it

i
[e)

HiEE ST W LA} @] olFolzIrkd vzt
2% Beke 918 F2

Aoz Agar

ok X e orr
[ (
o
lo 1
flo o

oo ro
il
o

]

%

J. Korean Soc. Atmos. Environ., Vol. 36, No. 1, February 2020, pp.64-83



ZAe =2

2 AF= AR (I e B AR, R, B
E25) Qo2 st=Ad AT n AR 7k
IZAEALY (2017M3D8A1092020) E 234}
S (NIER-2019-01-02-034) 2] A|Q-& Hro} 4~3]x]
.o ofof ZAF=-HYTY,

References

Bae, C,, Kim, B.-U,, Kim, H.C,, Kim, S. (2018) Quantitative Assess-
ment on Contributions of Foreign NOy and VOC
Emission to Ozone Concentrations over Gwangyang
Bay with CMAQ-HDDM Simulations, Journal of Kore-
an Society for Atmospheric Environment, 34(5), 708-
726, (in Korean with English abstract), https://doi.
org/10.5572/KOSAE.2018.34.5.708.

Bae, C., Kim, H.C., Kim, B.-U., Kim, S. (2019) Surface ozone
response to satellite constrained NO, emission
adjustments and its implications, Environmental Pol-
lution, (in press), https://doi.org/10.1016/j.envpol.
2019.113469.

Benjey, W., Houyoux, M., Susick, J. (2001) Implementation of
the SMOKE emission data processor and SMOKE
tool input data processor in models-3, U.S. EPA.

Byun, D.W., Schere, K.L. (2006) Review of the Governing Equa-
tions, Computational Algorithms, and Other Com-
ponents of the Models-3 Community Multiscale Air
Quality (CMAQ) Modeling System, Applied Mechan-
ics Reviews, 59(2), 51-77, https://doi.org/10.1115/
1.2128636.

Carter, W.PL. (1999) Documentation of the SAPRC-99 Chemical
Mechanism for VOC Reactivity Assessment, Report
to California Air Resources Board, Contracts 92-329
and 95-308.

Choi, K.-C,, Lim, Y., Lee, J.B,, Nam, K, Lee, H,, Lee, Y., Myoung, J.,
Kim, T., Jang, L., Kim, J.S., Woo, J.-H., Kim, S., Choi,
K.-H. (2018) Evaluation of the Simulated PM, 5 Con-
centrations using Air Quality Forecasting System
according to Emission Inventories - Focused on Chi-
na and South Korea, Journal of Korean Society for
Atmospheric Environment, 34(2), 306-320, (in Kore-
an with English abstract), https://doi.org/10.5572/
KOSAE.2018.34.2.306.

Gao, J., Yuan, Z,, Liu, X., Xia, X., Huang, X., Dong, Z.(2016)

Improving air pollution control policy in China—A
perspective based on cost-benefit analysis, Science
of the Total Environment, 543(A), 307-314, https://
doi.org/10.1016/j.scitotenv.2015.11.037.

Guenther, C.C. (2006) Estimates of global terrestrial isoprene
emissions using MEGAN (Model of Emissions of
Gases and Aerosols from Nature), Atmospheric Che-
mistry and Physics, 6, 3181-3210, https://doi.org/10.
5194/acp-6-3181-2006.

Han, S.H., Kim, Y.P. (2015) Long-term Trends of the Concentra-
tions of Mass and Chemical Composition in PM, s
over Seoul, Journal of Korean Society for Atmosph-
eric Environment, 31(2), 143-156, (in Korean with
English abstract), https://doi.org/10.5572/KOSAE.
2015.31.2.143.

Huang, R.-J., Wang, Y., Cao, J,, Lin, C,, Duan, J., Chen, Q, Li, Y.
Gu, Y, Yan, J., Xu, W., Frohlich, R., Canonaco, F., Boz-
zetti, C., Ovadnevaite, J., Ceburnis, D., Canagaratna,
M.R., Jayne, J., Worsnop, D.R., El-Haddad, |., Prevot,
A.S.H., O'Dowd, C.D. (2019) Primary emissions ver-
sus secondary formation of fine particulate matter
in the most polluted city (Shijiazhuang) in North Chi-
na, Atmospheric Chemistry and Physics, 19, 2283-
2298, https://doi.org/10.5194/acp-19-2283-2019.

Ju, H., Yoo, C, Kim, B.-U., Kim, H.C., Kim, S. (2019) Impact of
Stack Parameters on Modeled PM, s Conversion
Rates: A Case Study of Chungnam during the
KORUS-AQ 2016, Journal of Korean Society for
Atmospheric Environment, 35(5), 593-608, (in Kore-
an with English abstract), https://doi.org/10.5572/
KOSAE.2019.35.5.593.

