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ABSTRACT

This study investigates the impact of air quality controls on climate change in East Asia by analyzing two scenarios
(SSP3-7.0 and SSP3-7.0-lowNTCF) provided by the AerChemMIP (Aerosols and Chemistry Model Intercomparison Project).
The comparative analysis reveals that improvements in air quality are anticipated to result in further increases in both the
annual mean temperature (+0.24K) and the frequency of the warmest day (TX90p; 7.7 additional days) by the mid-21st century
(2045 ~2054) compared to the present-day climate (1995 ~2014). Similarly, the annual mean precipitation and extreme
precipitation amount (R95p) are projected to increase by approximately 3.27% and 11.40% in mid-21st century, respectively.
This implies that the air quality controls could potentially increase hydrological risks in the East Asia region. Therefore, it
is essential to consider the potential negative impacts of environmental policies on the climate system during the policymaking
process. Additionally, our results show clear evidence that the additional increases of mean and extreme temperature are
primarily driven by fast response to reductions in NTCF (near-term climate forcer) emission. Furthermore, the horizontal
distribution of additional warming is influenced by the local distribution of NTCF reductions over East Asia region. In contrast
to temperature, the primarily climate responses of precipitation increases exhibit significantly depending on region. These
findings reveal that the impacts of environmental policies on the climate system are nonlinear. Consequently, continuous

research is essential, and this study is anticipated to serve as a valuable reference for further research and policy formulation.
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dof uX= FFo] AolstA LA LA Ut
(Liao et al., 2015; Shindell et al., 2015). T3k, A|<H uf
EHFE AEE AL v wEA aE & s ool o

4 ANe BRE o BAERSL NICF W2 7
Ao 24 911 th(Forster et al., 2021).
AT QA" 7|HEe]  #wer ARG #d

(Intergovernment Panel on Climate Change; IPCC)2] A| 6
2} B 7}H 314 (Assessment Report; AR6)O]| W= H, AFY
g o]%9] NTCF Hj&of| o3t FREAPIAES 32
2l TolA 29| aE 7RItk A E ]It whEhA,
t71d ZHANTCF Z5)ol o3t <& 243 adh= nl#
o] A& 712 F7HAIE 4= 9l o] TE S 1129
et 28 YL E A S7HAE 4 SUth(Hienola et al.,
2018; Lelieveld et al., 2019; Luo et al., 2020; Samset et
al., 2018; You et al., 2020). TS, S8 EAIA g1}of
ofst hed @ W Hobxlolotilote] ojg g0
QoS v % 7] Gl 7. Bt opfe 2ZeolA
T AYo] wet Aolgt FFS FTHLI et al, 2022; Mu
and Wang, 2021; Richardson et al., 2016; Scannell et al.,
2019; Zanis et al., 2020). °]&5t AFAF A= 7]
2 7Adof ot 7|5/t FIFol S Atk RS gt
tH(Wilcox et al., 2020). @S] 8 Hl&2 5=, 9L,
%% 5o A7 B Ao WFHo] glon], fjrpe
SotAlol FASS G AHARL AFHOR 27
Sk It} NTCFE 1719 @3t 7| lsto] B Jekg
F7] Wzoll, o1& AEote B F 7Y A0 I
F2 vA= FAES 7M. mEbA, NTCF HiE #45
of @& AAE 71% ¥hEZ olffst= AL AL 7t
2 A o E4FolH, ¥ yoprt, 7] s oA
E 98 = F2A SAAE 9 5% BT, ©®a
Fd vlAARRoA 9] B AZLEE F719] HiEt 8 S
ety H o] Y QAS Z7FAZ Ao|th(Allen et al., 2020;
Clarke et al.,, 2018; Fiore et al., 2015; Shindell et al.,
2015; Szopa et al., 2021; Wilcox et al., 2020).

