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Abstract In this study, we estimated the foreign emission impact on PM, 5 concentration in South Korea using Weather
Research and Forecasting (WRF)-Community Multiscale Air Quality (CMAQ) modeling with a set of bottom-up emissions
inventories over Northeast Asia during 2019. PM, 5 foreign impact based on the emissions inventory was estimated to 12.7
ug/m?3 for the study period. However, when compared to the PM, 5 observations in China, simulated PM, 5 concentration for
the period was overestimated by about 10 ug/m? (24%) during 2019. When adjusted with ratios of monthly mean observed to
simulated concentrations over the upwind region, the period mean foreign impact was lowered by 2.6 pg/m?. The relative
foreign impacts in South Korea before and after the adjustment was 54% and 43%, respectively. On the other hand, the bias
between observed and simulated PM, 5 concentrations in South Korea has increased from 0.1 ug/m?* before foreign con-
tribution adjustment to —2.5 pug/m? after the adjustment. This indicates that additional domestic emissions are necessary to
explain the lack of PM, s self-contribution (2.5 pg/m?). After the adjustment, the biases between the observations and
simulated concentrations for seventeen provinces ranged from =10.5 to 24.5 pg/m?>. This result represents that accuracy of
provincial level emissions should be guaranteed when future direction on the sub-regional air quality managements in South
Korea to lower the ambient concentration of the secondary air pollutant is considered. Overall, this study exhibits that uncer-
tainties in foreign contributions need to be better understood prior to estimation of uncertainties embedded in domestic
emissions in South Korea to weigh the importance of PM, 5 transboundary impact.
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Fig. 1. Modeling domains for 27- and 9-km horizontal resolutions. Yellow and blue dots indicate meteorology and air quality

measurement sites in China and South Korea, respectively.

Table 1. WRF and CMAQ model configuration using in this study.

WREF version 3.9.1

CMAQ version 5.3.1

Micro physics WSM 6-class
Cumulus scheme Kain-Fritsch
Long-wave radiation RRTMG
Short-wave radiation RRTMG

PBL scheme YSU

Aerosol module AERO6
Chemical mechanism SAPRCO7TC
Advection scheme WRF_CONS
Horizontal diffusion Multiscale
Vertical diffusion ACM2
Cloud scheme AQCHEM
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2120199 1€ 1¢~129 319
Agele Iy @ F7e mgsts Gl s 27
km SHIAEZ AAstel.on (o]s) 27 km RAHY
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Quality; Byun & Schere, 2006) version 5.3.1-& 4=3J5}
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ZH|E £]5] WRF (Weather Research and Forecast-
ing; Skamarock et al., 2008) version 3.9.12 445}
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Aerosols from Nature; Guenther, 2006) version 2.01,
SMOKE (Sparse Matrix Operator Kernel Emissions;
Benjey et al., 2001) version 3.1 53l A &|5t3].2H,
& E5-2 o]l tis CAPSS 2017, 9] 294
sl KORUSV5E ©]-&5H3tt CMAQ BAT A], 2}
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Fig. 2. Comparison of observed and simulated 1-h (a) 2-m temperature and (b) 10-m wind speed during 2019.
Table 2. Statistics of observed and simulated 1-hr meteorological values in China and South Korea during 2019.
Observed Simulated Mean NMB NME RMSE .
mean mean bias (%) (%)
China & 2-m temperature (°C) 15.5 14.5 -1.0 -6.7 7.2 13 1.00
South Korea 10-m wind speed (m/s) 2.9 33 04 12.3 193 0.7 0.76
PM, s (ug/m?) 420 51.9 9.9 235 252 124 0.93
China SO, (ppb) 42 103 6.1 1473 1473 6.6 0.92
NO, (ppb) 15.1 14.0 -1.1 -72 14.4 26 0.89
PM, 5 (pg/m?) 232 233 0.1 0.1 19.8 6.3 0.91
South Korea SO, (ppb) 37 35 -0.2 -39 20.6 0.9 0.78
NO, (ppb) 184 153 -3.1 -16.9 203 48 0.87

e P

SI5|IX| M 38 H K45



SY BE 7|8 2019 I A=E PM, s =2 HiE Ae B 3 I S| =8 £ 629

o

th2m 7|27 10m F50] ™S E BEAF ATE HW S0,9] I BARE NO,9| kA RAFE X FE5t
S SAEAS Avk= 1 20 oksth Al Aokl Qe S0 7R @ A= Higt B
228 W}l 2 B2 0] 7 EAE) 7S]

