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This study investigates the impact of variations in Chinese NH; emissions on South Korean air quality using the

Community Multiscale Air Quality (CMAQ) model. We conducted spring and summer simulations for two scenarios: a Default
case and an Enhanced case, in which Chinese NH; emissions were increased by 75.7% relatice to the Default case. Under the
Enhanced case, spring PM, 5 increased by an average of 2.0 ug/m? inland and 3.0 ug/m* over adjacent seas, with maximum
increases of 5.9 and 7.6 ug/m?, respectively. These changes were mainly driven by higher NO;™ and NH," levels. In summer,
PM, s increases were smaller (0.2 pg/m? inland and 0.7 pg/m?* over the ocean on average) with lower contributions from NO;™
and NH,". Although NH; emissions increased more in summer, the resulting changes in PM, 5 concentrations were smaller
than in spring. This is because summer circulation inhibited the transport of NO;~ and NH,* formed in China, and the
relatively high summer temperatures reduced NO;™ stability, converting it to HNO; and NHs. Furthermore, changes in NH;
emissions in China affected precursor conversion rates such as Nitrogen Oxidation Rate (NOR), Ammonium Formation Rate
(NHR) and Sulfur Oxidation Rate (SOR) in the atmosphere over South Korea. NOR increased mainly over marine areas, while
NHR showed mixed responses, decreasing over oceans due to NH; regeneration. These findings highlight the transboundary
influence of NH3 emission changes and its seasonally distinct effects on PM, 5 composition and precursor conversion over

South Korea.
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= Eolv 5 TFEA 9 AR AA| Adute] Azt
ot P TS HA = A o= d#A Ut (Liu et al., 2018;
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A 942 BZAE T QT (Huang et al., 2024;
Gu et al., 2021). Pinder et al. (2007) NO,, SO,, NH;
o] ol W2 PM,; B A4 GE Hg POl
A Bl gt BF glow, Aldo] wet A3k Zol= e
U NH; A=) 7P 88291 o= Brie i)
TERF Park et al. (2021)-2 @§He] A5 PM, 5 At
A NH;2] 71917} NO,H S0, H|a) F3isHA S7F
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< 2 AIA NH; Bl E&59] oF 26.42% 5 AA|5h= &
2l wiE= ol &5k, 2 1097t NH; HiE
F 3.99% Hasks H 2130H, 22 717F NO,
(22.1%) E SO, (68.7%)°] H|all dA5] F2 HE5E
S Ho]1 Itk (Crippa et al., 2023). F=+2] NH; vl &
T A E2HEAS 7ML Q1o ™ (Chen et al,
2023; Dong et al., 2010) Zhang et al. (2017)-2 200095
E] 20158 7FA] 9] &=+ v|&TF2S- Mass balance 7]
2 HEeteE ol 71&9] JIMEZ7L NH, HiES
= 40%71F T BOd 4= QIS dAggt v Qirk

IE3E Liu et al. (2022)-2 Infrared Atmospheric Sound-
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ing Interferometer (IASI)2} Geostationary Interfero-
metric Infrared Sounder (GIIRS, FY-4A) 914 A=&
-25to] 2008WHE 2019E7H2] 9] 3 NH, HiE
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on|, sjoke B I L FFo A A9

A vigo] i) de] nlAl ol 2 vehts
A o|th(Park et al., 2024; Jeon et al., 2021; Oh et al.,
2015; Kaneyasu et al., 2014). 53], FoMA]oF 2|9 <] of
71ed=de AEE ti7] egto] whet £ 2o
2 g5EH, ol= Qs /1 =7Fsel Fi nAIHA]
QA0 79| 7]of& E]F Ao whet AFolstA et
4 9tk Kim et al. (2017)-2 20141 &3t 9]
PM, 5 5ol High =9] HlEH o] 7]ofgo] 52
© F45% Ao, FEoll= 70% oVF ez Skt
11 B ISFS O W, Bae ef al. (2019)- 2012 5-F 2016
7219 Z48 Fol, B8 93] NOs™ 5 °F 67%
7F =l A 4 E NOell 71 19bekar ¥Rl v Qi
Kim et al. 2021)°14 S=3} E2te] NH; Hi&
&°] |t PM, 5 w0l PlAl= dd= BURRE vE 9L
O}, CMAQOIA 9] HlAUZ thet 242
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7 Integrated Process Rate (IPR) 24 9 ALE- A
2He EAS Y5kt (Appel et al., 2021). &3 &
T 7 AES s SAREES APstaon,
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SEAT. o] FA| ¥ 2] 2] AVpE A= H|ws)
glo, o]2 E5f Kim et al. (2021)°14 LFERF PM, 5
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sho] LbELR=A] BAjs), %5 NH, WlEe] i
o] gt ti7|de] miAl= F= AFA L= st

