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Modeling of Secondary Air Pollutants in East Asia: Recent Trends
and Future Challenges
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Abstract The rapid economic and industrial development in East Asia has led to a significant increase in precursor gas
emissions, exacerbating secondary air pollution and contributing to regional air quality deterioration. In particular, the
formation and transport of secondary pollutants such as ozone (O;) and fine particulate matter (PM, ) have become major
environmental concerns. This study first outlines major modeling approaches for air pollutants—including chemical transport
models (CTMs) and recent hybrid frameworks integrating machine learning—and then examines key findings from studies
conducted between 2020 and 2024, with a focus on precursor emissions, chemical transformation processes, and the role of
meteorological conditions in pollutant formation and transport. In addition, we synthesize recent evidence highlighting the
increasing relevance of climate—air quality interactions and the need for cross-national collaboration to improve modeling
consistency. Based on this review, we propose future directions for air quality modeling, emphasizing enhanced
computational efficiency, more accurate representation of atmospheric processes, and expanded applicability to policy
support. Based on this review, we propose recommendations for next-generation air quality models, emphasizing enhanced
computational efficiency, improved representation of atmospheric processes, and greater applicability for policy support in
the region.

Key words: Air quality, Modeling, Ozone, Particulate matter, East Asia

1. A 2 2 w25ttt (Lanzi et al., 2022; Zhou et al., 2020;
Ohara et al., 2007). tj7] 2 ¥-2 T3t 274 EAI7t

Fobilob ME FANYT AQWFoR AT oz AT AYOE AT ST Bl 2
Q1914 wjey b2 whEo] o] shoul, o)z o AH WS Hol Felx o sl B4 A
g 7] o.go] =y} e V=0l FE AR TH(Chen ef al., 2022b; Manisalidis ef al., 2020). ©]<]
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248 anpgor e s &
, W2k o] F W& BUE s}l o)
Sh7] 915t A-50] oA o] Fo AL Qlet. o],
tf71d mElse 7| e dEde s X (diag-
nostic) & 9= (prognostic)= ¢t 7|&=2H S48
ASHE 3t (Zhang et al., 2022; Karroum et al., 2020;
Bai et al., 2018).

T di71d 2EE A9 A oR viEHe
12} @ AEA ) Zn|HHXZ] (Particular Matter with
an aerodynamic diameter less than 2.5 um; PM, ;) ¥
QFE(0:)1 &2 22t ed=Hof it #4S T4
o7 4385kl UThH(Qiu et al., 2023; Kurokawa and
Ohara, 2020). ©|= 22} @ GEZ 0] 7|4} 274474— s}t
Hr-g-oll wtet B4t @445, B ols= Sl
FGAR FF= v & W fqi—co]E}(Lee et al.,
2024; Jeong et al., 2022; Bhaskar and Lakshminaray-
anachari, 2020; Jordan ef al., 2020). ©|]] wg} Z}=to]
A 22k di7l e 4=l digt Hoh AUt ofsiE
R3] Y3) ket 2912 13 gir)d ndgy
AF-E st QUnt. viE AR ofuzt, 714
Z2, 7] &8 BAE %, 1eal 7]stet
=°] ti71de] v &2 AT
Ho=m T@ﬂﬁ}i‘%t AF7F &S] o] FofA| 2L 9l

Sotot ti71d A kglo] dgto g, k=t o
22 2000qu1 o|%, T 2010 o] FF
B4 A7 AL Adste] 24
HlEdE 11 ZHaliket (Lee et al., 2021; Maji and Sarkar,
2020; Kim and Lee, 2018; Hasunuma et al., 2014;
Wakamatsu et al., 2013). Z12{L} FoFAJo}of| 4] ] <524]
o= FNStE AE F s ASE AF =
Mdst7] AAsiAe HiEE AdTezs SE5HA
ettt ofof wheh, 22F A Hhgof thigh A|A ARl o
30] RIS Aol Aol v olFo Tt
(Oh et al., 2023; Qiu et al., 2023; Yu et al., 2022; Yeo
and Kim, 2021; Zhai et al., 2021; Zhang et al., 2020a;
Park et al,, 2018). £3], 22} ¥F3-2 53] AAEH= &

geae 14 e BAnT o B S 2

m

=

EEls
o2t 5 A
al,, 2011). o]t ZAIE siEAsH7] sl FoMAoHE
Fo=Z PM,s 9 @&V} WS di7[d ndg 4
T7F &ds] RfE o] gt s 52 FoFAlof
71 e daks rlA= 78 8Qlos QPHUY HY
=, 7] 5 2kek wiek 9, A F gl tish
w45t oH, o] & g o gyl 7]
2] o= LAY 7] o151 o (Kim, 2025; Itahashi ef al.,
2022; Kim et al., 2020).

718w 715 7he] Ao Ag-2 715 £710]
Aol Y v Bt ot} tir| e gE=Hol 7%
2 G eSS 7= S TAIE et
715 Rt wE 7)1 29 Hdhs ti7] e gEE
9] o]F i} 35} Hh-g-& WSIAIA 11 Tkl &
n ok gh, 7| e dEH-E B4 et AR ohE
AR ZAES 7HAH, o] 2
o] HgkE %ttt & 501, 3
2352 HY BARE WAtste] W7 s fdste
HH B2 71E (Black Carbon; BO)2 HIY BAME &
Z5lo] 2] edste ZASH}H(IPCC, 2021). o2
Q1) Ao W& o] npet B o] e
LB (Shi ef al., 2022), A|E = AJolqt 715 H
FAE AT 4 ok webd, o) A3t 7150 4
SRS 1340}‘: A BEe dATto|A Aol
L za gl nge 8859
Alye] e RIFEE BAsHs WAlo] Hol AREE
Aok 2y FE 7]S s 8 AT AR
FZE| 01, HFE 71eo] Wdgtel wheh, i nd
B A8 t71E-7]1% FoAg A4 BaAdo]
=53 TH(Gao et al., 2022).
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wo] 7| F et 714 ko] BEAgol el LAt
At FAMoE B d7e
SIgt A 5ol Heka 25 AT A
2 o), B o710 Bl Ao wA
At e,