3.1.2 Cf7|&! ZAF 8T 7} Z (Zheng et al., 2018; Wang et al., 2016)1} W& 55

=3 gl tish 20199 S LB PMys, O] A AL HiEEe] 9 ek 50 8Tt 99
SO,, NO, &= FE et AL B E H|wstH(1E S AL Aog =)
3).20199 B 0] PM, s BTEE 42.0 ug/m’ 22 3, 20199 Bt U PM, s W5 W BA Fhee
T=Elon HAF Sl 519 ug/mP 2 e, 282} 23.2,23.3 ug/m* 22 0.1 pg/m37]-30]= 2ol =
9.9 pg/m*7FFS T BAGATE BT PMys BAE TR P4 S0 PM, 5 vt ] BARE A
Lol =3 SARRH A BigE Hylot BE = Ziokely 29| 7|ojmt AAet GALeE fxod o
Qrofl= Tl ARSI o] Y FoA PM,s 5= o A4, I PM,; BA s TE 5o H]5|
€ 24%71 Hishs A2 IS = PMys & I B7FE 5 QU T QlolE, ] SO, TkE
Lol tfgt F= viE ] 71 =g | Hrlohe A3 3.7 ppbE WEE O, BAL S= 3.5 ppbE, 0.2
2 olo]d = Sl o]l theid= 3.2l =25t ppb ¥4 BIHHUTE tid 717 Bk =W NO,o|
At AWF PM, s B =t BAF 50 APy Z3 A 5T 747} 184, 15.3 ppbE 3.1 ppb A
A= 09302 FA =T TR =3t Eitol tigt 5 9 HAL O]

oA 717 Hak $29] s0, = T 42ppbo]  BAEAS E 20 29k
o, BAFEEE oF 158 -2 10.3 ppb 2 RAFE| Q)T
FHOINO, = 550 79 151 ppbE HEE[O
U, ZAF 5 14.0 ppb=, 1.1 ppb ZHA AR Q1T

‘2'1
o
u=

.2 EfSt AT PM, 5 SE0| L 29| 7|0iE
ATl PMy s BAF = B 7] 24 A

e »

(a) China
L P Observation - Simulation 1 150 n= 301I
[ g ] PRI mean_x = 42,02 x
Lol - £ mean_y = 51.90 *
E 100 | 4 100} Y=105x+
= = R=093x _3#
= f 5 Ao
: 50 JN »M ;ﬁ@'ﬁ ff W42 T 50
= b a B gl
&% H 2 ‘
* [ % gg‘ £ o :s‘g £ i
of r W s 1 : 0n . 4
ZJoa‘ng Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 0 50 100 150
1 3
Observation [ pg/m* |
(b) South Korea
150 .
[ -Observation - Simulation 150 n =365
L = mean_x = 23.22
o F l £ mean_y = 23.26
£ 100 | - E,’ 100} Y=1.07X+-1.
=) [l o8 = R =091
Ed Fe = F x
= F S v
" Q.P } g 3 0 S
E
v 2t % M S
" HVERAS ﬁ%ﬁ"m‘*‘ |

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 0 50 100 150
e Observation [ ug/m® ]

Fig. 3. Comparison of observed and simulated daily average PM, 5 concentration in (a) China and (b) South Korea during 2019.
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South Korea during study period, 2019.

e F vz ofgt 7]olze] g Aol 7} i
) Az Btk o] njRo] Hop FF ouz
HeHe F) WS F45t o2 Hitog o]

2 oK Bast gk

3.4 PM,s B3 2UH S| 28 53

SAE B 5 20 7|t A4 2] Flelng
sreigitha Jbgete, 2ol 24 F PM,, 24t
SRS 12 F50] Zo] (o]5h BAF HAp): v7] 4
GAte] o1 S i E] BRfwel A F]QIgk A
O B 5 qlrk B Aol olejd HS 4 7]

HL 2
B napol] o8 CAPSS HlE B20] B g 71
2o 2okl

(a) Observation

-50 0

Fig. 7. Spatial plots of observed PM, 5 concentration, simu-
lated biases and normalized mean biases (NMB) of before
and after adjustment in 2019.