Kim, E., Bae, C,, Yoo, C., Kim, B.-U., Kim, H.C,, Kim, S. (2018a)
Evaluation of the Effectiveness of Emission Control
Measures to Improve PM, s Concentration in South
Korea, Journal of Korean Society for Atmospheric
Environment, 34(3), 469-485, (in Korean with Eng-
lish abstract), https://doi.org/10.5572/KOSAE.2018.
34.3.469.

Kim, H., Zhang, Q., Heo, J. (2018b) Influence of intense second-
ary aerosol formation and long-range transport on
aerosol chemistry and properties in the Seoul Met-
ropolitan Area during spring time: results from
KORUS-AQ, Atmospheric Chemistry and Physics, 18,
7149-7168, https://doi.org/10.5194/acp-18-7149-
2018.

Kim, J., Kim, J., Hong, J., Jung, D., Ban, S., Lee, Y. (2008) Assess-
ment of Changed Input Modules with SMOKE Mod-
el, Journal of Korean Society for Atmospheric Envi-
ronment, 24(3), 284-299, (in Korean with English

st=2rl7|arstalx| X136 2 A 1



H7|2 2AMS St CAPSS 2016 HIEZZ2| A|=E NOx ! SO, HiEE HE 79

abstract), https://doi.org/10.5572/KOSAE.2008.24.3.
28400.

Kim, N.K., Kim, Y.P, Morino, Y., Kurokawa, J.-l., Ohara, T. (2013)
Verification of NOyx emission inventory over South
Korea using sectoral activity data and satellite
observation of NO, vertical column densities, Atm-
ospheric Environment, 77, 496-508, https://doi.org/
10.1016/j.atmosenv.2013.05.042.

Kim, S., Bae, C., Kim, B.-U., Kim, H.C. (2017a) PM, s Simulations
for the Seoul Metropolitan Area: (I) Contributions of
Precursor Emissions in the 2013 CAPSS Emissions
Inventory, Journal of Korean Society for Atmospher-
ic Environment, 33(2), 139-158, (in Korean with Eng-
lish abstract), https://doi.org/10.5572/KOSAE.2017.
33.2.139.

Kim, S., Bae, C,, Yoo, C., Kim, B.-U., Kim, H.C., Moon, N. (2017b)
PM, s Simulations for the Seoul Metropolitan Area:
(I) Estimation of Self-Contributions and Emission-
to-PM, s Conversion Rates for Each Source Catego-
ry, Journal of Korean Society for Atmospheric Envi-
ronment, 33(4), 377-392, (in Korean with English
abstract), https://doi.org/10.5572/KOSAE.2017.33.
4.377.

Kim, H.C., Kim, E., Bae, C., Cho, J.H., Kim, B.-U., Kim, S. (2017¢)
Regional contributions to particulate matter con-
centration in the Seoul metropolitan area, South
Korea: seasonal variation and sensitivity to meteo-
rology and emissions inventory, Atmospheric Che-
mistry and Physics, 17, 10315-10332, https://doi.
org/10.5194/acp-17-10315-2017.

Korean Statistical Information Service (KOSIS) (2018) Korea
Land & Housing Corporation http://kosis.kr/statHt-
ml/statHtml.do?orgld=315&tblld=TX_315_2009_
H1009&conn_path=I2 (accessed on Sep 2, 2019).

Lee, D.G,, Lee, Y.-M,, Jang, K-W., Yoo, C,, Kang, K.-H., Lee, J-H.,
Jung, S.-W., Park, J.-M., Lee, S.-B., Han, J.-S., Hong,
J.-H., Lee, S.-J. (2011) Korean National Emissions
Inventory System and 2007 Air Pollutant Emissions,
Asian Journal of Atmospheric Environment, 5(4),
278-291, https://doi.org/10.5572/ajae.2011.5.4.278.

Lee, S., Ghim, Y.S., Kim, Y.P, Kim, J.Y. (2006) Estimation of the
seasonal variation of particulate nitrate and sensi-
tivity to the emission changes in the greater Seoul
area, Atmospheric Environment, 40(20), 3724-3736,
https://doi.org/10.1016/j.atmosenv.2006.03.029.

Ministry of Environment (MOE) (2013) 2nd Air Quality Manage-
ment Plan in Seoul Metropolitan Area, http://me.
go.kr/home/web/policy_data/read.do;jsessionid=g-
IhceGxF7slz1FaBJPj11k7e4lI8uAj9WqgeKKPMLo-

E9QjQDWOtMLLku4kuUIMNpW.meweb2vhost_
servlet_engine1?pagerOffset=30&maxPageltems=1
0&maxIndexPages=10&searchKey=&serachValue=&
menuld=10262&orgCd=&condition.code=A3&SEQ
=6482 (accessed on Oct. 31, 2019).