2g0] gt G A ol ZelA Fast o
g Bt WA nde JlHe e gAoe
Drsiston, 7 REL 146 A7 dAE A
D2 A7 B0 g A A% BUS Aesle] T8
she 7ol Waster,

9714 mee 7o) B gL ALE 7P o

€ BdY 7o) de] &8

By 7|y el S42 skt

2.1 3% 7| g4t 2
32 t7] gt BElge 7l e dEdo]l e 9
oA iEH F 57 FollA Fite= S oHA
o ROk o2 A WA Tt 19 Alel
G4t 9l (Gaussian Dispersion Model), 2t132] <t
HA 2d (Lagrangian Trajectory Model), 2. 22|t
A2} 22 (Eulerian Grid Model) 2 =t}
AR Z7HAIQ A4 Rellg =t SEH T
7 (U.S. EPA)°lA 7Egt AERMOD (Air Quality

DY A7 AN S T A 405

Dispersion Modeling)7} 21th. AERMOD+= 7H-AI<t
E% (Plume) A4S 7oz sio, P4 A
o) 37 54& st 714 HlolHE A= &
EAR A Qo] 3282 KLOfRITH(US. EPA). 0
£ 50| A B A 2ol o] ©7] Bl 5712 (50
m ©|3}) Hi7] 4t R of et viEde =
, B4, dF B Al S5 dHste] A mHe|A
o] 9 HEH FEE A53h(Cimorelli ef al., 2005).
T2u 50 km o/Fe] F71E] gHtE RO e 7]
Ab Z79] HstR 915 CALPUFF (CALifornia Puff
Model) o] AFETH(Rood, 2014). CALPUFF=
B AFE O 7] 24t vEE & Qe 2t
¢t T I (Lagrangian Puff) R, A|7te] wla} ¥t
© 71 238 3125t B (Puff)E9]9] o5&
A &3] B gEet G St ROt 75 Sie.
E3] A gt atE A7) it A L dEE
olE AT Sl FH A AHE (Scire et al,
2000).

EAQD AAPES] HIFAE A4 Tae] 2d
E+= HYSPLIT (HYbrid Single-Particle Lagrangian
Integrated Trajectory)©] 2ITF HYSPLIT2 7H @&
=2 GAe] AAe FA4D 5 ol YA =2 &
AL AL B AR A] o] F, AT HlE e 7o 2
A Sofl Egdnh o] BE2 7] FolA 9] FRet
o7 g2 vrste] ol HiEdod HEd @
dedo] Agte] Aol et ojFA olFs=AE
4= 1t} (Draxler and Hess, 1998). 2} 13%]
g2 ARt geiol rhe e AU
=2 - 3Fohd WAS s Zofsh= o
HA| 7} ZA3FCH(Bae et al., 2017). ©] o] wha}, tii
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Table. 1. Summary of modeling techniques by generation: The modeling techniques from the first to the third generation are based on the work of Li et al. (2021c).

Ffenod of Introduction Advantage Limitation Typical model example Application
primary use
» Gaussian diffusion model
« Simulating and analyzing « Simple structure. « Absence of detailed (ISC, AERMOD, ADMS, etc.) . fi
airflow and pressure field data  « Low parameter chemical mechanisms « Lagrangian trajectory model *Long-term averaging of inert
1970s~1980s pollutants

« Determining pollutant
trajectories

requirements
« Fast computation speed

« Applicability restricted
by simplified chemistry

(OZIP/EKMA, CALPUFF, etc.)

Box model

« Local dispersion modeling

«Includes complex
meteorological modules

1980s5~1990s « Captures non-linear response

«Focus on a single
pollutant
*Incomplete

« Basic functions for
large-scale simulation

« Regional-scale
photochemical models
(e.g., ROM)

Early Eulerian +Urban-scale

« Chemical transformation
simulation

X « Preliminary capability for . grid model photochemical models  «Source impact on grids
mechanisms . R representation of o .
) . . comprehensive modeling . (e.g., CIT, UAM) « Dry/wet deposition modeling
« Covers wide simulation areas pollutant conversion ; e
« Acid deposition models
(e.g,, ADMS, RADM)
» Overcomes limitations of
« Three-dimensional Eulerian s!ngle—speues( ) « It requires substantial ) ) CMAQ, CAMx, ) )
framework single-phase simulations ; Eulerian grid + High-resolution
. . . - computational resources WRF-CHEM, . .
» Multi-module integration « Accounts for realistic . . model spatiotemporal analysis
. . . L . and time for execution. NAQMS, etc.
* Multi-scale mesh nesting intra-species interactions
After the 1990s and transformations
) Sourcg apport}onment of . « Period-averaged outputs « Source apportionment
chemical species « Operates independently s o Receptor L - )
. L .. L X « Limited capability for PMF, PSCF, CMB, etc. « Emission origin tracing
« Spatial attribution of emission  of emission inventories model

sources

event-specific analysis

« Period-specific source analysis

« Coupled numerical and
machine learning models

« Physical-statistical output
fusion

After the 2020s

+ Low computational cost « Low interpretability

and fast execution time. (black box)
« Utilization of diverse «Input data-dependent
auxiliary datasets performance

* Major numerical model for hybrid
model: WRF-CMAQ, etc.

» Major machine learning algorithms
for hybrid model: RF, SVM, XGBoost,
CNN, CNN-RNN, etc.