20199 T 717t Bt =¢] 7] =8 A A
PM, ; HAF HAb= Aol whet -27~134% (-7.8~
26.6 pg/m’) <Eolm Ff| 9 T4 BAPE BekA o
2 UEHTHE 7). =9] 7|9l B & PM, 5 BA
HAFE -36~123% (-10.5~24.5 pg/m*) 2 TF4stHL
™, PM, 5 F&=7F 17 404 = Uehdd 37, 2
T, A 5 SRAGS ALfstale dAa HARE Q.
i 71ZE =l Bt =9 7% BA $ PM, 5 RAF
BAE -25 pg/m’ 2 UehdtH (2™ 8). o]t 2
= 712 BAR] o] 89 HilE F-5014 2] NOx, SO,,
12} PM, s & PM,; W& = vjEsFo] 7hA 4g e
Folw, o] & Bkt ¢ =l PM, 5 719 %= 25

Sh2r7|2tAstE| x| M 38 H M 4 &



633

Adjusted

IYTTTTTIT YTTTET (71 FITTTRTINI CTTNTINITI INTONIOTY

o 20&

E E

@ B

3 10E

8 E

8 0F

c E

©  E

O <nE

= -10E

P0E o 6w oy u ow
8 35 £ 5 X E £ O
2 28 23 3 8 &
5 @ 2 c § € 2 98
¥y O 5 0 2 o O ©
: 2 ¢ § € © «©
(%) £ >~ 2 35 a n

(506

Jeonbuk |

E 25 % E S 3 5 2
o [)
E 223538388283
cmc)cmm =}
6 =2 € 53 o
0)(5‘“80
- o s 0O
>
© &

Fig. 8. Whisker plot of mean bias of each air quality measurements site in 17 provinces in South Korea during 2019. The whiskers
indicate maximum and minimum values. The blue and red solid lines mean annual average biases of before and after adjust-

ments.

pg/m’ S7HE 7S HolEoh & dAFolA=
CAPSS 2017 HiE =55 |82t 20199 =W PM, 5
HAF B7HE afskgl o, o] B i Akof o
2} 2to]E B 4= Qo T3k 2 A oA Alghet
= B o] &fof] TRt AE Sl Ul viEEel o
SF 3712191 HEZ}F H st oiat X w7 A
AR HAE (www.air.go.kr)E F3l| WiZH CAPSS
2019 b= 2 Aol 4] o]-8-F CAPSS 2017¢] H
3l PM, 5, NOx, SO, BiE3Fo]| ZH2} 4%, 9%, 14% ot
Atk 0|5 7ershH, CAPSS 20195 ©]-8<t 7]
HALS] PM, s TS 5k oto] Zpol7} &2 AtoflA] 5
e 25pg/m* Bt FoE A0 & o/ dEh

=2] 7| BA 50| PM,; BAF HALE ]
T8 Ao ol dmHEH, A-of|Ae RAF HAR}
13% (3.3 pg/m®)°fl A 1% (0.3 pg/m?) oJHHZ 74 =]
O, PM,; =7t =A BAEE B719] He 1
A B2 BA A 14% (4.5 pg/m*)olA BA F 5%
(1.4 pg/m*) 2 A4S ohl, 22313} of 5=, 3gfo|
Me B F PM, 5 A 57t ofds] = 5o
sl Z+2}t 123%, 61%, 24% IHf F7tetgich 5L
A, B 5 PM, s BAF AT B 4.0 pg/m’ o2
EAE oW, 2 Y S740] met -8.0~38.1 pg/
m’ O = LR o] 2]t 2]¢f A1 U
2 b BAF HAPE ookt AQlof|A] BiRE 4

