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Abstract In this study, we performed emissions adjustment of elemental carbon (EC) emissions in five sub-regions in
China by adopting two approaches (i.e., annual or monthly basis) and estimated their impacts on EC concentrations in South
Korea using air quality modeling and observed EC concentrations at the Baengnyeong supersite (BN). In 2016, the observed
annual mean EC concentration at BN was 0.85 ug/m?, while the simulated concentration before emissions adjustment was
underestimated by 0.30 ug/m?>. After applying the annual- and monthly-basis emissions adjustments, Chinese EC emissions
increased by 36% and 53%, respectively, compared to the emission inventory. Showing better model performance with EC
concentrations observed at BN, air quality simulations with those two emissions adjustments exhibited distinct characteri-
stics. While preserving spatiotemporal variations of EC emissions in China, the annual-basis emissions adjustment reduced
model bias between observed and simulated monthly mean EC concentrations by applying one adjusting factor per sub-
region. This approach helps compensate for data scarcity in specific months. Conversely, the monthly-basis approach requires
data availability for each month to adjust emissions, limiting its applicability. However, the modeled results utilizing this
approach more closely align with the observations by improving mean bias and correlation. While Chinses EC emission
impact during 2016 was 0.25 pg/m? before the emissions adjustment, they increased to 0.38 and 0.48 ug/m? after the
emission adjustments, showing relatively larger increases in Seoul Metropolitan Area where half of the population of South
Korea live. This suggests that accurate emissions in upwind areas are essential for better understanding air quality and
establishing reliable air quality improvement plans in downwind areas such as in South Korea.
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217491 W}t A=A 0.7 pg/m® AEFoH, =
& A= 1~2 pg/m® Yo FEE HA
T} (Kang et al., 2021a; Kim et al., 2015; Lee et al., 2015;
Ohet al, 2015). ¥ Fhw= 57 YHE ofe} 24
AR} ke, ATV} AlE Foll et Febd £ gle
L, 71E 472 Ediz =W EC $x =925 H
FHEE FF Uz WiEHs 9%
W Ao R ojfa & 9lck. oot Bealo] Park and
Han (2022)2 BCO| F&575-9F PM, 59| 28} 24
2 ol gstel 24 @ 9% WE U |l =E Bt
HF Sl

=] el 91AF S5 ¢ 2006~20174
Ato] 347 S 2ol A PS5 BC Bt FE= 35ug/
m’A o, AFAH O R ASH 48 pg/m’= 71
=S4T} (Zhang et al., 2019). Liu et al. (2018)-= 2015
A&Hd B4 540 BCHEE 53 ug/m’E HI5H3
om, A AelME S =AE BC T Al
o et ZFolE Ko7 S, 2.0~5.1 pug/m® H L]l
A =5 At} (Shen et al., 2021).

Wang et al. (2012)°]] W2H F=-2] BC BlE&H2
19499 ©]F 2000t 2R7HA] 2|&# 0= F715}
RIL, 20509712 A4 A 5= BH B A
oAl o] Ht ofstz wobd Zl o= o Z5}al Q.
Kanaya et al. (2020)2 #=3 vi&55 7|9 dj7|d
HALE Foll T=2] BC HiEo] 2009 ©]% Z4-s}
Aoz Hiusitt Qo 275k S F8
BC & Z|9o] =g} eIsh ol A2 E7AE ol
Foll et =i F-dell it &2 7Fs S onieith
(Wang ef al,, 2012). b 2] §9) 7R5-40] -2
=+9] vjE Z] o] et EC WiEH 2 = 5
of digt A=t sk, ool disf @2 77t
| A] skl et

ECe 1t ti7|edede o] So= Higd &
FAY ols©] 7Fs5tal (Kang et al., 2021a), PM, 52}
7R = 32k Fsfet BARE Fofl 7= 9 =

9 9 4T 5 I (Kang et al., 2023; Son

et al., 2022). TH, o] 25t o] Yo FAHelN] FatH

A2 =25 Aol tigt A=)/ oltt. Son et al. (2022)
2 EC BAMY] 585 5 Hebotr] floto] = 5ot
WAL FE O HIE H7]d BALE Fof AP E =< vy
= FaFoll aesllT= W2 AQkskSIrh Kang et al.
(2023)2 =Tl EC BA 5=0] AT SEE 9ls] =
Q] @ ] viES BAShH= HRbE AASH=T,
=9] EC W& A5 472 o2 & =l &
A A W 7| AFAS PSS 0|85
o HA5t gt o] 4= the Korea-United
States Air Quality (KORUS-AQ) 2016 7]7te] tis 2
Y=om, F=19] EC HiEFe AE Halkel =
S dFE HES A= ofF] 4= A FFch