+ Real-time forecasting

- Integration of heterogeneous
data sources (e.g., population,
topography)
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H2tR o gF= Qe 2 AN AP We = =
Z10] S730Ith (Borge et al., 2010). T T
g 7les BHor ALt FEo] I detHEA,
Lde et Az w2 372 7] 2o] o]
A ZGA ZEEI ek F8 et A% =
g 2= Community Multiscale Air Quality Modeling
System (CMAQ), Weather Research Forecasting Model
with CHEMistry (WRF-Chem), Goddard Earth Obser-
ving System-Chemistry (GEOS-Chem) 5©] SItt.
CMAQY} WRF-Chem-& 2% 75 R dElo]m, WRF-
Chem-2 222l #Z% RH=Z 7|47} of7]s}s} gt
2 7to] oFHgk A A2 S T1Esh RElg]of] -
T3 AAERTHE £ 0] tH(Grell et al., 2005;
Byun and Ching, 1999). X7 7+&2 222l GEOS-
Chem-> Hot FH et of7] G2ah8-2 Zofd uf
AH8-HTH(Gao and Zhou, 2024; Bey et al., 2001). <+
AT FFE ArEH, 2018~20229 F P 2
b edEd 2o Bl 4 Aol CMAQ o]
Vi s A48 Ao BIHT (Gao and
Zhou, 2024). ‘FotAJo} 2|42 thAF o = §F A3 A+
AL 22} A © AEA O] ABA HIE gl St J,].;H
o e HAE 891 ARslehs A7t o
Y= 21 2™ (Cha et al., 2023; Chang-Hoi et al., 2021;
Xiao et al., 2021; Bae et al., 2020; Chatani et al., 2020),
ol BF 71 o5 L Pe] A2k Se] FoT
ZNEARR EEE 5 S 2 oR JdHh

2.2 £ 24E

8 2d (Receptor Model; RM)-2 E%] 2|4 oA
d71edEde] 719e st 24 2 9de] 7|4
=5 g ow Bokshe Sakd. A4 s)goltt
(Hopke et al., 2016; Cooper and Watson, 1980). ©] &L
de o A5 7o 5. 5}5td AE2 Y nolst=
A9 ook A5 14 Holel e 8

B 3ol flde mo}%

%*40] 7}~6}E} Us. EPA). tLUd, =
of 2A = Ten, SYAZ
o §lok= HAI7F Aot (Ryoo et al., 2022; Reizer et al.,
2021). YEHS 48 welze Sohy A% 29
(Chemical Mass Balance; CMB) @7} QFo] s £
| (Positive Matrix Factorization; PMF) L&o] &=
G, CMB e 9 @9le] S5t o] T o]
U 2 DAY Bl 8542 2ol
e9le] maufelg AT 4 Ak Ao BHol
T}(U.S. EPA; Ramadan et al., 2003; Hopke, 1991; Coo-
per and Watson, 1980). WahA] o] ¢ 4~& wdlo] 4
T o7] 2.91°] €9l BAS 915) BESA Al
AL Qlth F ForAotol M= -8 REle E-85to]
PM,; % Q&7 &2 23k A=E 9] 71o= 24
77} go] o] 2oj7 v, Ajelzel gt oh
o 471 0] RS AL AT
H 9t} (Hwang and Song, 2023; Park et al., 2022b,
2022¢; Song et al., 2022; Ikemori et al., 2021; Lv et al.,
2021; Hwang et al., 2020; Heo et al., 2009; Han et al.,
2006).
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=] u—
A melol A g wiet o2 Ak ghe] Qlue
A2 sk Aol B o9kt 0|2 98 u
Wol 54 251514 WAL oA Wrgsk=A]
olalst7] o, A1) shie] dht S-ei7t A%
of. e, o] ef gt GAS 325 glef AEsks

915 2]% (XAI Explainable AI) 17} 23] 2138
%31 910, SHAP (Shapley Additive Explanations),
LIME (Local Interpretable Model-agnostic Explana-
tiong) 7t 2 7]¥o] A Asky Bde] FRAS &
o]7] 9ot -g= 11 §ltt(Houdou et al., 2024; Jairi
et al., 2024; Abdollahi and Paradhan, 2023; Kim et al.,
2022a; Kang et al., 2021b).

sfoluel= e s)Astsel 2t AEA
galsteb malo] ojWg Aol d7le 9B

et al., 2024b; Hong et al., 2022). 5231
ndle %= At glojk di&o] 7hsshH =3}
oty -2 v o 2 AaE sfAd 4= vk A
o] AUATE ALt Al7ro] @ A AA| Al4de] ok
& Wi S BE A8t of#fgol Stk
(Liu et al.,, 2023a). §F4, 7| A|Sk5 2dl2 ALt v
o] Y1 H|AFA s8-8 gt o2 k5SS Q)
o

o

o1 = é_l = AR
o, ot 192l 49 HlolHE &8 5 Aot
3ol glot, SEHFA (black box) A2 {15] &
3 , 49 o] FA3t 784l
utet Adeol A 2=l A ATt (Tang et al.,
2024; Fung et al., 2021; Cabaneros et al., 2019). ©]&]
o AHHE AR s 98l 22 - ofeha Rt
At ES A9 stelEE HIRo] d7HL
At (Jung et al., 2025; Sayeed et al., 2021). ©]+= $=4]
B 21 -5 ARE B HdE HAskal ol A

rr

R

StEE G802 AT (Sayeed et al., 2022).
ol et HW2 T B2 o Holgrt 4=

GPU®t 22 HfH 7leo] shs 23t se
SrstA| A= QUTh(Geng et al., 2021; Yafouz et
al., 2021; Thongthammachart et al., 2021).
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3.1.1 2x} L7 |REEE| MTFEH HiS

T}(Chen et al., 2022a). THHA], S-otA|of th7] - of

FE v Fa A9 EUe P, o

2 =
A= Zo] W2 o]t (Bae et al, 2021). 015 $I5
Rt RElE A7t e, 53] PM, 59t
QF Aol Fa3t FFE PIA= NOLH VOCsE
tigo= oF A7} thae A Qe

201348 5=9] & A7 A (Clean Air Action
Plan) A} ©]€ SO, HlEo] A HAsHHA, A
Aoz NO,9| HIFo] S7FsIltt. ool w2, X
SotAloF th71d AT H= NOE 8 HF=E
2 % F85H thFolA Al Utk NO, (NO, =
NO+NO,)= D71 AlF LF==oAR, ti7] Fof
A HNO;, HONO, PAN 59| 7] A7 QAEL=
w27 ekl o 9lo 22k e 9= A= FAs)
= EAS AJth(Park et al., 2024c; Seo et al., 2024;
Jung et al., 2022; Han et al., 2020; Zhang et al., 2020b).
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Table 2. Major mechanisms of secondary air pollutants in East Asia (2020~2024).

Process

Category

Key findings and references

Emission

NO,

« Emissions of precursor pollutants from China as a key factor in transboundary
air pollution in East Asia (Kumar et al., 2021).