Ministry of Environment (MOE) (2015) Evaluation of Air Quality
Control Area Management System and Improve-
ment Plan, http://webbook.me.go.kr/DLi-File/091/
025/003/5625701.pdf (accessed on Nov. 5, 2019).

Ministry of Environment (MOE) (2019) Fine dust comprehen-
sive management plan, http://me.go.kr/home/web/
policy_data/read.do?pagerOffset=0&maxPageltem
s=10&maxIndexPages=108&searchKey=_&searchValu
e=&menuld=10262&orgCd=&condition.code=A3&
condition.deleteYn=N&seq=7399 (accessed on Nov.
5,2019).

National Institute of Environmental Research (NIER) (2017)
KORUS-AQ Rapid Science Synthesis Report, https://
espo.nasa.gov/sites/default/files/documents/
KORUS-AQ-RSSR.pdf (accessed on Dec 28, 2019).

National Institute of Environmental Research (NIER) (2019)
National air pollutants emission, http://airemiss.nier.
go.kr/mbshome/mbs/airemiss/index.do (accessed
on Oct 29, 2019).

National Center for Fine Dust Information (NCFDI) (2020)
National Air Pollutants Emission Service, http://aire-
miss.nier.go.kr/mbshome/mbs/airemiss/subview.
do?id=airemiss_020300000000 (accessed on Jan.
23,2020).

Parvez, F,, Lamancusa, C., Wagstrom, K. (2017) Primary and sec-
ondary particulate matter intake fraction from differ-
ent height emission sources, Atmospheric Environ-
ment, 165, 1-11, https://doi.org/10.1016/j.atmo
senv.2017.06.011.

Shi, Z,, Li, j., Huang, L., Wang, P, Wu, L., Ying, Q., Zhang, H., Lu,
L., Liu, X, Liao, H., Hu, J. (2017) Source apportion-
ment of fine particulate matter in China in 2013
using a source-oriented chemical transport model,
Science of The Total Environment, 601, 1467-1487,
https://doi.org/10.1016/j.scitotenv.2017.06.019.

Skamarock, W.C., Klemp, J.B. (2008) A time-split nonhydrostatic
atmospheric model for weather research and fore-
casting applications, Journal of Computational
Physics, 227, 3465-3485, https://doi.org/10.1016/
jjcp.2007.01.037.

U.S. Environmental Protection Agency (US EPA) (2011) Regula-
tory Impact Analysis for the Federal Implementa-
tion Plans to Reduce Interstate Transport of Fine
Particulate Matter and Ozone in 27 States; Correc-

J. Korean Soc. Atmos. Environ., Vol. 36, No. 1, February 2020, pp.64-83



tion of SIP Approvals for 22 States, https://wwws3.
epa.gov/ttn/ecas/docs/ria/transport_ria_final-
csapr_2011-06.pdf (accessed on Nov. 5,2019).

U.S. Environmental Protection Agency (US EPA) (2019) Fine Par-
ticulate Matter (PM,;) Precursor Demonstration
Guidance, https://www.epa.gov/pm-pollution/
pm25-precursor-demonstration-guidance (accessed
on Nov. 1,2019).

Woo, J.H., By, C,, Kim, J., Ghim, Y.S., Kim, Y. (2018) Analysis of
Regional and Inter-annual Changes of Air Pollutants
Emissions in China, Journal of Korean Society for
Atmospheric Environment, 34(1), 87-100, (in Korean
with English abstract), https://doi.org/10.5572/
KOSAE.2018.34.1.087.

Zhang, W., Capps, S.L., Hy, Y., Nenes, A., Napelenok, S.L., Rus-
sell, A.G. (2012) Development of the high-order
decoupled direct method in three dimensions for
particulate matter: enabling advanced sensitivity

analysis in air quality models, Geoscientific Model
Development, 5(2), 355-368, https://doi.org/10.
5194/gmd-5-355-2012.

Zhao, B., Wu, W., Wang, S., Xing, J., Chang, X., Liou, K.-N., Jiang,
JH., Gu, Y, Jang, C, Fu, J.S, Zhu, Y, Wang, J,, Lin, Y.,
Hao, J. (2017) A modeling study of the nonlinear
response of fine particles to air pollutant emissions
in the Beijing-Tianjin-Hebei region, Atmospheric
Chemistry and Physics, 17, 12031-12050, https://
doi.org/10.5194/acp-17-12031-2017.