SHAITE, B APAFELS ol 7 (eg. HIETF
SA A E&F AFolAY doj2E 9 et
AT EH0] thshAmeth et al, 2009) Ei Ao
7155 d B4 (Kirtman et al., 2013)& 7|8k5}7] wj&o],
NTCF7} 7}71g- ml#fj7]%o] w|X|= Y& F=Fest7]ol
= ESAE o] YxEskal <ty Coupled Model
Intercomparison Project(CMIP6)O]| A= ARG 9 XY
molAe] Thopel t/sehe R4 Wake 7%
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31o] A2AES S e & 4 e doEE
)5t Hd H|W ZZAE(The Aerosol and Chemistry
Model Intercomparison Project; AerChemMIP, Collins et
al,, 2017)7F FA = QAT E3E, 7| FAIAH ] o2 345
(@71, s, %A, BAsekes 5)9 dehS Hoh S
Hoz NHshe AFAAHRHAS o]g3to] AA 4=
o] wday AEoA CMIP6O] FAFr]  wEd,
AerChemMIPO] YL A5 5 T-E3F NTCFO] JFA+
= A" #EH ZAE ATE 4+ AthAllen et al,
2020; O’Connor et al., 2021; Turnock et al., 2019; Zanis
et al., 2022). o]= H{H O &, B HFo|Ax= UKESMIE
S &5 AerChemMIPO] H3S 435t Ao} =A|#}
BEEFAIE A A3E= CMIP6 TR dE= &
&3to] Hi71d 74l FHNNTCF ¥iE&g4)o] sotAlot A]
o19] 7|3 H3to] m||= FFol tiet AFE 24 A=
St S, S 2T FofAlor Al F49 &
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Arpiol dieh AN A2 71sstatt. &S, 33
Me E4EYE EAAL, AE85 48 A

2.1, H71= 74 ALE|0] MEE NTCF HepPHYy

IPCC AR6 H-3&= ¢Isf 7T Alf 247MA 5= 7
2ol IFEAS]HA B Z(SSPs; Shared  Socioeconomic
Pathways) AlUe] Q= tefet 59 tf7|d W8 8-S
Zobshal Qo WA, S+ =] di71d A 21417]
ol 7Iedor st A5o] 7Fedt (e 5% #
SYHA] AAshe e Zsta ot oFet F=o] o
718 AL O] 2-80] 20504 o]F 2 A AE = vl
ALSE YEt AL, et A=o] Hi71d 7HA(SSP1 )
FidF1e o] 2030 o] o] AJAtE = RFARE 91
9lth(Rao et al., 2017). AerChemMIPO| A= etAZr=A A
o] i, ot ti7]d /WA AL 7RI Ql= SSP3-7.0
AU o7t 71& AUl e &2 E-851 glor, Agt 7]
2 JA AL 7FA I Y= SSP3-7.0-lowNTCF AlUHE] 2
(W78 7R A= L; Gidden et al., 2019)7} H|ZAFH O
2 $£YE| QK Collins et al., 2017). 7]F AL 2.9} 7]
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Fig. 1. Time series of global (solid line) and Asia (dotted line) average emissions of (a)
BC (black carbon), (b) SO, (sulfur dioxide), (c) OC (organic carbon), (d) CO (carbon
monoxide), (e) NOx (nitrogen oxides), and (f) VOC (volatile organic compounds)
from 2015 to 2054 under SSP3-7.0(red) and SSP3-7.0-lowNTCF(blue) scenarios.
Y-axis indicates the percent change of NTCF mitigation (Collins et al., 2017;

Gidden et al., 2019).

2 7| AUE] = SSP39] AR A| mledrgo] FUst
Al F8H AU L2A, F AU 9 HwE &3 Yet
U= 7130y di71d 9] Atol= Alve| e x3E 2
5] w714 NP Aoty AEE £ 9o, 7]
A A AR oA 9] HgolA 7IE Alve o] MY
£ Wl For I 7a3E AT 4 Ati(Collins et al.,
2017; Gidden et al., 2019).

Fig. 122 20149 ¥ AlUgo] wE 20554714
NTCF H}&=F $3t9] A|AFolH, AR 9 FoFAlo} A
Aol gt Boghe 4 AXT AR HogErt o]
HiE5F AR AerChemMIP AES 95 A== 4
A EelH, 109 @9l L gho] FAREZ-FAIE
AZ=E Ak okt thr]d AHES W2, 2055G7HA]
SO,E A|9gF NTCFQ] Hij&=o] oF 5~ 10% H&L F7Ist
o, ofAlo} A o] A= 28(2F 10 ~20%) BE F7Hetet
g, gt g71d ZAE w2, 205597 AATE
OF HE NTCF Hi&F9] oF 40 ~ 55%H TS 7F=A]7]
H(VOCE 9F 30% f4), ofA[o} A Fof A Ao} F
ARG v &2 &gl