« Total NO, emission reduction shown to improve air quality in East Asia
(Park et al., 2024c; Jung et al., 2022; Han et al., 2020; Zhang et al., 2020b).

VOCs

« Biomass-burning VOCs significantly contribute to autumn/winter haze
(Ikemori et al., 2021).

«» C;+ aromatics strongly impact ozone; isoprene and alkenes also contribute
(Schroeder et al., 2020).

+VOC inventory uncertainties cause model over-/underestimation
(Kim et al., 2024; She et al., 2024).

Transformation

Photochemical
reaction

«VOC reduction is essential; NO, reduction alone is insufficient for air quality
improvement (Colombi et al., 2023).

« Despite NO, decline in China, ozone increased due to VOC influence (Li et al., 2021b).

« Significant VOC cuts with slight NO, reduction, or major NO, cuts alone, are needed
to lower ozone (Santiago et al., 2024).

Ammonium
formation reaction

+Regional air quality differences in East Asia stem from varying atmospheric composition
(Cao etal., 2023; Zhang et al., 2021).

« SO, reduction in China increased NO, share, leading to more nitrate via chemical shifts
(Joetal, 2020).

« Aerosol formation from oxidation varies with NH; levels (Kim et al., 2020).

» Meteorological conditions significantly affect air quality in South Korea (Ryu et al., 2021).

+NO, reduction in China lowered domestic PM, s but increased NO3™ transport to
Korea/Japan due to chemical imbalance (Uno et al., 2020).

« Springtime high-pressure over the Yellow Sea promotes pollutant transport to Korea and
Japan (Jung et al., 2022).

Long-range +NH,* is transported from the Asian continent to Japan in spring and winter

transport (Kawashima et al., 2022).
Transport - Long-range transport significantly affects ozone levels in Japan

(Yoshino et al., 2021; Chatani et al., 2020).

Atmospheric « Prolonged high-pressure causes stagnation, increasing precursor buildup and

stagnation secondary pollutant formation (Wang et al., 2023a; You et al., 2021; Seo et al., 2020).
T A8PE NO, HiEF B AE2 F= 7| 2022; Xie and Liao, 2022; Kumar et al., 2021; Han et al.,
9 2] o 7] d JFS AFSlolE o] 28-S 95 2021; Shimada et al., 2021; Chatani et al., 2020). =, ©J

~
glom o]Z 98] GEOS-Chem, CMAQ-ISAM (Inte-

o A7l gEAo AL B 5% 57 5

grated Source Apportionment Method), Receptor
Model, Box-Model G-9] t}Fet o] g2 &] 9]},
AE&HE PM, 5 B/l iRt NOo| 7] %=5 =A%
AT 23 A5 F8 di=AolA NOZT PM, 5 A
4] F8 A== 28shs AR YERen
(Qiu et al., 2023; Kim et al., 2022b; Yan et al., 2021),
NO, &9 9] A HE 7| =g 243t 23, 5=
oA HiEH NOZt S=rt ofy e} k=t L2
7| do= A dF= miAE Alz FAH

T}(Yen et al., 2024; Jun and Gu, 2023; Pouyei et al.,

2199 A4=d vlE 7=t w2 A o= 7t
5|9Ie}, o] FolAlo} 20| SA|o] BAe]
& 7] o], At HH AFQl F= FETF
o4 IEH NO,Z EH Tk ool ki
A (downwind) &2 F7|2] o]Fste] =3t A
of 7ol &= wA7] WhE e =2 siAHth(Kang
et al., 2024; Park et al., 2024c).
< di7]egol Al A%l vA= @
ol 715 A, VOCs vl tieh A+ &
] AR Qe vOCst Wi Aol ntet 2 919

olt
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410 ¢&0l, Zdojj2, M3, o|E, SF32

2 Hj&YolA 7]915l= NMVOCs (non-methane
volatile organic compounds)¢t 2+12] i Z oA &
Z5H= BVOCs (biogenic volatile organic compounds)
2 F2Hh NMVOCs= A= A4, 80 A, AFY
37 TolA MiEEE WA, EF0, ofAlES 22
G713} HE-S ZFSHH, BVOCsE A B4 WEE
£ olazdl, HirH=H 5o SlRtES ZoRit
VOCse= t7] oA 22t e A4=4 A4 vhgol 5
8% 9L 51, £35] SOA (Secondary Organic
Aerosol) E 2F Ao T/ 71o5h= Aoz I
7] SJt}(Zhang et al.,, 2016). VOCs HiEH2] =9 &
4 % shit vhEe] Bet ojele Holdh ofs
AAx o2 BEEE BVOCs7t HA| VOCs HiES
o] oF 90%Z 2}A|5FH, NMVOCs Hj& o] %, A
A, Bl ARG & TR Fawoll AA REE o] Q171
IOt} (Li et al., 2019; Guenther et al., 1995).
2 Aol A= vocse] AEE s div] e
to] TAE g5t VOCse] 7o E kst
AF7F v FRFE QA S 5o, oI5 7t
doll= VOCs7t @& Aol m|= Fol 7
A YebH (Schroeder et al., 2020), 58 249
Ofgt Aol A= A= A= QIR VOCs7t 7]
doll mll= dFel v& FEHA = Ao R HiE
21t (Ikemori et al., 2021). €3], Nault et al. (2021)2]
Aol A= NMVOCsZH E A H SOAZL PM, ;2
AT 27 AFGE S7tol rlA= &S =7HE= A
Fakstlom, 11 At o= (A, 20161 71<E) 0l A
SOA°| o3t 27] AP 7] &7t &2 Z o= YEhE
th. o= Q1914 VOCs9] vi&EF #4o] th7]d A
v A7 = getohs bl Qo] mle- 8% a4
A= AJARRECE

SHH, VOCsol| Higt ey AoflA= VOCs HiE
Fo] 2ol Fadt AR AAHL QU
(Ok et al., 2023). VOCs2] SFsHa A7} vj& EXo
=2, 2|9 R Jolstr| iz, iEde] ¥
+ Tl F4o] =" Aol mAl= IS
= A57F B sttt olof weh, voCs B 22t tf7].2

