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Abstract  This study investigates the effects of aerosol emission reductions on meteorology and aerosol direct radiative
forcing (DRF) over South Korea during a severe haze episode (February 17~March 15, 2019) using the WRF-CMAQ two-way
coupled model. One control simulation (CTRL) and two emission reduction scenarios (ER50% and ER25%) were performed,
reducing emissions of primary particles (BC, OC, PM,o, PM, 5, and TSP), precursors (NO,, SO,, VOCs, and NHs), and biogenic
compounds (e.g., isoprene and terpenes) by 50% and 25%, respectively. Under the ER50%, mean downward shortwave
radiation over South Korea increased by 1.03%, while downward longwave radiation slightly decreased by 0.03% compared
to the CTRL. Aerosol emission reductions had more pronounced impacts on regional meteorology and PM concentrations
over land than over the ocean. The radiative changes over land led to increases in air temperature (+0.38% on average),
planetary boundary layer height (+0.88%), and wind speed (+0.37%), along with a decrease in relative humidity (-0.46%).
These meteorological changes, together with emission reductions, contributed to decreases in PM;, and PM, 5 concentrations
over land (-30.8% and —-38.4%, respectively). Regarding the DRFs, the forcing at the top of atmosphere (DRFrps) and the
surface (DRFgp) between the CTRL and ER50% in the study area were negative (-0.23 and —-4.8 W m™2, respectively), resulting
in a positive atmospheric DRF (DRFxpy) of +4.55W m™ and an increase in atmospheric heating of 0.13 K day™'. Under the
25%, the effects on meteorological variables, PM concentrations, DRFs, and atmospheric heating were weaker than those
under the ER50% by factors of 1-6, 4.6, 2-4, and 2.2, respectively. However, unlike the ER50%, secondary inorganic aerosols in
PM, 5 increased by 16.5% (2.9% over land), likely due to the gas-to-particle conversion of NH;NO; under cold conditions and
competitive reactions among NHjz, H,SO,4, and HNOs.
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1. A g HSIA] 7= oloj2E 7HE T (indirect effect) & &
s 717 9 7150l F89 L vIFIH (Yoo et al,

At o2 tf7] F ofol2E2 'Y BARES & 2019; Yu et al,, 2014; IPCC, 2007; Penner et al., 2001).
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o, HiE oA A3 WEE= 17 oflo|2E3 335}
o} Hh-g 9 4FSl S Foll AP EE 27 olol2E
2 FEEHTHKMA, 2024; Seinfeld and Pandis, 2016;
Hallquist et al., 2009). ol|o]2Z9] tE-E-2 efEA
= ARHAA 5] A2 EAPEAE (Direct radiative
forcing, DRF)& deto =4 2|4 Ztalof| 7]ofs}
= dtH, B2 71 (Black carbon, BC)T} Zo] 54
o] gt ofo]2EF2 2] DRFE oA AG-2d3t
of 7]ef_ItH(IPCC, 2007). THH, T =tjoll A=
ST T BA ] Ao whet 7EAY 2 A o
=49 &l #Ashs FAIE Holal JITH(NAIR,
2025; NIER, 2018). ol E 5°1, 20158 9] &2 7}
Z¥ 3,610,734 tonT} 952,160 ton®] .01}, 2022 o=
thA ZAsto] 242 3,086,120 tonT} 604,320 ton©] T
7] SO 2 HiEE QI ojet 2 ooj2E2 ti7] F
ol A ER Fo 28-S ol 714 H 7158l |
F= AR, oojzE HiEe] e 71 R Bk
3}, 12]3 DREO] HRLE AFA o g Hrtsh= o
T ¢S85tk

175eF FHle] B AAAELS ool2Ee] oJjt
DRFE A&2tol7] 9lofl thaet 2|2 o] A5 Al
Stk tE2 0 2 ofoj2Z% st OPAC (Optical
Properties of Aerosols and Clouds)¥ ZAPAE R
SBDART (Santa Barbara DISORT Atmospheric Radi-
ative Transfer)& ©|-&5}o] of|o]2Z2] DRFS} 0|2
ARt 717 EBES FA5H T (Tiwary et al., 2024;
Gupta et al., 2023; Song et al., 2017; Kedia et al., 2010).
Tiwary et al. (2024)2 2022~2023F “5<t 5]Hatof 7|
Aol A BCol &Jet th7] - Ht DRECF 77 FE &=
ZYZF +13.4W m™28} +0.36 K day ' 2 35130,
E35] 24 (+143W m, +0.37K day ")o] ALH
(+120W m™, +0.34 K day™!)of| v]5}] <F 1.1~1.284
o A Yebges SR £, 20169 795
] 20199 129717 QIE-7HA] A ZA]of] 9127k o} 1
gt z]o| Al BC Fofl 2§ 7] A= (Top of the
Atmosphere, TOA), Z] 3% (Surface level, SUR), th7]
% (Atmosphere, ATM) B4 DRF= Z}2ZF +183 W

m>2 -424Wm?> +59.1 W m?2 £ = AtHGupta
et al., 2023). TS Ty o2 et DRF 54 A+
£ A HEH, 20109 A& ZAIA G4 PM, 5 TEA}