2.2. CMIP6 H2xig I FAYUY

Ay 9] 7o wE 7|FHske 2030 o] &7
=52 7] A|ZFS}tal(Sung et al., 2021), SSP3-7.0%} t)7]
2 QA AU 2 AerChemMIPS] AFAAES 7|5t
2 205597HAITE 2k 27t AFEE O] e FEE 1Esh,
2 Aol A= 20459 FE 205499 77tS FHHE A
ojstar ti71d WA AFo] olFE A5, FA7IS(1995
~2014) thH] FofAJo} 7|53} o] Hfsf 24513
ot o] WS o AP A (Allen et al,, 2020)914 HF
= Bfold, &4 A3te e ZA o] 9%t AFA
U Wt AR &8 5 Uik AR RS FATE
A d B9 71 FrAR dR2ET 75T 6719
a3t UKESMIE Ay 3% & 7] 29 22 E o&
Skl CMIP6 thE R E FAAES Ao AHE-5F3ITHTable
1). APAE(Lee et al., 2021)0] =@, B 9] HA
of A& 7719 CMIP6 EYS ERAS (ECMWF
ReAnalysis version 5) QEARRE 7|&F02 HA|7]|50
et HosS BIFIE W, B2 BdAdT®
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o] &1t wiE o] FEAT7F 0.9 o, SAAIl Higt ]
|

29 BYU4L Fol] el RE Y ARng
UKESM19] 48 SIE2 o214t siof W7l 2t
FUSFL BANAT B, I 5] Hale] v)Ht
IS BASH7] Yslo] ETCCDI (Expert Team for
Climate Change Detection and Indices) % A9 10T AlE}
o oo o ML Ueht 9% A5SE vehfs
STLAG TX0p (£54; day)2} 4H9] SmAIEr L)
g UERRE FRP34A%2 RS (minyE 473}
O.t(Table 2), Tturbide et al. (2020)914] A|2kst IPCC
Atlas J < = FOolA|oK(East Asia, EAS)E XE3$tolo] EJH]
119 (Tibetan-Plateau, TIB), Ho}A]oK(SouthAsia, SAS),
5'dotAok(SouthEastAsia, SEA), FYoFAlob &FAY
(Eastern Centra Asia, ECA)9] 57 X9 B Ao AlE3}
WCh(Fig. 2).

B A 820 E(ex. NTCF)o| i3t 7|% ¥H-3-2 ulE
33 = ukgo] 2o JfEshE £ ¢ &
(Fast response)> 7] EAF 73t 1534, 7] <&
o] ¥stel #EH, @ oA & i oo TEE 5
Qlch. v, = FHk-3-(Slow response)> dfi4H 29 H

Q o Il

AQ AW 4 AgUth Yo el pHeLT
%A 2] AujHQl Fake WA AT, oo} x|
o] NTCF #j&wis}o] me 7]34h8-2 F7b4, A7hd &
o] 22A3l Aol 7] o] HANESS % A

Table 1. Summary of CMIP6 models used in this study

HyE - FEE - est

2 o4 BAsH: e ATARYEeA de 4
€53 Q= w"hHol|tk(Allen and Sherwood, 2011;
Ganguly et al., 2012; Hansen et al., 2005; Shindell et al.,
2015; Yang et al., 2022). tehA], B Lo A= SSP A
Ueloo] izl ARG Z1uet NTCFe] Mabt 5
obAot M99 F1FurGe] Jofet JES MG L
Ugor FHstel AYRAS AEstdct. ol A
T AvHe AAAT ARUEGNA wiZo] g A 7]
Sust gsle} o718 A4S FHA s A o}
dobi ol AnA ok YRS AT 5 US Ao

Z 7dE.

o

0|

48.5°N

38.5°N

28.5°N

18.5°N

8.5°N

1.5°S

S

65°E 85°E 105°E 125°E 145°E

Fig. 2. IPCC Atlas regions in Asia regions adopted
from lturbide et al. (2020)

Model name Institute No. of grids
1 CESM2-WACCM National Center for Atmospheric Research, USA 192x288
2 CNRM-ESM2-1 The CNRM/CERFACS modelling group, France 128256
3 EC-Earth3-AerChem Consortium of various institutions from EU 256x512
4 GFDL-ESM4 National Oceanic and Atmospheric Administration, USA 180%288
5 GISS-E2-1-G The NASA Center for Climate Simulation, USA 90x144
6 MRI-ESM2-0 Meteorological Research Institute, Japan 160x320
7 UKESM1 Met Office Hadley Center, UK 192x144

Table 2. Definitions of the temperature and precipitation extreme climate indices used in this study

Index Name Index Definition Unit
Warm days (TX90p) The number of days when daily maximum temperature > 90th percentile day
Total wet-day precipitation (R95p) Annual total precipitation when daily precipitation > 95th percentile mm

Journal of Climate Change Research 2024, Vol. 15, No. 6
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3. &y
3.1. SO0 W@Vt 24 wst