Q

o =
b

0

rir N

]_

o
=

[¢]

f; A
o

Mz
i)

ol
o

AEdo Hot JEet 2o E {54+ VOCs HiE
ZFo] BESMAE 7)1, FERt viE QIHIER
& F=5= Zlo] WA otk (Kim ef al., 2024; She et
al., 2024).

o

ARt viE RJIME D= ti7|d Rdg 9] siq
Axtoln], 1 A=Es Bd Auto] Hotrel )
Hot AeH o2 E S5 iEASTE 2 4
4] (bottom-up) F4]0] F2 AFgHo] goLt, B
njute] vjE oyt v A5+ S5 (missing sources), &
T e 502 Qo) A MhES Bk A4S
7F 25 A4 o] g (Qu et al,, 2022). 53] F4&Tt
2419, 59, BBIAIE 5o 7ot T 4
o, MEF0] AlS3E R HA] AAeF Tz T
AJsE 4= Qlth(Xu et al., 2023; Lee et al., 2022b). ©|&
rgkal7] ofa) Zltol= 914 B3 ol

283t 513F4] (top-down) Fto] &

ml o

e

o
=
11 tH(Momeni et al., 2024; Park et al.,

_?L
ol
1
o
o
Mo
4
N
£ ofy
lo
o2
o
N
ofr
H
r
B[}
N
il
fu

N j% _1%
o))
Hu
il
2 ot
oo
o
Z,
L
W
Z,
L
lo
ol

oo
=)
i

L N,

rhy

)
o
op

ol
o

(Momeni et al., 2024;
AAE 9178 W55 83 A+
| E 2ol A HFF= 2] Fd| AZE
Foto 24 melo] 2 g} o
At} (Park et al., 2024b). &
gk QFR U oH(NH,) 2 #3571 312 (VOCs)-2 ]
o 22 42 2 @ F A ] A Z]of7F St
ol whet, o] 5ol gt viE 549 A I}
B8 F Q35X 1 Ut (Momeni et al., 2024; Xu et al.,
2023; Lee et al.,, 2022b). ©|2|3t AFEL FF Hj&
JIIER] ZjAdof 9lo] f/datmet Ards 7]Hte]
g o] DA A& ARt

ZT FoAotE tidom & ti7|E dFES 5
= 9] HjEFo] 45| Hakte] mat A5 FAo =
T IFe vRl Aeg Ut dEdor 9

)

2022). 9l &0,

=

o
d
il ro
ol

)
o
.%IL
o
i
i
o

|
o _I]'E
b g

I

Ol

¢

=7 gstElX| M 41 E M3 &



Z0LAJo} 25} Th7 |2

71 e @B AFAZ thFeIHE s0,8F NO, it
ofHzf, VOCs ¥ NH,oll thet A+ F7Fskal 9le
o, o]t BEUES Bt AUsHA FFstolr] At
nds] dEo] EdstA MUY= Qi viEge
A7} tf7| e nA]= 9T Hes] Brtet] 9

AL AFE e i Al PEo] BHol
5,012 98] =7} 7 A7 @ W AR FTH} 08
7A50d B ast ol 53, FotAlo A|dolq S
o] Wial7} 14 S} 7 el v A dae weg
w, 27} 2k @A @7et A&l =)t o)
Aok & Zolet.

3.1.2 2%} 7| QRS AO| S15HH W 11y

PM, ;9 0 EE ATRER Y satd] wig

4 7+
& 714 AR E3], F29| sk A9l =}
YRS FtofA] AAHE 22F @ FEH0] pEEE
A3t T2 2o A o] Mgk S olsfet A
7} %31t} (Byun ef al, 2022b). A2 ] vj&aF
W HEH o2 FAEE 22 LFEA el B3
g mAYEe] 285, 2 Whg-2] vl whet o
710 dE4e] 7t FF AAHh(Cheong et al.,
2024b). o]t HAYF] FFS A= HrES
71 =AY Ao A7 ol oot
ZoNE 22} 7| e PdEH o] 9 Hig 74

:._1‘
;:
o Ir
=y

NO,9| F&olE &l && l*”**ﬂﬂ% Bl &F
& NO®}t HI-g-5to] HHA] NO, & Agts = e &
3 44 sxo] ol fA"ct 28U v F
AR713HE= (VOCs)o] 2 7%, NO,2l 5%
7t AEH LR SIFIA eF0] FHF 1 sk

[

0

ol

[¢]

O
7t b ek 2, 02 A et wgel
HEAR] NO, E vOCs9] 714 x30] A
Zo|tH(Kim et al., 2024). o]o] wh2f, F3}e} vk-g-of A

\

NO, &} VOCs9] 7|2 HeFslets g7} wol o
FolRh A7 g7l T, NO, HilEo] Aol

—

=2 ZE Ak 2N SeEt ek atx| 41
T &5k @& Tt F7lshe @/l dEEHAU
OD% Li et al., 2021b), ©]= T F=o1A F8 di7]

d=d HlEFe] A HaFRol= FotAlor A
‘%ﬂoﬂ/q QF Fro] Z|do] ARt elld wiEe 4
WA=t (Lee et al, 2021). ©]2F A3+= NO, A&
o= 7)) /MAEE a7t AlgHAolH,
VOCs®| HiE Aol g ofof & AARITt
(Colombi et al., 2023). W2hA], 3355} HE-g-of] o5t %]
T oF S JAIsH] flsid= NO, HilES =
AEsto] Felel uhgo] &4 ddjzog WaA
L, NO, @5 Baste] vOCs HiE= o7 At
o2H oF F2S WAstke Aol asith(San-
tiago et al., 2024).

s A H-$-S S0, NO, ¥ ¢ Yo} (NH;)
7+ _Q] ﬂ-’(‘ﬂ—l—] A} 2751'%% EOH _QJ—/\]-O]'_];_I
g 22 ool2ES F45te PO, ol o
Dol AAk Ak B A]AHE (ammonia-nitric acid-
sulfuric acid-water system) 2.2 |t} s gt
o= &9l AAEEE PM, 50| &2 HEsll FefstE
A7-=40] AdjA}l BT ofye} 7] 249 A
&l vl gk FgFS "=t oof| whe, FoFAlo}
712 e 7\]&‘7‘4 Zpol= ti7] 24 x719] 2folof| 7]
olSttH= 5o Tty H A QT (Cao ef al., 2023;
Zhang et al., 2021).