o ;
ES =4
o] o
9L

A % B2 sdto & 48)g 20194 tf7)
A RAPAA =] PM, 5 5ol vt 717t Bt =9
71 EE 12.7 pg/m? (54%) 2.2 FA =]}, th, 5
o BALo| A FAFO] 3 PM, 5 B LS 24%7FF T
BARSHITE o]2fgt & =€) 7]of e A A] ZAetel
F7] {3 ko] gsto =2 =2] PM,; =5 7INF
o2 AT Ay 59 7|91 %= 10.1 pg/m’ (43%) &
2 Aokl B3, =9] 7]olg el whet S
PM,; 7]o1&2 B A 46%0llH B & 57%=2 5
ZFotgiet. =€) 7]olk B Holl= Sl PM, s WS
U BA} B 2}0] 7} 0.1 pg/m3o] 9oL, Fe] 7]oi %
B Fof I PM,; HES 2.5 ug/m’ i BARSH
Act.

ol Aol A th 2 AAE H5T 5
At A A, U s Ege] tigt B2 =S HESH]
ol Ao =] 7|ol& T =9 § Y] dA
AdegE|ofof girt. 2 gHohs =9 siEHS Hh

J. Korean Soc. Atmos. Environ., Vol. 38, No. 4, August 2022, pp.624-636



634 HH 210, Ziz=El

SH= el A, B4 9 o) 1A Sl i o)
A P2} BAS B ols] Ao S0l Was B
QIT}. 5 WA, 2] Fof o] Tty o ) i
Fejwe] wha Bz olold 4 lek. 71 A mAk
ik B4 T B SEote] vmE B AEA
o] B7bgIck, 2y Yol st T BohH e el
Fel =t Tl BohEE A9, BAF SRS B2 S5
oF AR 529 4 glout 3 dh7) Bl dht
2H}E olsleks A7t SIek Al WA, BAE o)5o]

;GZ] Ol‘i LH N—i]—oﬂ/ﬁh HH% S = _71:]_75“% EH&]‘
& ojof] 34 A B 74 AHolA S FEet A
A& BAe] Wasit. 53], M, 57} 23} th7] 0 A
Z]

A HE Ateld S g 2 Hef Bt B=E ST
o9 714 4 vl & EAT o IS T a1Hst
< ol ®elck, upx|ako 2 ) =7} v &
o < ALJetd, th7)1d BAFS B3 PM,
Lo G4 A T4 APE Ao s Holt) Iy Bt
] Vg T g7hE, 2o WAt o
A s g5 2 o)A gelvt dle A A

o
fr
o
ul
&
8

BARE ol-&sto] =9 viE
T 4P w9 (tagging
Syoll w2t Aol 4
=¢] 7|9 g = 4
o, 55 1 lep

method, B}& A9 9 AtE
ek = PM, 5 el dieh
qo] FE 7|Hto g HASIY
AL B3n ol Bl 5 24
HE 2] Bstglrt.
= vt SEEDE 2o

e
i)
H
i
>~
i

52 é
8
2
=
ot
rg o

o
o
fin}

9 o g ¥
oj rsh
o

N
g
ox
il=)

ol
el
)

POV
2
2o
d
=
2
— IO
LLAE
B rulru

oy
v

o
il
o

o & 4o
H
o
=
i

> 12
L
i)

2,
=
)

>~ _l),
3
rr
o

=
==
i
o
K
ox
>
of
o
oft
ol

Am

i

o
)
£
o,

HT

e

olr

H e
[

o

kl

w

S o
.
S 2
Loy
m ol
Mo of
oo

>,

2
fu)
N,
o
o2
o
N,
=2
u)
e
o
it
18
>,
ofy
fo
:01—14_'4
5
ro,
Ko

References

Bae, C,, Kim, E., Kim, B.-U., Kim, H.C., Woo, J.-H., Moon, K.-J., Shin,
H.-J., Song, I.H., Kim, S.(2017) Impact of Emission
Inventory Choices on PM;, Forecast Accuracy and
Contributions in the Seoul Metropolitan Area, Jour-
nal of Korean Society for Atmospheric Environment,
33, 497-514. https://doi.org/10.5572/KOSAE.2017.33.
5.497