Authors Information

A9 (oFFekn AT A7)
ulo} (o} ok Tkt Hhatag)
e (oFeeieln Berag ot w5




T}7|& DAFS E5t CAPSS 2016 HISZE20| A= NOy U SO, HiS2t ZE -

SUPPLEMENTARY MATERIALS

Table S1. Statistics for NO at the urban air quality monitoring sites in each region during 2016.

SIDO 0BS (ppb) MOD (ppb) R I0A RMSE BIAS
SEOUL 16.9 243 0.8 0.8 20.3 7.4
INCHEON 15.8 16.8 0.8 0.8 14.8 1.0
GYEONGGI 183 11.8 0.8 0.9 123 -6.5
GWD 9.7 13 0.4 0.5 11.7 -85
DAEJEON 13.7 44 0.6 0.6 15.6 -9.3
SEJONG 129 2.2 0.6 0.5 17.7 -10.6
CCBD 15.8 26 0.6 0.5 18.3 -13.2
CCND 10.1 44 0.7 0.7 8.7 =57
GWANGJU 10.1 2.1 0.6 0.5 13.5 -8.0
JLBD 7.3 14 0.7 0.5 74 -6.0
JLND 53 3.7 0.1 0.4 55 -1.7
BUSAN 9.8 9.4 0.6 0.8 8.0 -0.4
DAEGU 14.0 6.0 0.8 0.7 14.3 -8.0
ULSAN 125 7.0 0.5 0.6 10.3 =55
GSBD 12.0 53 0.5 0.6 10.7 -6.7
GSND 11.0 2.2 0.7 0.5 13.0 -8.8
JJ 3.9 0.8 0.4 0.5 3.8 -3.1
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Fig. S1. Comparisons of monthly average NO concentrations in each region. Regional colors mean Normalized mean bias of
annual NO concentrations. Line and circle plots represent the model simulation and observed NO concentrations, respectively.
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Fig. S2. Comparisons of monthly average NOy concentrations in each region. Regional colors mean Normalized mean bias of
annual NOy concentrations. Line and circle plots represent the model simulation and observed NOy concentrations, respectively.

Table S2. Regional comparison of model based emissions through NO,, SO, concentrations and emissions in CAPSS 2016.

Excluding ocean emissions. (Unit=TPY)
(A) NOy (B) SO,
Region
° CAPSS 2016 M:gis?jzid Difference CAPSS 2016 Mé’n‘:fs's';’:rfid Difference
SEOUL 73,042 66,711 -6,331 4,039 5,267 1,228
INCHEON 49,389 44,330 -5,059 12,368 16,086 3,718
GGD 203,655 219,426 15,771 15,415 21,219 5,804
GWD 83,500 141,847 58,347 17,762 28,258 10,496
DAEJEON 15,719 17,887 2,168 854 1,314 460
SEJONG 6,245 9,495 3,250 148 242 94
CCBD 73,029 108,141 35,112 9,067 12,446 3,379
CCND 134,889 148,362 13,473 81,843 35,117 46,726
GWANGJU 12,951 18,331 5,380 351 658 307
JLBD 40,858 58,295 17,437 6,669 11,993 5,324
JLND 105,776 96,830 -8,946 62,171 42,660 -19,511
BUSAN 49,468 44,754 -4,714 10,777 11,293 516
DAEGU 30,110 30,933 823 4,187 4,557 370
ULSAN 51,223 50,882 -341 49,214 22,601 -26,613
GSBD 109,746 108,635 -1,111 39,361 22,753 -16,608
GSND 102,053 132,900 30,847 30914 44,747 13,833
JEJU 18,692 28,588 9,896 2,106 3,581 1,475
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Fig. S3. Comparisons of NOy emissions between CAPSS 2016 and model-based estimations using NOy concentrations by
regional local authorities.

Table S3. Regional comparison of model based emissions through NOy concentrations and emissions in CAPSS 2016.

Excluding ocean emissions. (Unit=TPY)
NOy

Region

CAPSS 2016 Model based emissions Difference
SEOUL 73,042 60,127 -12,915
INCHEON 49,389 45,156 -4,233
GGD 203,655 250,217 46,562
GWD 83,500 195,353 111,853
DAEJEON 15,719 24,300 8,581
SEJONG 6,245 13,098 6,853
CCBD 73,029 162,524 89,495
CCND 134,889 181,402 46,513
GWANGJU 12,951 24,489 11,538
JLBD 40,858 76,119 35,261
JLND 105,776 106,965 1,189
BUSAN 49,468 46,749 -2,719
DAEGU 30,110 40,170 10,060
ULSAN 51,223 60,451 9,228
GSBD 109,746 142,194 32,448
GSND 102,053 180,815 78,762
JEJU 18,692 34,126 15,434
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