52 S0, &% H4 ol F, T= Wl A &

]754 —7} }% ol Uittt ol S0, HiE
z

W A

O

[\
S
[N
e
r&"
e
5_117
=2
X
rr
y 0o
b g
L
[¢]
2

o] AAAMeHE (NOy) HIET %‘i°ﬂ gt el o
=27 UEhth R yote] Tk
Qﬂ"?}E%(NH4NO3)—4 g7l ’"‘01 PM, 57} 74
WA, Yol FErF W Ao A= A e
HAHHNO;) FE7F 578 PM, 57t S716k=
o] QI = H(Kim et al., 2020). F3F, SH=}

=
4 ATA 55 olF 27} WHgo] Fas AT

FI-EOEHUi
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Ste Aol ME 714 =30] ¢RE A4 Wl &
[t FFE T ’l% ﬁﬁi UER T of 2%t A=
S| U

Sk 5288 JUs eIl e AN
T}(Ryu et al., 2021; Park and Cho, 2020).

oloh Flslol, T ATSL 27 B QIR
9] Tk d|So] Tt 3et g ARte 2 A E
o, 7134l ko] wet 34 g2k &
&g A Yt 53] ©E0| A9, Fslst
o] A, BAT Eol, BHlEE, 71 59 714
ol RIZstA vh-g-stH, o5 =gkl WA=
AlAo] HFe A7t v &of .7 A Q]

=2 0

od ot rE oo %0 mE

s
)
=2
EER
< u]ZAt}(Cheong et al., 2024a; Byun et al., 2022a).
A% Sol, AAF0] e wolm A AFEL]
Bl 0 A4 WhSol TEsH] B sk A
U, e abere] e mol gsie uhe Hg
HEE ST 4 Ik E7, ozt Bfa whSat go

CEE R R ERE R
NIEA) 9E A9, WA 5O Fo ARo] i
Hrtel= AHE R QT (W et al., 2021). ©]
2fet eAlE 2 uf Stet w7y o] HushE oy
2t A 71 A o] gEI} SRR ojoF gha AJAL
ooy, Heh vhg-o] E8tdS Fol7] St Ad
A= A A=A ‘E‘r

)

ofN
o o
i)
|o
frtl
m}m
£ -
e
rl
re
-
= qln

H ozt £3], Uno et al. (2020)-2 ©] 2]k l
of mhE o] 3FHA 712e] HskE A2

o= @943}‘3%, SotrjoF th7|H o] Hst
]. o Q35ke Aorsly

2 UsPA LA, 0l uigo = WshE 270
719 0 A7 HEFE SHsHs o] BoAoltt
3.1.3 2%} EH7|EE°”' ol &

Sobolel Az AT 7|4 Asiel o] 94 @

jol T 0 A st A aolo 2
835ttt (Jee et al., 2022; Jephcote et al., 2021; Liu and
Wang, 2020; Xu et al., 2020). A Ao 4 ZAHE o
@AY S Fo] elshe Fa ARt T
W HER foR 4 Qolth 1) A7) 47
582 7HIA 54 Ade 7 FEg Bt
(Jun and Gu, 2023; Wu et al., 2023; Kang et al., 2021a;
Zheng et al., 2021). 2) H7] A= Qlsto] tj7] @
24 9 27840 549 49 drlodRA 5
L7} 2435 A & %1\:]'(Lee etal., 2022a)

A HES d7ledEd 9 dEdel ¥
2lE o Fot thE Aol IS vA= A=
ajetet. o] MM e d=EL HiE Aol ofd
e Aol 22t A HHe-S oA, Bt 712
= &9 7182 2ShAE o= Stk Fotrlotoll M=
T2 FaolA AZFE o] St el Yo Fake
= F5& It o & £, Jung et al. (2022)9] 4
7ol wh=H, ol Ao A EAshE a7t &
oA HiEE LHE=E 9 olFS FXIsto] =
LEAN EW uAHA] ] FEE FTHAITIE
F8 09102 A88AT. 1 Ho] SotilolE 9
2 195 ole] 2ee ATEL WEA) A
&9l 93 A Bpsjslon ool /15 e

ol UhE T AP B o] 2olAith(Hyun

et al., 2024; Pouyaei et al., 2022).

g, 7] Aol ot Gvh= e g=dol g A
ol MEHA 22k e FEHo| F7sk=
gtk 3719 550] ofsiAH 7] W e d=4o]l
gA= o] 22 3o} wh-g-o] FESZITE. You et al.
(2021)2] SollA= 20158 109 Fobr|otell A 2}
712t A5E EE PM, s AHIIE BAS A3t S
O 7%t 1719 HEBE A71Y (EF) ol 2ot

lo M

el
c

d

Nor]

LY

N




SOFAJOF 2XF L7 |2 H=H

| 24 = 2ATh(Wang et

al., 2023a). T3, t)7] A2t A WAt o534

o] 7t At 2o 2 0 F A4 HESS o

£ Askete] sk @FE ARdS HAA7|= Ello]
It} (Seo et al., 2020).

olefat 714 Aol Jge nAYAE Fash

W2 Zgaeh Foblolt AdFT oAl

ggo] Foisto] 54 Ao} i Hamel A@Ae]
4

o)

AE Holil glom, & T oASofA Fx2<
QAE ZHd 4= AUk AE Sol, ASE Aot
71l ol sk BASS T B9 NO,
o} S0,5 =t RO 2 A FFAE T8
7|2Fo) 2]qt, o] o] 7]kA| 9] it A& ARt
gets| AdskA £ A A s AHeke] 2F
o7} WS &= Qlth(You et al., 2021; Seo et al.,
2020). St 2 o 2ol = Aupd dat FA 7177t 4
& ArdsAY Aol et AA 2t FEA
o, oluf it A Aol Higt o= £
A2 2d A5 Aste] ddle] Hrh(Wang et al,,
2023¢; Kawashima et al., 2022).