2 AFo M= = 9] F/del AR F= ECHlE
Fe OdeR ArRte] 23 BAN 7o BAs
ol =Wl EC Tkl et =&] viE JFe AdE
HIFE FASIRI) o & floll A3k viEE=S o]
B8 718 AR S5 570 2191 9] EC HilEol Higt

e BARE F36tel, 11 A9E EdiE S
EC HlE%S BAsylth = EC HiEE HP2 4
B 4 YW EC BAF B0 HAE HAadlols

=

3 3
st ek, B %-9] EC HiETol 71d
gt =9 HiE = vlwsta Az olso] 7k

7l @RgY 29| B jEgel AU F24
2 gt
2. A7 3y

2.1 thed X9 & HiE EY

2 A7 ti Y A Qe A7 DHEE ALt F= A
o EUEE 2RI I7 19 Hol= BA}
S SRFO t71d o H B = g2 Aot F
4 W& 7Ht. Wang et al. (2012)0f] Th2H
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Fig. 1. A map of modeling domain at a horizontal grid reso-
lution of 27 km to adjust and estimate impact of EC emis-
sions in China. The location of Baengnyeong supersite is
depicted with a red symbol. The map contains the definition
of five analysis regions: Beijing-Tianjin-Hebei (BTH), Near
Beijing (NRB), Yangtze River Delta (YRD), North-East China
(NEC), and Other Chinese areas (COT) in the domain.

20079 7] $=9] BC HiEH2 & A9 HAL G
o o]l mabe A3 Ex]9F A5 11 5F 2 Hol|A
90% ©|/¢ ¥iZH Tt (0.44 Mg/km?-yr). T3H = BC
HiEeRe 2017 7]|&2 22 A7 15,555 metric tons.2.
2 (Choi et al., 2021), T9] HAE viSUE2 Shitst
™ 0.16 Mg/km? - yroll sid2ich. wheba] A i
55 7|Fo2 vlustd = BCHIEEEE =19
1/3 ot}

el sz FelEe iVl edede 95
q_

= HlE P o]l He Ao R PS4 qlok
(Ghim et al., 2019). 9= T 71375 AL 40| A= PM, -
A% =9 7 EC 5 4 S WSSk §le
o, 2 Ao M = EC WiEH HAS 915l aild
W= ARE o]8oialrh Mg e U HEAT
flAIske] = S AL P2 we- 2om, A=
= 5o} QIS Lot WAEO] ko Fat

Z A4S 37 9] eF=r} (Kang et al., 2023; Kim et
al., 2021b).

= HABA HIEY HY0| 42 I 5= I 5 195

2.2 CH7|H 2AH Y

EC 5XE& H|&E% d7]2 2AR= Community Multi-
scale Air Quality (CMAQ) ver.5.3.2 (U.S. EPA, 2020)
S o] 85FTE CMAQ A} A] 7k~ 518 W AU Z
2 State Air Pollution Research Center 07TC (SAPRC
07TC; Hutzell et al., 2012) &, o|o]2& 52 AERO6
(Simon and Bhave, 2012)5 ©]-835}3th. CMAQ EAF
P92 T2 g XA 27km FHH T =S &
otg 9 (174 x 128 AAp)olH, HA} A] A2
u] g% o] BHlT CMAQ BAIZ R E] 229 2
TS ©]-85HATH(US. EPA, 2024). T 7] RAL] H g
Vg 18 AR (A7 7HEe) AR T, B4,

Mo 4z

=

&

E

5, 719, 45 E 5)+= Weather Research & Fore-
casting (WRF; Skamarock et al., 2008) ver.3.9.1 2 &-&
ol-gste] FHISIH oW, 714 AR 27]/7AxA
-2 Final (FNL) Operational Global Analysis 1 degree Z}
% (NCEP/NWS/NOAA, 2000)E ©]-8-5+{t}. WRF 7]
FEARl AR =] et Wek2 Kang and Kim
(2022)°1A AATE A FLste. BAF 7172 2016
W AA 7|7He dite g stgow, 2714347k
(Spin-up time)S 913l 2015 12 16¥HH 16¥S
F7t sttt 713Ee] A% =l PM,s 4
Hso] tigh 54 k=71 8HH %H KORUS-AQ (2016
W 59 19~64 109) Q] 717HS gHdsto] AA
atgict.