Bae, C., Kim, B.-U., Kim, H.C,, Yoo, C,, Kim, S. (2020a) Long-range
transport influence on key chemical components of
PM, 5 in the Seoul Metropolitan Area, South Korea,
during the years 2012-2016, Atmosphere, 11, 48.
https://doi.org/10.3390/atmos11010048

Bae, M., Kim, B.-U., Kim, H.C,, Kim, S. (2020b) A Multiscale Tiered
Approach to Quantify Contributions: A Case Study of
PM, 5 in South Korea During 2010-2017, Atmosphere,
11, 141. https://doi.org/10.3390/atmos 11020141

Bae, C., Kim, H.C., Kim, B.-U., Kim, S. (2020c) Surface ozone
response to satellite-constrained NOx emission
adjustments and its implications, Environmental Pol-
lution, 258, 113469. https://doi.org/10.1016/j.envpol.
2019.113469

Bae, C., Kim, H.C,, Kim, B.-U., Kim, Y., Woo, J.-H., Kim, S. (2020d)
Updating Chinese SO, emissions with surface obser-
vations for regional air-quality modeling over East
Asia, Atmospheric Environment, 228, 117416. https://
doi.org/10.1016/j.atmosenv.2020.117416

Bae, M., Kim, B.-U., Kim, H.C,, Woo, J.H., Kim, S.(2022) An observa-
tion-based adjustment method of regional contribu-
tion estimation from upwind emissions to downwind
PM, s concentrations, Environment International,
163, 107214. https://doi.org/10.1016/j.envint.2022.
107214

Barkley, M.P.,, Smedt, I.D., Van Roozendael, M., Kurosu, T.P,
Chance, K., Arneth, A., Hagberg, D., Guenther, A., Pau-
lot, F., Marais, E., Mao, J. (2013) Top-down isoprene
emissions over tropical South America inferred from
SCIAMACHY and OMI formaldehyde columns: AMA-

Sr=ri7|tsts|x| & 38 K| 4



SY BE 7|8 2019 I A=E PM, s =2 HiE Ae B 3 I S| =8 £ 635

ZON ISOPRENE EMISSIONS, Journal of Geophysical
Research: Atmospheres, 118, 6849-6868. https://doi.
org/10.1002/jgrd.50552

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

Byun, D., Schere, K.L.(2006) Review of the Governing Equations,
Computational Algorithms, and Other Components
of the Models-3 Community Multiscale Air Quality
(CMAQ) Modeling System, Applied Mechanics
Reviews, 59, 51-77. https://doi.org/10.1115/1.2128
636

Clappier, A., Belis, C.A., Pernigotti, D., Thunis, P.(2017) Source
apportionment and sensitivity analysis: two method-
ologies with two different purposes, Geoscientific
Model Development, 10, 4245-4256.

Emery, C, Liu, Z,, Russell, A.G., Odman, M.T,, Yarwood, G., Kumar,
N. (2017) Recommendations on statistics and bench-
marks to assess photochemical model performance,
Journal of Air & Waste Management Association, 67,
582-598. https://doi.org/10.1080/10962247.2016.126
5027

Guenther, C.C. (2006) Estimates of global terrestrial isoprene
emissions using MEGAN (Model of Emissions of Gases
and Aerosols from Nature). Atmospheric Chemistry
and Physics, 6, 3181-3210. https://doi.org/10.5194/
acp-7-4327-2007

Han, S., Lee, J.Y,, Lee, J., Heo, J., Jung, C.H., Kim, E.-S., Kim, Y.P.
(2018) Estimation of the Source Contributions for Car-
bonaceous Aerosols at a Background Site in Korea,
Asian Journal of Atmospheric Environment, 12, 15.