AT BIES FHGH, FoMote] £ EAE
& A7 E 2 ] A 2t @A 2AYstod
IEE 7o dEd ARE wEojdle Aer 4
2= ek F, 718 =4 17 847} ofY
2t e =49 o5

il

rlo
M
_(3_[5
jus)

r
r

%22 ARsHe A ol
#, o2 olafsta WAk o] wAHAS 7]

Pe] A Slo) W4A a4 Hek et 3
714 TRl wjEo] Agstel

Ael St A
B2 de FYsks
HlgoR g of71d Tl AAE vt wast 9l

o

S Ak A Skt g2 x| 413

3.2 7| 458
# Aol Fotrlote] B 1 4utg B
29 A7) e 2k Aol B2lo] 9]
715 o] 714 Walel B/ 9] Aaage A
F27} obd Hh 2 @ 7} 7RO Aol
2 o]0l 77| tje] FotAlokurt ¥ Wl
TEE Q% mFsto] gL foksigct of e 714
29 Aol AT B AEL B 30]

A sokE] ot

i,

o
o

2 4N 18

3.2.1 7|2} 2%t L7 |2HS R Yd I
=20l 0|xl= S

00

7S wshe 71, i, A5ae] Wahmet opet
dht 7] R A WekE HE thakg /)%
QS| WskE W) o] e S A WEL f7)
QB A o5 D 27 ol JFL v
o, A0 o7 Pol= WHE 2 RoE
eiA glek. A AFEeIA FFAsP} o7 e

AL vAE ArE A Al 7= goFE ot
71 WstR2 gt 1) 714Fe] Wsl 2) tf7] &8 9 v}
o ol o] Wi} 3) A4 o] ¥ish

AR, 71T 7L, FE, A5E 5
zd5tH, ol 7| LAEZL ] ATt AFof theF
gt stehd . BeA 712E Foll 9ES vk o)y
St sk 2 9A B4, A, 283 7|5 Hs} A
2 Qof mat tf 7] eFetA 7| A AfAdst=
= x4 ok

F Ao EH, 72 Al AAERr1EE
& (VOCs) Aa4tehs (NOy 9| Fefet vhg-5 &
Aststo] o0& T E F7HA 7] (Meng et al.,
2023), A5 Aae d7] T LGELLS AAsk=
573 A (wet deposition) ZHg-S A5to] PM, 52}

B2 A LF4=229 AF Are 2 e

T

=2 =
(Yang et al., 2023 ). B}, A2 7] 9= AHE A4S /1
Lot FEE Eolil, B HXE sl Hj4hdz] u

=2 S7MIA WL de ARt (Liu et al.,

2023b; Zong et al., 2020). AFEA LEH 12} 2 F
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Table 3. References according to climate-atmosphere interaction mechanism.

Interaction direction Mechanism

Reference

Changes in temperature,
humidity, and precipitation

U.S. EPA; De Arruda Moreira et al., 2024; Tsai et al., 2024;
Wang et al., 2024d; Wang et al., 2023b; Wang et al., 2023d;
Yang et al., 2023; Liu et al., 2023b; Zhang et al., 2023;
Tabari, 2020; Zhao et al., 2020; Zong et al., 2020

Changes in wind patterns and
atmospheric circulation

Impacts of Climate
Change on Air Pollutants

Liu et al,, 2024; Ryu and Min, 2024; Jeong et al., 2023;
Ma et al., 2023a; Wang et al., 2023a; Lian et al., 2022;
Jeongetal.,, 2021; Li et al., 2021a; Zhu et al., 2021; Piao et al., 2020

Changes in vegetation

Miki and Itahashi, 2024; Wang et al., 2024a; Ma et al., 2023b;
Dewan and Lakhani, 2022; Park et al., 2022a; Weber et al., 2022;
Zhu et al., 2022; Diener and Mudu, 2021; Lian et al., 2021;
Turnock et al., 2020; Xu et al., 2020

Aerosol direct effect
(ARI, Aerosol Radiative Interaction)

Hao et al., 2023; Kim et al., 2023; Liu and Matsui, 2021;
Gao et al., 2020; Hanaoka and Masui, 2020; Hong et al., 2020

Aerosol indirect effect
(ACI, Aerosol Cloud Interaction)

Impacts of Air Pollutants
on Climate Change

Jana et al., 2024; Wang et al., 2024c; Anderson et al., 2023;
Dagan et al., 2023; Huusko et al., 2022; Wang et al., 2021;
Bellouin et al., 2020

Radiative forcing changes caused
by gaseous substances

Cao etal., 2024; Bae et al., 2023; Wall et al., 2022; Gong et al., 2021

Wk, 71993k g7 Aol Zofshs 714t E
AR iAo g, Fopyl 7202 Qlsf ti7|7
A% 1% (Planetary Boundary Layer Height; PBLH)
7F EobA|aL ofof wet A ;o] ti7| e HEH ] T
7h Yozl ko] uehd o flom, il $5%
< 7] Zite] g vlA izl de A= &
SHFetch (De Arruda Moreira et al., 2024; Tsai et
al., 2024; Wang et al., 2023b). T3}, 7] S HS}o] whet
FaEol solvs A9 B, AP AT (Wet
deposition) = {1+ th7] & 7R o] 7]thH o} (Wang et
al., 2023d; Zhang et al., 2023; Tabari, 2020). ©]*] &,
715HstE QIgh 714 =24 Hek= divjedEde
A 28 gl TheFdt G2 A, 71 =
Zof w2t wi7]do] ek 4k, ZidE = Qlh
utebA, o2 et Fo a5 Kt st olsfst]
At A7 A&44 02 = Q5T (Yang et al., 2023;

ﬁé
i

Moon and Song, 2020; Zhao et al., 2020).

=4, 715 HskE ti7] +ghe] HelE oplstE s
vt Zjglo] Hsleitt= E4S 2l Qv 53], 4
Y- FH3E (ENSO), &= 22 7]1%88l0] &
ofrlo} oA ofo] =] FI e} =F TRlof 2
FFe A= Aor AFEHIIT (Liu et al., 2024;
Ma et al., 2023a; Wang et al., 2023a; Jeong et al., 2021).
& 50, A& ENSO= &4 Fotioto] o &
= g2 dolzE wiES obrlshH dAE= St
stol H B2 9 oflolzde T 2R E SHRA]
ARl =t 2O 2 453t (Ryu and Min, 2024;
Li et al., 2021a; Zhu et al., 2021). #9F of] 2}, FoFA|
otell A9l ENsOE 45d e&2 tiFd fde f
Woto] 2|8 @& 55 =°|™ (Jeong et al., 2023),
TE2 oMo SR Aol &F FEE STt
A7) 9SSt Ma et al., 2023b).