27 st

SO IstEx| M 41 E M5 S



&= NH; H=2k9| HE0|

2. 1t& ¥ Y

2.1 ZHE AAH

T Yot HiEFe 28Hd/o] ti7] o] miA]
© 9F= A5 flste] cMAQe &3t Hi71E
S Lolg $P5Att. CMAQS 1= B HTH
(United States Environmental Protection Agency, EPA)
oA ARt 32k Fetel aEnds, 71 2 o]
A goleE Fgste] t7] LA=29] B4, 28, o
& = AU BAFE & Qs =itk & i
FolAE FotAlotellA ] 7133 7]l 2OJE flsh
T &, Doll, @S Z3ohE 15km AR S =
o] wQle At oH, BA G Sholl YT =
7tet viete] 91215 19 10 EAISHA

71 2] 2O Al gl TwQle] 7l E 24
A& £017] $I5t] CMAQ HEMI sphere 125 23}
£ x7| 9 AA A0 AL (US. EPA, 2018).
CMAQ HEMI spherei= E8H AAE tiAF o= gt of
R 57 Ro| FiE AT, o2 Fo) 27 U
AR 229 G Aaseha mol Pees P4
AN & Qe Aoz dHA St (Appel et al, 2021;
Mathur et al., 2017). CMAQO] AH&-H HiE& At=

+= Emissions Database for Global Atmospheric Res-

earch Hemispheric Transport of Air Pollution version 3
(EDGAR HTAP v3) JIHIE]E 7[9ho & g Q193
HjE%T}F Model of Emissions of Gases and Aerosols
from Nature (MEGAN) v2.1 (Guenther et al., 2012) &
42 Foll AEE A9H vEFS FEohth
EDGAR HTAP v3 BlE3=2 A Alestk= 4 A
T HET dHER =2 Y=t di7j ol &
ofste 7719 HiEEd o] sXHA, AR HiEde
Aedozd 2 £ t71d 54 Hojof 2y
Al 451 Q= A= O|tH(Crippa et al.,, 2023). E3F
MEGAN v2.1 25 &85t A4 HlEd2 CMAQ
2] Bojof FYA &5l glom, o= CMAQ 5.4
o[ oMol 22 wiEe] ofet ti7]d e
Fe Flole W =us & 5 Uk FHEe=
CMAQ®] IPR B&2 &8sl em, o|5 Fdl &
420 B3-28 MAYSS 245t shoiH IPR
< CMAQQ| Y 74 75o8, t7] & ed&d
& Wsto] 7]ofske 7 ofehH - 22l A e A
Ao 2 Hrleh 4= Ql= To]th(Jeon et al., 2021; Li et
al., 2014). CMAQ 3] 19| 9 IPR H4& 9]5] A&
g 714 9 ofolzE HAYE2 CB6r3®t AERO7S
A&t

cMAQe] 714 AeiAEE Ae) Siel Fite

126°E 128°E

Fig. 1. Simulation domain of CMAQ (D01) covering East Asia, with an enlarged area centered on the Korean Peninsula for

analysis.
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Table 1. Model configurations and simulation settings for WRF v4.1.1 and CMAQ v5.3.2 used in the study.

Model version WRF v4.1 + CMAQ v5.3.2
Horizontal resolution 15km
Number of grids 262 %X 190
Vertical layers 15 layers
Reanalysis data ERA v5
Microphysics WSM 3-class scheme
PBL YSU scheme
CMAQ boundary & initial condition CMAQ Hemi sphere 2015
Emission data EDGAR HTAP v3+MEGAN v 2.1
Chemical mechanism Cb6r3_ae_7_aq
Time period 2019.02.26.00UTC~2019. 04. 05. 00 UTC (spring)

2019.05.26.00UTC~2019. 07. 05. 00 UTC (summer)

714 T EQ1 Weather Research and Forecasting (WRF)

Ry 0 4
v4.1.1 (Skamarock et al., 20192 -850, WRE  $to 2 FUE 4= Qlo] 7|70 w2 =5 3ol 27
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AEA 2= (Hersbach et al, 2020)5 7|HO 2 519 & IFS L 4 Q.
o} 71 A AlEElol e Heol FekE Eol7] 9 2 AFolAE Liu et al (2022)014 AR #3215

=
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Fotr|obE Al mhE 715 Hstet /1A di7] o PM, 5wkl M|l S 24k A SHlnh
L HAEH wiEFe] Hso] T3k UEhte 2ol 59o] 7|12k 2t A o] /S gHEsty] ffsf o
o} o] A9 9] FA= |G A7|ge] AEH Ex g B9 AYESGITE FE AlEEo] A2 2019 2¢
of wet DefAH, dutAor F-ol= tlE4d 1171 259 00 UTCH-E 4 3% 00 UTC7HA] 34 =] 3o,
o] dFor BEAFo] fAlst, gdole Y 4 Agdold 549 27¢ 00 UTCRE 7€ 3Y