071 BALE 9l 191E viEe Fele] e
Satellite Integrated Joint monitoring of Air Quality
(STTAQ) v2 HIEES-2, 2] ¢ Clean Air Policy
Support System (CAPSS) 2021 54| Hj&% (NAIR,
2023)& Sparse Matrix Operator Kernel Emissions
(SMOKE) ver4.8< ©|-§5te] ZH|sitt. s HiE
552 A 71 7P A9 HlEESolH, did
T (2016) 9] =9 viEEZ0] B3 E (Bae et al,
2022, 2021; Kim et al., 2022; Kang et al., 2021b, 2021¢;
Kim et al., 2021a; Kim et al., 2021b, 2021¢; Son et al.,
2021; You et al., 2020)°} FF Ao &4 M54
Hetste] e = ot A4 Bl &%= Model of Emis-
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sions of Gases and Aerosols from Nature (MEGAN;
Guenther et al., 2006) S ©|-&3}%

2.3 3T EC HISE 23 WY

Kang et al. (2023)< 341} 3o 2] 9& F-Eo}o] 2
A (two-step)oll A3 = 2] EC BiEFS BEA5HS
ot 2 dollde olet frAtsHAl Mg oA 9] EC
= Fhot BAF SEE ol85to] = EC HiERE
HASIA. ol & fI8l ¢4 o8 7t HilE A=
£ 7IREe R 7]& BAL EE (Cpe)E E=E0LL, O15
J&% &= (Copy) 9 HIWSIGATE HAL T8t 5 5

B2} (= Cpage=Cops)i= THER OlFollA 7190

4 Ao & AFollAls F= HiETel HAekd 7
G- o] WA} 4= Ao m 7SRt

=9 EC W&} 2% A (sub-region)m}
ot 2po]7h Qg 4= Qlrk i AFoA= S-S BTH
(Beijing-Tianjin-Hebei), NRB (Near Beijing), YRD
(Yangtze River Delta), NEC (North-East China), COT
(Other China)®] THAl |9 o2 &5}, o5 thAl
Aol HiE == EC HiEZoll 2% Wiy = 2ol
X19] EC 7] &% Brute Force Method (BEM)& 53
Attt @F 219 i vjEof tigt EC 7191 = (Zero-
out contribution) AFF2 ¢35} A A viEHFS
50% APt & BARS R8sk, o5 A (1) 2ol

olgshedrt.

O

Z0C;= (CBase,i - CSO%,i) - 100%/Aes00, ; (1)

A71oNA Aesp= i 199 BIET AR HlE (2 A+

AN A= 50%), Cso%n_ i 219 9] W= 50% ARt
T At FolH, Z0Ce i A9 9 viEwel ot
7ol it wlzgagolc 7] Fat 9ol U
WG] EC ¥= 8 T4 A1 HlE 719 =9
groz 4] (9} 2ol Lhehd 4 9]

ZZOC, . AF, = COBS —residual (2)

71X AF=
(Adjusting factor)©|™, residual-> EA

i 219 EC W&l Tiet A%
5 ol

2 HAFO]A HH% 0457} st 7)ok 9
e w, o712 mApe] o8
1 40H AL FEF S T
T HAYATE A-8oto] iF
residual-s Z|AS}SIEE AF,
HA 3gof digt ZAIRE -8
Kang et al. (2023)% g 4 ek

2 AFelA= A )l 1 BAASE 72 o, 7
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L7t FASHA WolKlth F= BTH Hl&ol| oJet =
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O, ol HiEE B A Aitx =ujo] 4ol Sl
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Fig. 2. Periodic mean zero-out contributions (ZOCs) of elemental carbon (EC) emissions from (a) BTH, (b) NRB, (c) YRD, (d)
NEC, and (e) COT in China simulated using the base emissions for 2016.