Huang, L., Zhu, Y., Zhai, H., Xue, S., Zhu, T,, Shao, Y., Liu, Z., Emery,
C, Yarwood, G, Wang, Y., Fu, J,, Zhang, K, Li, L.(2021)
Recommendations on benchmarks for numerical air
quality model applications in China - Part 1: PM, 5
and chemical species, Atmospheric Chemistry and
Physics, 21, 2725-2743. https://doi.org/10.5194/acp-
21-2725-2021

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 Environ-
ment, 35, 593-608. https://doi.org/10.5572/KOSAE.
2019.35.5.593

Kim, E., Kim, B.-U., Kim, H.C., Kim, S. (2021a) Direct and cross
impacts of upwind emission control on downwind
PM, s under various NH; conditions in Northeast Asia,
Environmental Pollution, 268, 115794. https://doi.org/
10.1016/j.envpol.2020.115794

Kim, H.C,, Kim, S., Cohen, M., Bae, C,, Lee, D,, Saylor, R., Bae, M.,
Kim, E., Kim, B.-U., Yoon, J.-H., Stein, A.(2021b) Quanti-
tative assessment of changes in surface particulate
matter concentrations and precursor emissions over
China during the COVID-19 pandemic and their impli-
cations for Chinese economic activity, Atmospheric
Chemistry and Physics, 21, 10065-10080. https://doi.
org/10.5194/acp-21-10065-2021

Kim, H.C,, Bae, C,, Bae, M., Kim, O., Kim, B.-U., Yoo, C., Park, J., Choi,
J, Lee, J,, Lefer, B, Stein, A., Kim, S.(2020) Space-Borne
Monitoring of NOx Emissions from Cement Kilns in
South Korea, Atmosphere, 11, 881. https://doi.org/10.
3390/atmos11080881

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

Kim, Y.P. (2006) Air Pollution in Seoul Caused by Aerosols, Jour-
nal of Korean Society for Atmospheric Environment,
22,535-553.

Koo, Y--S., Kim, S.-T., Yun, H.-Y,, Han, J.-S,, Lee, J.-Y., Kim, K.-H., Jeon,
E.-C. (2008) The simulation of aerosol transport over
East Asia region, Atmospheric Research, 90, 264-271.
https://doi.org/10.1016/j.atmosres.2008.03.014

Korea Ministry of Environment (KMOE) (2021) http://me.go.kr/
home/web/board/read.do?pagerOffset=0&maxPage
Items=10&maxIndexPages=10&searchKey=title&sea
rchValue=%EA%B3%84%EC%A0%88%EA%B4%80%
EB%A6%AC&menuld=10525&orgCd=&boardld=145
4600&boardMasterld=18&boardCategoryld=&decorat
or=(accessed 4.5.22).

Kumar, N., Park, R.J.,, Jeong, J.I, Woo, J.-H., Kim, Y., Johnson, J., Yar-
wood, G, Kang, S., Chun, S., Knipping, E. (2021) Con-
tributions of International Sources to PM, 5 in South
Korea, Atmospheric Environment, 261, 118542.
https://doi.org/10.1016/j.atmosenv.2021.118542

Lee, D., Choi, J.Y., Myoung, J,, Kim, O., Park, J., Shin, H.J,, Ban, S.-J.,
Park, H.-J., Nam, K.P.(2019) Analysis of a Severe PM, 5
Episode in the Seoul Metropolitan Area in South
Korea from 27 February to 7 March 2019: Focused on
Estimation of Domestic and Foreign Contribution,
Atmosphere, 10, 756. https://doi.org/10.3390/
atmos10120756

LTP (2019) Summary report of the 4th stage (2013-2017) LTP
project (Joint Research Project for Long-range Trans-
boundary Air Pollutants in Northeast Asia, Issue.

J. Korean Soc. Atmos. Environ., Vol. 38, No. 4, August 2022, pp.624-636



Mijling, B., van der A, R.J.(2012) Using daily satellite observations

to estimate emissions of short-lived air pollutants on
a mesoscopic scale, Journal of Geophysical Research:
Atmospheres, 117. https://doi.org/10.1029/2012JD
017817

NCEP (2000) NCEP FNL Operational Model Global Tropospheric

Analyses, continuing from July 1999. https://doi.
org/10.5065/D6M043C6

NIER (National Institute of Environmental Research), (National

Air Emission Inventory and Research Center) (2021)
ANNUAL REPORT OF AIR QUALITY IN KOREA 2020.