E 7te g FAH oo|2F AEH (water-solu-
ble, BC, insoluble, sea-salt) DRF= 22} +152W m™,
+414Wm™, +71Wm™> +038 W m?22 45|
o, ole] g ti7|17HE4E-2 27 0.9K day ™, 2.9
K day™, 0.5K day™, <0.001 K day'2 UE}T
(Song et al., 2017). So et al. (2020)2 F-417} A0 A
DAY 717t F2F TOA B SUR®| DREZ}F HIEAY 7]
Zoll BIs) oF 1.8~2.44] A VrERFES-S BHATt o]
2]of|I=. Moon and Song (2020)2 A-&3} FibS o4
O & RCP8.5 7| FHSIA LY 5 o]-gsto] AT
]2} (2021~21001) DRE7Z} 7154 &= (2016) ]| H]S]
247} —29~-34 W m 2} -20~228 W m > F = F7}5t
£ 02 AYEY

71E A Aol A T2 AH8-H OPACTH SBDART
2 sfite] PEAUL 7)o 2 FeHEA T DR
TS 24T 4 9lo], ThH o W g 4t
+ ol @A7E . o]t AIE Hekshr] fisl, 33F
¢ 2ol WRF-Chem (Weather Research and Fore-
casting model coupled with Chemistry)% 0]-85}o]
DRE®} 7|71 82 ARt A+-50] o 353l
T} (Dehshiri and Firoozabadi, 2024; Mamun et al., 2021;
Huang et al., 2015; Gao et al., 2014). ] & A= T2
A, AL AR 5 54 ARIE tideE, 71E HiE
& At 3 vho] Quf A 4 (biomass burning) T
+ A SRS SR AEE Bl dlelzE

DRFE A5kt T2y ofjol2g B 7= i

=
DRF B35 S22 Brijt A7 vle =t
£3], ti71d 37t AollA F2 &8s CMAQ
(Community Multiscale Air Quality) =2 7|5te] 7]
A-ti71d Pt 28R ES 5ol DREE JAFE 2
= A Al A ARsieh SbA gt vket &
o], oflo]=ZE Wah= 7| 7ot 2ol Tt FaF= v
Zct, olef] & Ao A= 2019'd 2~3Eo] AT =
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O] ZHA| HiE (1912 & AAAZ) & FAlol ZHgskal
Qlo], el g]lo] HatHor 7| e kS 1]
A|& A o]t} (Cho et al., 2023; Oh et al., 2015; Song et
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o] Hloh ofF 11~108] Eetod, s B o7 d
TE2o)A PM, 5 &7t t718Hd 715 (48+t 35
ug m~ °|shS ZIFSFTH(NIER, 2020). EF 2+
B S e A HZ] G 2 AE (https://www.air.go.kr/) 2]
H Ao wkZ W (NIER, 2022), 20199 HiE =2 7|+
A2t 2 AEA (PMy, PM, 5, BC, TSP)9] BlE&H2
Z¥7} 14,211 ton yr~', 207,866 ton yr~', 87,618 ton yr~',
484,527 ton yr ' 2 AP EQlOH, o]= 1999 F
2022137421 9] 717t & oA MR R =2 A &
3], A717E%1 2019'F 2~39 Afolofli= A E 4
Aol WAYSHA] fhgtom, 117]QF FHAstol A Het
it 219 1417 PM, 5 557 120 g m™ O3 2.
= PEHA