Fig. 32 @475 tjv] Z+ A4z oA Yehd SH|
o] Fotrlo} P72} T WSk IHEEE Y
il T9olo @A7]% tfH] SSP3-7.000419] Fu|=f F
T7122 9F 164K A5 A& Yeyta, 74 7iA
Al ol A= <F 1.88KQ] B7]& 5ol ATEIS
o, I9% PO R AFE AJ5Ho| AX= Aol Y
E}FTH(Fig. 3a, 3b). Fig. 3¢ SSP3-7.0-lowNTCFQ] 7]&
5T SSP3-7.09] 7|45 1t ApolE UEll= 190l
o, 718 WA 0] Fr7t ZFsiAH, sorAloF A9
Bat7] 22 °F 024K T F5eE HojEh o] Hwdn
£ Forotel YAt 7= 71 Aol dsE
AN = IJL-S 9u|gtth(Samset et al., 2018). FA]
FYS IPCC Atlasol| A AA|E NFEA S A-&sko] A
H EH ¥ (Table 3), SEA A o)A 45-Z(2F 0.18K)°] 5o}
Aot Bt A5E Hrp @2 o] YEhy=T, o|= SEA

Ajo] siFe wol EFsHL Q7] Wzeln & % 9

(a) SSP3-7.0-lowNTCF

1.88(K) (b) SSP3-7.0

. SHAIRE SEA Aol3t $AISH, SlE mekelha Sl
EAS Z|(eF 0.30K)oA= S5 SFAFY =2 JsFH
(04K o1e] FaFo2 Fopalol HEueh EA LER
L Ag ST 5 ATk EW, Fig. 38 o) FopAlo}
AA A 71250 A4 F948L 7Hs AT +
Stk BR8] 271 Aol Aeuiet thed] ehi
AAREAYG oAz Edds FHEEEZE HA)2
NTCF W& Wiste] 304 xo] Jgo 4 +
RoH, #AHE W82 33480 7]&stAt

Fig. 3d, 3e, 3f= AlUtg] 0] 2 Fopx|ot Fu|f 3
FueTe wset Adle 7 Aol molzr
SSP3-7.0 AU Qo4& AA7|% ] Fujf 7|7t
Wl oF 4.04% 271 AR AYEH, 7124
ol bk 1~ 39%/K HES] H&E AT ABAT
A5 FARE E9UT 4 Uth(Held and Soden,
2006; Sung et al., 2021). tf71& 7/HA AUy oA = oF
731%2] 2717 AEel, 271200 7 edsa A
o] Fotilot Alele] Wagrwel F/e Helstelrt
(Table 3). o]&= APAFS] ZI}(Samset et al.,, 2018)2}
QAR Z7gol e, B0 Fude Bl
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Fig. 3. Spatial patterns of changes in surface temperature (units: K) and precipitation (units:
%) during 2045 ~ 2054 relative to 1995 ~ 2014 under the (a, d) SSP3-7.0-lowNTCF
and (b, e) SSP3-7.0 scenarios, and (c, f) their difference (SSP3-7.0-lowNTCF minus
SSP3-7.0) caused by the NTCF reductions. The dotted areas indicate 95% confidence
interval
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Table 3. Projected changes in mean surface temperature (units: K) and precipitation (units: %) during 2045

AR -

M - m

rE

pskel

t

~ 2054 relative to 1995-2014 under two scenarios (SSP3-7.0 and SSP3-7.0-lowNTCF) and their

difference in five IPCC Atls regions

ASIA TIB EAS SAS SEA ECA
SSP3-7.0-lowNTCF 1.88 2.58 2.10 178 1.56 2.51
T(egp' SSP3-7.0 1.64 225 1.81 1.38 139 2.16
Difference 0.24 0.33 0.29 0.40 0.18 0.35
. SSP3-7.0-lowNTCF 731 15.65 8.70 11.73 1.63 22.68
Pr(i/:p' SSP3-7.0 404 11.69 3.45 8.56 112 15.39
Difference 3.27 3.96 5.25 3.17 2.75 7.29