A4 1710 FAo = sl EE Ao uige] 2 00 UTCZHA 35 ek 27] 2749 9 249}
FAEE HE, NH, W& A Aldo] whet Hals ob7] 9ol 2 A3 9] A 498 spin-up 7|70 2 A
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2ol A -85 ARE-
= 714 o A ol Fast

AgollA et Hiet o] FofAlol F 2] PM,
L AHHoR =2 SNA H|S-S Ho|H, o] g
FHolA 2] PM, 5 F= 54 olslistr] flsl 4Ats}
HhE-o] A 240 st AARIT (Qiu et
al., 2023). NO;~, SO,*7, NH, " o] @4 S 747+ 4
Fx oz HBM57] 95|, Nitrogen Oxidation Rate
(NOR), Sulfur Oxidation Rate (SOR), Ammonium For-
mation Rate (NHR)S AH5I3 2, ofof thgh 9]
= A (D~3)°ll AAISHATt (Fang et al., 2017; Liu et
al., 2015). 9714 n& 7+ SpetEo] E4-5 ofn|siH,
L ([ De i £9 =5 Uehdnh garz o
& SORO] 0.255 F71L} NOR©] 0.1-2 92 -9 S0,
T+ NO,9| 4 F2o] Atete]o] 747t s0,7” T
NO, 22 AgE 22 YeEtH Y (Li et al., 2016),
SORZ} NOR©| PM, 5 &}t o] A HHAIE 2=t
+ 4 TS AFE 53l BFe] X vE Qlth(Wang et
al., 2021). $HH, NHR2 NH,7} NH,*2 Zgtd v]-&
= Uehdl= A28, 3204 wiE&} ZAe o549 &
A2 FFE wrGstH, siEdollA Hojd+= NH;,
°F NH," 9] &= Bl 7R = s Bl
(Meng et al., 2018). Park et al. (2021)2 NHRO| =&+
= PM,; % SNA =7t 7lskgoA o= 7kttt
H1gE vp7E §lom, o= NH, 9] 7hA-Qat Hgho]
PM, 5 ol A2 7| E & 4= U= AARIT

= 2 T Ra =

NOR = [nNO; ]/{[nNO,] + [nNO; ]} 1)
SOR = [nSO,2 1/{[nSO,] + [nSO* |} ()
NHR = [nNH,]/{[nNH;] + [nNH,*]} (3)
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3.1 x| 2| Ant HF

T2] Bo] Ax} FAlof obA], ®o] Ato] A=
SH 57| flsto] ] mo| Axte] iRt A5S A1A
SEQITh ol & {8l 71470l Al Algsh= 9571 FE7]
FEE A2’ (Automated Synoptic Observing System,
ASOS)°| TEAt=ef =87 7he}¢d (National Insti-
tute of Environmental Research, NIER)OJ| 4] A|-55
+ 45270 th71& #2] A|2H (Air Quality Monitoring
System, AQMS)®| #E2RE 8ottt A5 oA
W 7]2, B4 PM, 5 5= 0| ™ Default case] 4]
o] Aol 21 B BIE A= Hlaste] mHlo]
Ae=E Brkstarar shoict 2o] An HIS2 St
SA ARZE B AEE 24 (Root Mean Squared
Error, RMSE), HH&F @ 2} (Mean Bias Error, MBE),
U] E2]4 (Index of Agreement, I0A)S} ATHA S
(Correlation, R)= AM8-0}1. 0, 7+ 2|1 O] A4tAl2
A (4)~(7)°ll AAISFATE 2 AlollA nd A T5A]
4] S ugttt fiEL ([ DE vehd A2
wARE FR7F A%t e 7R R @t 47
o] Bt gre g A Aol HSAHY
7V 7R ARl 2] me| S E-85Hgl o,
A O FhE M, T e 0= H7sk3iTh

RMSE = | %f}(M— 0y ()
1

lﬂ

MBE = %Z(M— 0) (5)
i(ofM)2
OA=1-|— " (6)
Y (lm—ol+lo-0l)
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Fig. 2. Scatter plots of WRF-simulated versus observed temperature (left) and wind speed (right) for spring and summer, with
statistical metrics (RMSE, MBE, I0A, and COR) shown in each panel.
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Fig. 3. Scatter plots of CMAQ-simulated versus observed PM, s concentrations, with spring shown on the left and summer on
the right. Statistical metrics (RMSE, MBE, IOA, and COR) are included in each panel.