2.2 A7 4 A xjg

& ATl = olol=E HiE® Aol 71 2 ol
o]2Z2°] DRFe] nlAE &7kE B4 o, et
219 W 55719 7147 FH7| 4 BEA] 28] (Automa-
ted Synoptic Observing System, ASOS)¥} 2FFH L A|
7154l ARPE 717384 (B4 712, 5,4
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Fig. 1. The nested domain for the WRF-CMAQ two-way coupled model simulations and the geographical locations of 55
monitoring sites for meteorological variables (ASOS, circles), 55 monitoring sites for particulate matter concentrations (AQMS,
triangles), and four AERONET sites (SNU, HUFS, Anmyon, and Gwangju) for aerosol optical depth (AERONET, stars). “SNU” and
“HUFS” stand for Seoul National University and Hankuk University of Foreign Studies, respectively.
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(I 1. 718 2 "7 #EAHES M2 5km oW
o 77k 719 %’4?1?3}“4 FH 97 2km ol &2
Afolu ol E - AFAE 5 @4 Fofadlol /e
o2 A5t (Cho et al., 2025, 2021; Kim et al,
2024; Song et al., 2014). ©] 2Jof|k ofo]2E Fe B
o] AlF7t B HwsH] $15l, MODIS (Moderate
Resolution Imaging Spectroradiometer) Terra®} AERO
NET (Aerosol Robotic Network) Sun photometer2] ©f
o 2ZF FSE7 (Aerosol optical depth, AOD) At =&

25199t MODIS Terra®] AODE= Terra Y40 &
A% MODIS Al A 278 4FE% 550 nm 2Hg 7|5
T A& 2 (Savtchenko et al., 2004), 2 117]7t] of
3 0.1° B Y] 8 =S Batsto] AHgo
ST} (https://neo.gsfc.nasa.gov/). AERONET Sun photo-
meteris 54} @70] glo] 7 IS} A whe 7]
A Fure] AZBA PHOZ, e BA BEE 5
s 23 4+=H AODE A& (Dubovik and King,
2000; Holben et al., 1998). =W ol A]+= AERONET Sun
photometer TH&0] ofe] 2|04 o]FojH o, A
212 574 A1 (KORUS-AQ -5) 713kt 4
PGl oH, A= WSl AEHA] il ik, whet
A 2 Ao A1 20199 2~3¢) B S
o] ¥ H A T A=t EAISHE AM=HIStL(SNU,
37.5°N, 127.0°E), $r=2]=+o{tstw (HUFS, 37.3°N,
127.3°E), $F"HE (Anmyon, 36.5°N, 126.3°E), ¥
(Gwangju, 35.2°N, 126.8°E) A& A5t ow (11
& 1), ZF A1 lA 500 nm o] At AOD Abm
£ o]-&stalth

oojzZEe] o3t DRF= olol2F {70l e =
A 220 ApolE Fof AP HH. 1Eu o=
< 9 I A7=429 BE HEFS A AluEe
(5 dlelzZo] gle ti7l )= 7Iedo= 7]
A e Aol 7hssiAnh S H o = HAd Zo|0
= dpeha] ergAde] Hiﬁ}ﬂr ofef] & Aol M= il
E%2 2485k g2 A (CTRL) & HiE=HE 27}
50%<} 25% A4St A (Emission reduction; ER50%,
ER25%) 1He] &= AL &2 2 2ol & o] g5, Bl &

=2 Tﬁgé}ﬂgﬂi (So et al., 2020; Lee et al., 2017; Park
et al., 2017), ©]°] dFsH= WRF EAF 2 A HFE
ARESHATE o= 5] B HiAISH] ofloj=E2]
A{A B4 gk 2ot A gttt
(Choi et al., 2020; Song et al., 2017). 2 &1L A TOA
o] 1€] DRF (DRFrpp) = Tt 22 Ao 2 ALt
THA .

DRFroa

= [DSWTerre~USWTerre + DLW Terp ~ULW Terpy )
~[DSW Trs09,er25%~ USW Terso,ER25%
+ DLW Tgrsos,Er2s9%~ ULW Terso%, ER25%) 1)

AA7)A, BAL E2 2 WS (DSWT, USWT, DLWT,
ULWT) & A 22HD ,U)% EARe] WF(sha, )
<, 7kl = 22HSW, Lw)E ] SR/ Tk A
hHE, v 22H(T)+= TOAS oJu|gtch. SURYYA
©] DRF (DRFgg) 332 TOAS 5UH A0 2 A]

(1)& o]-gsto] AHgstgiet. th7] DRF (DRFypy) 9] 7
% TOAS} SUR®JA] 2] DRF #}°] (DRF1o, — DRFgug)
£ &0l ALtstich

ool 2E viETF 20| W2 DRF,py
717t g E

Htog

=7
=
£ (Atmospheric heating rate)& 45192

] o] = thx A& Foll AFEHTHA 2).
9T g AF
(2)
at T c, AP

P

A7IA 0T/ dt= H7I7HEE, g= T 7= (9.8 m
), Gy AYHIE (1004 ] kg™ K, ARyt APE
Z} I Z(TOA, SUR) 2] DREQ} 7|9} 2lo] S Lrebd