Z7P} o 10% A= olel AT BAH Kool ACE BT 712 WEA0] e AYE A9 &

YEFATH(Fig. 3d, 3e). 7] 7f4H9] FFo= 7T A5
3t BH7]-2(2F 0.24K; Table 3)T FF7]L Ao bt
V*Qb BHA5EY 79 1 ~3%/K)y= 25t
W, 7|2 A ggkoz vret 4 QL WPtk
94 F7t= F 1% Wejoltt. shAlRE, 71 A AluE
Qo W 52l S7HF 3.27%; Table 3):= FOFA[oF A
9] 453780] AR & A TRt o
L 2 37 UehdS EojE&t. E3L Fig 38 A45E
A, 29 20~ 30% AL FH0= Fat Zrketa,
9l 20% ojsto] FE=3 & EAEEY A QoA Tt
Faste A0R Uehhiy], ol FoAlo} Bauwsol
ol (FHFol ME FFoE & o Urh(Fig. S1). ol=gt
441= ti71d 7iAdo] ForAlor X9l EewskE
SESIAE, 2o Wt 74 ST S
Qlth(Bond et al., 2013; Shi et al., 2019; Stjern et al.,
2017). A1} o=z Zo}lx|o} 110101]*1 EEHSo 2
SRS A9 Y238 AT A9 9718 AL 4
o B TS FUY F= 9L

3.2. SO0t 257|121} L4yl s}

Fig. 4a~dct 23A(39] 108141512 o]4e] & H3
71€0] Uehd % A% 228)0] FIHLES 7] D
Mol w2 Soalol Xofo] Syl WA ol

. £ AuEeolA Yeht Fujg 717t 2

rL <,
iz
T f

%, r—lN

< @A71F o] oF 57.994(H71E AHA Mﬂi),
50.28Y(SSP3-7.0) &7}l Ao= ey, Hutdo
2 95% AlFeEo] 5A4 §oAo] UL IQIT

BE71 20 4% AT oA, A9 A9

5

Uk Al o wE 2dd F7HY FRE FFS
g

DA 2 ai

29 Z7%o] gl vls o 4
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oz Qs Ao wet Fat7]20] S7FeHAl 54%,
AR 7oA 9] A9 105AIELY 7] SfidEE &2
A2 A F7Fet] g&oltt 7|8 7jAAFo] AlgE
73_?_, %o]—/\]o]-g] uﬂ_;l- 314-01 o o}: 7. 701 xﬂ:,_ —7]-’61—
o= UERtd, SEAQ R Y(e.g. AEYAIOF 5)o]
EAS, SAS Z|Hof| H|5}| 28] o]} 20| F71d A=
A E cH(Table 3). BHol, F=dRA A3} Ar-zoli}
HFEA oA 7] d Ao mE &g 7t HAo]
FRAGQEG ZAY 7hasHs Aol e TthFig. 4c).
Fig. 4d ~4f= AU Qo] w2 AF9] soAES] I417)
9] Fujd Aga oi71d Ao E Hstele St
FO| FUEELE HojEth T AU oA Yehd S
& 717ke] A9 SHAEY FeHFL dA 7T o]
oF 33.8%(t71 A A AlUEl L), 22.4%(SSP3-7.0) S7}
She Zo& YERGa, g oA Tk 95% AlZeEe
EAZA f940] Ad2S AT 4 Aot FIFAFTY
ZulE A fARE SRRV e, S3%H7]2.9)
Fxoke b2/, Ites SR Zl‘l“.xwi HE
gol 2A Yehde %}‘ﬂ@ o SItH(Fig. 4d, 4e). H71&
o] oJgt Febd4a Wah= FopalotollA oF 11.4%
Z7Vehe Aoz Ay 5421 (Fig. 4f), B F7HEro}
S| FUMEL I3]0 vl thh zjolg B
OE‘\:‘r(not shown). T3}, Fig. 3f} H|ZE E3 7] 7
Aol B2 Yyt St Weks AR 37
Hy= 7};@3 slolgl 4= 9t} LAZIA H|Zo| Z7)3}
of wh} FokAlop A Gl A7 S ] Fet et
9] dkAo] Z71stthe AP AL(Sun et al., 2022; Wang et
al., 2016) Z7S 1 2{5}H, Fig. 39} 40| 4] Eels SA}
3 FHEEE g7 Aol B o] TS /i
ol wet Aoz Ietpapo] Bt BedS AlA

Ol

= [
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Fig. 5a= t7]& 7§40o] sotrlot A F 9] FH7]2 F
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Fig. 5. The total response (a and d), fast response (b and e), and slow response (c and f) of
mean surface temperature (upper pannel) and TX90p (lower pannel) in anlaysis region.
The dotted areas indicate significance at = 95% confidence level from the t-test
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Fig. S1. Spatial patterns of changes in mean summer (June to August) precipitation (units:
mm/day) during 2045-2054 relative to 1995-2014 in the (a) SSP3-7.0-lowNTCF and (b)
SSP3-7.0 scenarios, and (c) their difference (SSP3-7.0-lowNTCF minus SSP3-7.0). The
dotted areas indicate 95% confidence interval.
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