lt

S 5o oH
2 NH, Hj&3F
o}‘ziq

olof wet sl kel AyE 7|Hte
L—(?J'Oﬂ q— PMzs OEH:'%— A

t

3.2 B3 HiEY
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= NH; HIEE S71= Q1% PM, 5 & H3lE 24
SiEk. 29 4k 71 B Ae] 54 nel Azt
(Default case)®t NH; &% 371 AlLU2].2 (Enhan-
ced case) 7] PM, s H AR JE 2| 5 o] & A
M2 BFeel £ e Holol, B
£ W& (Inland)} % (Ocean) 0.2 FLESIS] 2+ A
Bd o W52 AAER v|wst Aol AY Al
w1 o5 F AE BF gl AoA PM, 5 &
T Aol e o I 57t 22 Ayt ARl ot
2} ztol & Helrh 55| BEol= WSolA 2.03 pg/
m?, S|l A 3.00 ug/m*2] Bt PM, s 57t S717F
UeRtem, WS 0.16 pg/m?, 3% 0.72 pg/m? 552
7kl 13 gdHT T s A4 £

3ol 2 =t PMys

2% 9]

A vrebsttt. o]t PM, 59] 5= WShE 2 NO;y
9} NH, 9] & Z7}o] 7]Qlstglon, & AHe &

Aol s 71% 242 1.61 pg/m>$} 0.48 pg/m’, S

712 2.40 ug/m’2} 0.71 pg/m*2] S7HS Tk v,
S0279 & Wste £ Ad BT 0.1 pg/m’® 0|9
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pg/m3 $Z0] AE 744 A]FS UERATH
oj2f’t ¥ok= F=olA 2] NH; HlE® 57t= ¢
3t PM, s 5% 277} F2 NH,9F HNO, 9| ¥he-&
Tl A9 AL E (NH,NO;) 9| S7HellA v %
St IRttt PM, = R AR 2 o=
AEH, o] AR w2 7t d71edEH o]
OH radical ¥t &2 4HapA| et & SOl A
2 A CH(Li et al, 2018). B AFoAE F=
NH; Hj&%S F7H%.29, NH;= NH,NO,2 &
AP HE (NHY),80.) 9] F8 AF=4= 248 &
qick 28y B3t o F F AE LF NO, 5k ¥st
7} 8027l Hls B% AA] Yethe 32, NH,7F
71421 (NH,),80, A8 th=, NH,NO; A3/l ¢
AR o7 7)ofstel S oJn|gith
dutz o = 7)o A 9] NH;= G4t (H,S0,)7

A2 ghgsi, o] W2 NH,7} EAH(HNO,)
HH-8-5to] NH,NO; @Al #olsh= o2 deA

At} (Seinfeld and Pandis, 2016; Bari et al., 2003) 12}
L S U SO, HiEEF(2018': 8.93 Tg/yr)2 A|43]
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Fig. 4. Spatial distributions of changes in PM, 5 and its components in response to increased NHz emissions from China
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Panels in (a) show spring, and those in (b) show summer. Each map shows changed in concentration of PM,5, NO3~, NH,™,

S0O42-, OM, and other components.
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Table 2. Maximum and mean changes in PM, s concentrations and component species (NO;~, NH,*, SO,2~, OM, and Other)
for spring and summer, calculated as the concentration differences between the Enhanced case and the Default case.
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Mean 0.16 0.20 0.06 -0.01 -0.19 -0.11
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Fig. 5. Changes in PM, 5; component concentrations in response to increased NH; emissions. The bars represent change rates
(%) for NO5™, NH,*, 5042’, OM, and other components in spring (blue) and summer (red).
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Fig. 6. Seasonal changes in NH;, HNO3, and NO;™ concentrations in response to increased NHz emissions. Left panels show
changes in spring, and right panels show changes in summer, with surface wind vectors overlaid to illustrate atmospheric

transport. The red box indicates the Bohai Sea region.
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Fig. 7. Rates of concentration changes in NO5™ induced by the AERO and HADV process. Top and bottom rows represent
spring and summer, respectively. Surface wind vectors are overlaid to indicate the direction of pollutant transport.
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Enhanced cases, and their differences (Enhanced-Default).
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Fig. S1. Spatial distributions of changes in PM, 5 and its components over the entire model domain in response to increased
NH; emissions from China. Panels in (a) represent spring, and those in (b) represent summer. Each map shows concentration
changes for PM, 5, NO3~, NH,*, 50,2~, OM, and other components.
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Fig. S2. Stacked bar plots show the diurnal variations of process contributions to NO;™ concentration change rate (ug/m>/h)
over the Bohai Sea and South Korea during spring and summer. Each color represents the contribution from individual pro-
cesses (HADV, HDIF, ZADV, VDIF, DDEP, and AERO), and the black line indicates the total change. Positive values denote pro-
duction tendencies, while negative values denote loss tendencies.
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Fig. S3. Seasonal changes in NH; and HNO; concentrations around South Korea in response to increased NH; emissions. The
left panels show spring concentration changes and the right panels show summer concentration changes, with surface wind
vectors overlaid to illustrate atmospheric transport.
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