.71 T ololzEoe] F= A EIA F 3km ke
(2F 700 hPa) ool HFHThH= A4 A+ 2= &
15ke], 2 Ao A= APE 300 hPa® A7stSlct
(Tiwary et al., 2024; Kedia et al., 2010; Ramanathan et
al,, 2001). ©] Q& A17|7F Fot HEH 714 A

m
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O

Sty 7|2tEstE|x| 41 H e =


https://neo.gsfc.nasa.gov/

WRF-CMAQ Q3 ZBIDHS 0IR3t Lot ol|=5 HhEE Mol W2 714 2 SEx 2ANE g8 o7 937

(B4 712, 54, s =) 2 RIAHR] (PM, g, PM, 5)
T E 1Y Ao} B wste] WRF-CMAQ 8% 2
o] dF 45 FAA w7 (I0A (index
of agreement), RMSE (root mean square error), MBE
(mean bias error)) & ©|-8-5to] 753

LT Ao ol 8 H 714 A
edu/wrf/users)Z} CMAQ version 5.3.3 (https://www.
cmascenter.org/cmaq/)©|tF. WRF-CMAQ %P &F 239
el Akl ek ®ElolA 71dS CMAQ
Ldlof 2ta FeE= HeeT= MCIPS 23S
“aqprep” 7 CMAQOA HoJH ofojg2 & A7 4
A, 37] EX 55 WRF|| AE5H= “feedback” 2t
d= TAGoRH, R Yol oojzE m=
W §IHE W OJ& 4= QIth(Wong et al, 2012). DRF&
F78517] Sl Al e mIAHA] AReF 2714-8-A17t
(72A17H-& Z§51e] 20199 29 13Y 00 UTCHH 3
4 16 00 UTC7HA] 222 gkt 2t
Ed W WRESF CMAQS] 2| B0 A Z A7 Hl-&2
ofg] APATE Farste] 5:1=2 A5 (Kim et
al., 2025; Yoo et al., 2019; Wong et al., 2012). =& T H|
Qe =9 & =UjeflA HiEE= t7ledEEo] ¢
F= &5 2Es] Slsh, sotror 94 (D1, 27 km),
T & 9 e G9(D2, 9km), Ht FH(D3, 3
km)© &2 FJSIATH (1™ 1). ST 2R EG oA
AR B ) B ti7]7 A5 (Planetary bound-
ary layer, PBL) 2<2H= Z}Z} RRTMG scheme (Iacono
et al., 2008)T} ACM2 PBL scheme (Pleim, 2007a, 2007b)
= A8ttt B3 Agrd ol cMAQ 2
W ofet HiAYET ool=2E a2 22} CB6r3_aq
(Luecken et al., 2019)2} AERO7 (Appel et al., 2020)-=
AHgskglth 2 Aol AH8-E WRE-CMAQ 4% 2
wrEo] 44 (HE AR 271 9 BAxA, EAY

]-_-[Ol(

&, APk F)oll tieh ZpAlRt AFeh2 A8 A (Kim
et al., 2025)°] A =] 1

71 Ry fls) AR A9A HEF A=
+ D1 ¥ D29 tj5f4]= EDGAR (Emissions Database
for Global Atmospheric Research) version 6.1 (0.1° X
0.1° #BHEE) HiE=52, D3° Hisiis &8+
CAPSS (Clean Air Policy Supporting System) 2019
dHIEES AR (1km X 1 km SPFE)E ARSI
(NIER, 2022). A4 &2 2 Tr]lof dish
MEGAN (Model of Emissions of Gases and Aerosols
from Nature) version 2.1- & ©|-&5}o] AFs}4ct. g+
W, 2 ol 3 CTRL AA2 1914 9 A
4 wjEe 4708 AgalA oFe o] 208 Rl
Aol 5 712 W& A7 52 BR50%2H ER25%
+ 914 HE=5= (EDGAR % CAPSS)ol| Z3te &
£ A4 B4 (BC, OC, PM,g, PM, 5, TSP)T} 0] 5]
23} ool2E AAL FEoH ATFEE (NO, SO,
VOCs, NH;) 9] HlE3-S 212} 50% & 25% A7 &
28 melg Holck, Tt ofol2E, B3l 27 £7] o
o] 2Z (Secondary organic aerosol, SOA)< biogenic
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oAl A H isoprene, terpenes 52| BlEF FUt
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Fig. 2. Spatial distributions of the differences in meteorological variables between CTRL and ER50% simulations: (a) downward
shortwave radiation flux at the surface (DSWS), (b) downward longwave radiation flux at the surface (DLWS), (c) air temperature
(Temp), (d) planetary boundary layer (PBL) height, (e) wind speed (WS), and (f) relative humidity (RH).