A 219 9] HljZof| ©J3t EC 7| k= &elilE A 7] &= NEC7} 0.15 pg/m’= 71 &9kew, 71 ot
A golA] 11, 2| S| e Z3a) 71 o1 - 22 NRB (0.11 ug/m®), YRD (0.07 ug/m?), BTH (0.06
oA AH o R L J|oj2 Bt ug/m’), COT (0.05 pg/m?) =0] 31t} o5 thAl 214 9]

2016\ H+ ¥igdo] EC wko] gt F g EC HlEFS 212 COT7} 15,125 tpy (tons/year) 2 7}

N
ol g

Tl
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Fig. 3. Observed and simulated monthly mean EC concentrations at Baengnyeong supersite and the contributions of its
emissions from five source regions in China during the simulation period of 2016.
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m’o|H, 7|2 HAF FEE 0.55 pg/m’E
THE FhA Rolstoirt. 20161 $E Tt 99194 o=
do] FZsto] BlwoA A st ot dgt %
PJ} B ZHABAS (e 0.842 WA vk ¥

C 5 = A=El Lopgm’ oVFe = F7ls}
T oFE TR WobAH, BAF FEOA T o] H g
Al WSS FARSHA 5okt 17 30 @A B
1 =9 571 A 7k wWgof digt A¥ EC
HjE 711 %7} 7 &8k E NECO] 4 HijE 7]l
= 0.04~0.28 ug/m’ Ato]oll A, NRB¢ YRDE= 742t
0.02~0.20 pg/m?, 0.00~0.18 pg/m® H |4 H3}5HS

t}. o] 23t v & 7]l o]
oA 2] AEE Hstet B2 714
L 7102 Holrt

F= 570 A He] 7]oi o] ok a7zt B¢ &
WA FE9] 76% HEE AHAsHI 53], EC
Lt SVt A&Ed Bl S
Fol BAF 5T 0] 79~93%F A 3l~— =271

Oﬂhtﬂ 01—/\-1 }Htﬂo]— H]—Q]— 71—0]
A2 B4 A e Allsh =u BhA
HjE 7]of= =9 HijE 7)o@} Bl w5to] Wk (Kang et
al., 2023; Kim et al., 2021b). ©]2{¢F o] 2 £ oo

M TS5 58t BA 59| AtolE =9 HiEE
Bl o|A] 701t Ao s1Astgon, Es] B o
Tolde T viEEe B2t 2 S S3lTh

Hstoll= S5oF A1

12 gqlo] 27 218

o,
It _]l)ll r:L[

o9l

mlo of e

o

1o rfr o e

3.2 HH 2 HY MS 5= EC HIEZ H|w

O 4(a)= 7182 BAMA o]8H =1 EC HiE
%— —EE% AT Ao g F&2 Fjel 1get
EH7]9 (4 &, BTH, YRD, 4H54 S)olA =
Hﬁf‘r" Holh, M7} F9% WA F2] A 5t
WS Ao o5 Ao 2 RE HiEH 7Y

=do] A71E] aFEo] =iz g 7Fedel =

-HJJ&
= rlo o o

i

0

NH

o} A HAGASE ol 8she 49 (a9 4b)ot (), T
=9] 57]] 219 F EC HiEwol 3A 7ok A9

=7 Itsta|x| M40 E M 25



(d)

i

BAEA HIEH 2Ho| e W s FF =Y

(e)

1%]

Fig. 4. Spatial distributions of EC emissions: (a) Base emissions, (b) adjusted emissions using yearly adjusting factors, (c)
adjusted emissisons using monthly adjusting factors, (d) relative emission changes based on yearly adjusting factors, and (e)
relative emission changes based on monthly adjusting factors for 2016.

NRBZ, 7| BA} 8j&eF0] 210% 4522 571515
t}. YRDQ} NECE= Z+2F 170%, 150% = 57Fgh HHH,
BTH2} COT9] EC &% S Yotsict. B34 vi&
Fe BAF G U el tisl Batehd $=19] EC
&2 B4 A0 136% s=22 S7I5H T

A BYAFE A8 A (A" 402 (e)ol= 4
HAASE o]g Alole BAEZA] ¢td BTHS}
COT9| EC Hi&Zo] F7ste] 2016 thA 717t 3
o ZYZF 150%, 140% =5=°] =91t E3h NRB2] EC
HjEE2 120%, YRD2} NECO] EC HlES-2 110%,
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Fig. 7. Spatial distributions of simulated elemental carbon
concentrations with (a) base bottom-up emissions, (b)
adjusted emissions using annual emission adjusting factors,
and (c) adjusted emission using monthly emission adjusting
factors for five source regions in China during the simula-
tion period of 2016.
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