Park, R.J., Oak, Y.J.,, Emmons, LK., Kim, C-H., Pfister, G.G., Carmi-

chael, G.R,, Saide, PE., Cho, S.-Y., Kim, S., Woo, J.-H.,
Crawford, J.H., Gaubert, B., Lee, H.-J., Park, S.-Y., Jo,
Y.-J., Gao, M., Tang, B., Stanier, C.O., Shin, S.S., Park,
H.Y,, Bae, C,, Kim, E. (2021) Multi-model intercompari-
sons of air quality simulations for the KORUS-AQ
campaign, Elementa: Science of the Anthropocene, 9,
00139. https://doi.org/10.1525/elementa.2021.00139

Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Barker, D.M.,

Duda, M.G,, Huang, X.-Y,, Wang, W., Powers, J.G. (2008)
A description of the Advanced Research WRF Version
3.

Wang, Y., Wang, J., Xu, X,, Henze, D.K,, Wang, Y., Qu, Z.(2016) A

new approach for monthly updates of anthropogen-
ic sulfur dioxide emissions from space: Application to
China and implications for air quality forecasts: Top-
Down Monthly SO, Emission Estimate, Geophysical
Research Letters, 43, 9931-9938. https://doi.org/10.
1002/2016GL070204

You, S., Kang, Y--H., Kim, B.-U., Kim, H.C,, Kim, S.(2021) The role of

a distant typhoon in extending a high PM, 5 episode
over Northeast Asia, Atmospheric Environment, 257,

118480. https://doi.org/10.1016/j.atmosenv.2021.118
480

Yu, Z., Jang, M., Kim, S., Bae, C., Koo, B., Beardsley, R., Park, J.,

Chang, LS., Lee, H.C,, Lim, Y.-K,, Cho, J.H.(2020) Simu-
lating the Impact of Long-Range-Transported Asian
Mineral Dust on the Formation of Sulfate and Nitrate
during the KORUS-AQ Campaign, ACS Earth and
Space Chemistry, 4, 1039-1049. https://doi.org/10.
1021/acsearthspacechem.0c00074

Zhang, Q, Zheng, Y., Tong, D., Shao, M., Wang, S., Zhang, Y., Xu, X.,

Wang, J,, He, H,, Liu, W,, Ding, Y., Lei, Y., Li, J,, Wang, Z.,
Zhang, X., Wang, Y., Cheng, J,, Liu, Y., Shi, Q, Yan, L.,
Geng, G., Hong, C,, Li, M,, Liu, F,, Zheng, B., Cao, J.,
Ding, A., Gao, J,, Fu, Q, Huo, J, Liu, B, Liu, Z, Yang, F,
He, K., Hao, J. (2019) Drivers of improved PM, s air
quality in China from 2013 to 2017, Proceedings of
the National Academy of Sciences USA, 116, 24463-
24469. https://doi.org/10.1073/pnas.1907956116

Zheng, B, Tong, D,, Li, M,, Liu, F, Hong, C,, Geng, G,, Li, H., Li, X,,

Peng, L., Qi, J, Yan, L, Zhang, Y., Zhao, H., Zheng, Y.,
He, K., Zhang, Q. (2018) Trends in China’s anthropo-
genic emissions since 2010 as the consequence of
clean air actions, Atmospheric Chemistry and Physics,
18, 14095.

Authors Information

vijof (ofist 34 A4 A7) (bmas29@ajou.ac.kr)
A<= (oFFehsha St

(e}
(soontaekim@ajou.ac.kr)




	풍상 관측 기반 2019년 국내 시도별 PM2.5 국외 배출 영향 보정 및 국내 배출량의 불확도 추정
	Abstract
	1. 서론
	2. 방법론
	3. 결과
	4. 결론
	References