=
2(b)), HlEFS 50% AT A

= T2 57 A (+5.5W m™, CTRL HH] +1.03
%)= K<l §FH, DLWS+= 4 73 (-0.08 W
m™*, CTRL tH] -0.03%)= WEFHTHE 1). d¥HE o
2 7] F clo2E2 BB PR D E Al 9
F4ote] 2| mH mEshs Bt R of] S T
ot de|2Z wjEge] dastd ti7] F oolz=F
BTt WobA Abgto] oo AdE= gutEARGo]
FolE1, 11 A% AFHof| T5l= DSWS7t 57F
gt 7102 Atz HTH(Power, 2003). o]t 2] A EH
O = ol AuEAE HIGLREEH A 28R
Teobr| e kARl iR o] Fo] 2A7|AU BC
of oJoff g & ATEH B R, ofo]2E (55|, BC)

FL7t Aok AEARrgo] ofslEe] 2| mHo R
A== DLWSZF A4St A 0 2 AFz E o (Zhou and
Savijrivi, 2014; Liou, 2002). ©] 2]of|I= &-2]2} 2.
2 FEsto] A A3} ER50% A HAAME F I
of|4 DSWSZF CTRL tH] 2+t 4+0.99%, +1.06% 5
713t BHH, DIWSE F+ 99 E5F -0.01%, —0.04%7}
LFEFG T 9HHE, ER25% A @ oA+ ER50%] H]5 H
5} Zo| Z9fom, DSWSE CTRL HH] 1.4 W m™
(+0.27%) Z7F5FH I (|A]: +0.28%, SN +0.26%),
DLWS:= CTRL HlH] 0.04 W m™ (-0.02%) 745t
THSEA]: =0.01%, 3l -0.02%) (E 1).

7] F oo|2E] ogt YA W3t AT
A9 (&2 9 sfeh 9] 7|23} PBL 1k FFE =
4= QUTH(Kim et al., 2025; Jung et al., 2019; Wang et al.,
2014). WA 7]-22] ¢ DSWSe} npriz| &2 (19
2(a)), &A1 GG A= ER50% X CTRL AF 7F B
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Fig. 3. Spatial distributions of the differences in concentrations of (a) particulate matters (PM,, and PM, ;) and (b) aerosol
chemical components in PM, 5 (black carbon (BC), secondary inorganic aerosol (SIA), and secondary organic aerosol (SOA))

between CTRL and ER50% simulations.
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Table 2. Statistical evaluation of the several meteorological
variables and the concentrations of particulate matter (PM;o
and PM, 5) between observed and simulated values obtained
from CTRL simulations.

IOA RMSE MBE

Solar radiation (MJ m™) 0.93 047 0.19

Meteorological Temp?(°C) 095 224 -049
variables WSP(ms™) 073 157 089

RHC (%) 090 144 1.60
Particulate PM;o (g m™3) 0.75 354 -216
air pollutants ~ PM, s (ug m~3) 077 262 -143

ab<Temp: Air temperature; WS: Wind speed; and RH: Relative humidity.
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Fig. 4. Spatial distributions of aerosol direct radiative forcing (DRF) at the top of atmosphere (TOA), the surface level (SUR),
and in the atmosphere (ATM) between CTRL and ER50% simulations.

Table 3. Summary of changes in aerosol direct radiative forcing (DRF) at the top of atmosphere (TOA), the surface (SUR), and
in the atmosphere (ATM), along with changes in atmospheric heating rate under two aerosol emission reduction scenarios.

DRFroa (Wm™) DRFsyr (W m™) DRFarw (W m™) Heating rate (K day™")

ER50% -0.23/0.04/-0.49 -4,78/-4.28/-5.09 4.55/4.32/4.59 0.13/0.12/0.13
ER25% 0.96/0.92/0.92 -121/-121/-1.22 2.17/2.13/2.15 0.06/0.06/0.06
2All/land/ocean.
M B g0 oz LRt AR fARE ZURE ool2E MiETS 25% A% Aol CTRL
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Fig. 5. Spatial distributions of the differences in (a) aerosol optical depth (AOD) and (b) single scattering albedo (SSA) between

CTRL and ER50% simulations.
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