AR, 7151 sh= A4 o] HekE sl o= <l
s A28 7] e JE4 7He] o atgel] 9%

e g9 A7k o olFolziet. 44
=]

=7 gstElX| M 41 E M3 &



Z0LAJo} 25} Th7 |2

2 Z7kHe Zo2 AYE O™ (Lian ef al., 2022,
2021; Piao et al., 2020), ©]2]g+ HFo] o3t 7] o4
E29] Hsl7F AR 9t (Dewan and Lakhani,
2022; Diener and Mudu, 2021). A& 9] Z71= 7]
T L¥9=de Svchs A2 71EE AR
7] wiizoll 23512 ti7]do] dEE SA-A I At
= 7|t 4= Atk (Park et al., 2022a).

A 9F LAI (leaf area index) 2] Z7}12 <15 2]+2]
HHAHE A ©8]9) A7 LuetE 2202 5 9
O™ (Xu et al., 2020), T3} o] A&
Z7He 0& A0 ATAR A8t 0F B
g0l 5 o71del BAH ATAGE WY
T} (Miki and Itahashi, 2024; Wang et al., 2024a; Ma et
al., 2023b; Weber et al., 2022; Zhu et al., 2022). ©2hA]
715 HetE Qs op7]d Hi7]|eg=d o] Hok= A
oA AgSolr] olHATE s = 2h-gof oA
1 ajsfodof $FS & 4= QIth(Turnock et al., 2020).

3.2.2 2t ti7|2EER0| 7|20 Ojxl= B

f7]e 03 % oo]2E2 Z-gotAL 714 9] &
G EQ o= 8| AT 715 A2ade] e
=2 J5ke ]?jE}(Park et al., 2024a; Lu et al., 2023;

Zheng et al., 2020; Isaken et al., 2009). ©]= 7] 2
EZo] 2¥H oz 7] o]-ogﬁkg o)X= A
gt ofte} 71 ¥ HSkE of7|sto] I A Q1 ye| gyt
E Eoded 4 9es /\]*]”‘F_}dr. ol2gt FF=
mtetstr] flo Alue] & 7|hto = g nle 7] &
gy A=0] o o] FolFlom, 2] A4 W&
okl B A Al 7] B= 1) oflej=E9]
2134 4} 2) ofel=2E0] IH A} 3) 7t 24
o 5 A ke aokegl

AR 2 2 H A ool 2E FAF A B3t oflo]

X o
r-[n:

29| YAt EAJof whet e Eﬂ% F4obAL vt
Afete @ARS Weith o E7HE (black

carbon)> B HARE 70*’6}71] Srote] =214 9
A A7 2t anE fIsihy, ol 1= A
o] Wot 9l o AAE 7HESfele 748 acle®

S oYY G AN SH BT T 415

2831t} (Hao et al.,, 2023; Gao et al., 2020; Hong et
al., 2020). ¥, 4t ool 2E3} T2 HhAY ol o]

2ELS gu} BALE A A 9568 X EHo| Wzt
IS FEITh o)A | ool E2 11 Fiol whet

71%0] thE FFS nlXInh webA ool z2E 0] oF
s OME’r 71 2] Hig Fa%E S drh= A
o & Qleh FE FopAlotoll A HaYE Atol o
=29, 71 A4 A3t= 7] T A ollolzE
L7t SetEA, T8 QIR 7] W7t e A
7h 2|7 278} 7HESER ojojFlthe AT AiEol
B IETH(Kim et al., 2023; Liu and Matsui, 2021;
Hanaoka and Masui, 2020).
SHH, THA Q1 ofloj2E BAF A At olojz
= T8 AL &9, ol olojREo] 75

FEL7t FItete 59 H}A}Eﬂ o}l
Twomey BT} ZH5-R-80] 2]5lE 0] & 2|44

o] AXE|= Albrecht &30 gt L7 &5 o]
T} (Jana et al., 2024; Wang et al., 2021; Isaken et al.,
2009). o] 5 =& TS AT R HBELA A o]
AM 71 - FEAgA o Z317] o] FHo]

o} whebA, A ofoleE T8 el Bap A2

M r:i fr 2 -

o tigt olE ZfAdstr] Qg A7t th o] ol
t}. o] 2 95 tiF 27, Bk 5] £8 &5 G
& UAE 2PES Austole] BEFS FAst

o, 1 A BAF A Higt 2o} AS] A
AHEES & 4 UTH(Wang et al., 2024c; Anderson et
al., 2023; Dagan et al., 2023; Bellouin et al., 2020). A
@ A7 TEHOR ool2E TE AN} 2A
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HeyalA olalslr] aAE WEA FETre] 4T
g nels mdol age Fastdc
(Huusko et al., 2022).
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AEA 9 7] ok 245k 7190 S rA
T} (Isaken et al., 2009). 7IAAF B2 o oJgk 2174 # 91
24 A B gRE YelH 4988 Soot
of 719 =8 A7l o=, 247
(GHG)®t 22 He|= A7 BAF w92 HIAZIT
(Bae et al.,, 2023). &3} WehH(CH,)2 F235F &7]
715 1A} (short-lived climate forcers, SLCF) &2 A+
Hof gtow, 7% migdEo] G A 71 A,

o <

7 oiEl W3} 7] 3 WskE fdsls Zlow
A= ATt (Isaken et al., 2014). RHH, 7FAAF E4 0
oI5t THA A Q1 BAL FAIY &IhE 72Tt A B A
EjAet 7] 5 A AHo| G A 7| FE HFIAF]
£ Aojtt.

£

oFe ABO| B Ashsia A%

£ =591, 4 Y
L8 GaA7IH S 282 WA o] F 5
371 FLE MR o] & Foll, A EH Q| KAt

(albedo)®t 717 2S HIsHA7|= AWE 2T
= th(Cao et al., 2024; Gong et al., 2021). |3t 7]
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A= oo]2F9] 71 Fi7} AdolstHA vehte A
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