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ABSTRACT

This study analyzes future climate change in East Asia using carbon neutral scenarios (Shared Socioeconomic Pathways
[SSP]1-1.9, SSP1-2.6, SSP4-3.4, and SSP5-3.4-0S) and evaluates how earlier carbon neutrality could mitigate extreme climate
risks. The SSP1-1.9, which successfully attains the objectives of the Paris Agreement, demonstrates temperature stabilization
at a 1.5°C warming level by the end of the 21st century. Conversely, other scenarios indicate higher levels of warming, with
SSP1-2.6 resulting in 2.0°C and both SSP4-3.4 and SSP5-3.4-OS leading to a 2.5°C warming level. In East Asia, the
frequency and intensity of climate extremes are expected to be more severe if the timeline for achieving carbon neutrality
is delayed. Additional warming of 0.5°C and 1.0°C could lead to an approximately 35% and 50% increase, respectively, in
vulnerabilities associated with extreme temperatures. Furthermore, vulnerabilities related to extreme precipitation could increase
by approximately 25% and 40%, respectively. These findings emphasize the importance of early and active carbon neutrality
policies in reducing the vulnerability of East Asian countries to extreme climate events, contributing to more effective regional
climate risk management and adaptation strategies. It is recommended that future research focuses on conducting

higher-resolution regional studies and a more comprehensive analysis of carbon reduction scenarios.
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A F-2dsto] wE Al 7|3} nHHge =5 4
gtndl  AISH| W ZZAE(The Coupled Model

Intercomparison Project, CMIP)E 53| At&H 7|53}
AUl E 7|Hte s BAEo|glth. CMIP6 Z2A| Eo]
Ale 71393 3 AU Sl FEARBAEE
(Shared Socio-economic Pathway, SSP)°} HHE L3
(Representative Concentration Pathway, RCP)E Z3}sH
AMEL 7] THI AU E AFESte] 7| SHsIAT A
FryEe] AlFskaL Ut o] AuE] = CMIP6 THA o] A
AMEA ZAE Mo 2H ARIAAHIE 7|9 R 1]
& 7|5 sto] ek Aot} A kS dAHE XS
3 QJTHO’Neill et al.,, 2014, 2016). ©] & BAZY ALt
208 Bga A7 IRERT opfel, SopAlol A9
o] 7|5 st gt FAstgHE AAT = A, THE
eSS B e R X9 7|$9s} 3 dS Y
st=dl A0l AEE AlFstal Sl IPCC ARG
(Assessment Report)o]] k23, XL 108 (2011 ~2020 H
71 el Q1zio] 94k A7 sk of 1.09C
ol 205097 AAF BANSEE T $Eo2
A&k 050?_1 GaFHe 59 15T 299t A
I g 1E}(1Pcc 2018). E3, T3 tﬁg g ot
QA B 05 BN G A% 24
Woll 173t 20| ARRis o] ol 3T ol Ak
3 Aog Q2FETH(Hohne et al, 2016; Rogelj et al.,
2016). Bt oz}, 1.5C 233t £304 0.5TE o A4
SR St e 37|50 =&d 7Aool AXL
715 #9FAdo] &7Fe 4 Qt(Schleussner et al., 2018;
Shim, Kwon et al., 2019; Sung et al., 2021). £3] ofA]o}
A9 t=9] QIF7F By o] 7] W7ol A, = &
Al & 71FHste] £A4H JFol 7HE HfR A= F
sluoth(Jung et al., 2024; Kim et al., 2022; Park et al.,
2023; Sung et al.,, 2023). 2A7}A 7+ 9 EhAazE A
o|g] Ao = Qg HZoHA I ALY A w87} A
< WA 98l 7|$Hst AT AFUES ©AFH Al
Uzle 7]t A7t = Q5lth(Biesbroek et al., 2022;
Heal, 2009; World Bank, 2012).
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olsts7] SeA, Therst AeRATolH ETCCDI (Expert
Team on Climate Detection and Indicies) =3$H7|%& X4
E &3 4ol EdstA Y= UtiJoh et al,
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2.1. CMIP6 22 3! EtAFE AlLf2|L

B AR E gAY A2 mE Folrlop Z3r|FE
WSS A7) 2sto], CMIP6 2 A Eof Hofst 87} A
TFAAREE O] A9 ANE AMESHITH(Table 1). EIE, =
71Tk ol A A& UKESMI-0-LL A A AR R
g2 GJAE Ao Z3tE] Itk Sellar et al., 2019; Sung
et al, 2021). Z B9 g JLI1E9 ARALAE
25 ESGF (Earth System Grid Federation) =+ A| X} &-3-3-41
EE 59l AloE Qlch(https://esgfnode.linl.gov; Lee et
al,, 2020). 29 7+ A2 vlwe}l B4 HoE 5 BE
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A== UKESMI-0-LL 2E Azel 72 3 A=
1.875°x1.25°(AR}F 4= 192x145)2 A HAslA] AF_-6F3
o} T3 CMIP6 BEll 7F B34S olsfobr] ol R8st
ndo] FY JSAE FEs tusRd HHE
(Multi-Model Ensemble, MME) 3412 =335} %It} SSP A
UE] Q&= IPCC AR6ONA AEA =UH 7do2H, ALg
A 5 7153t tigh Astel -89 4ol uf
2t 57 2F0 =2 /=] o]qltt. SSP12 X3 A|&49749]
H|#ALSIE YEtE 7] Hste] digh gkstel 4-g-o] Ret
o] W2 A& o|tKTable 2). SSP49} SSP5= Ztz} 7|5 W5}
of thgh Astet A-g-9] Hdo] Z mjEAtEE YERH, &

Table 1. List of CMIP6 models used in this study

No. Model Grid size  Ensemble Reference
256x128, . Séférian et al.
1 CNRM-ESM2-1 rlilplf2
LI1 (2019)
128%64, . Swart et al.
2 CanESM5 rlilplfl
L49 (2019)
512x256, . Ddoscher et al.
3 EC-Earth3 r10lilplfl
L91 (2022)
180%80, . Li et al.
4 FGOALS-g3 rlilplfl
L26 (2020)
144x143, . Boucher et al.
5 IPSL-CM6A-LR rlilplfl
L79 (2020)
256x128, . Tatebe et al.
6 MIROC6 rlilplfl
L81 (2019)
320%160, . Yukimoto et al.
7 MRI-ESM2-0 rlilplfl
L80 (2019)
192x144, . Sellar et al.
8 UKESMI1-0-LL rlilplf2
L85 (2019)
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5], SSP59] Ffoll= AR &St w2 V&R
= B3 vEAEE UERY] mheel AluEle S aiE
o] 7} =& ZZo|ti(O’Neill et al., 2014, 2016). o]t
AP HAREE 71902 JdE CMIP6S] BAFH Al
2]Q¥E  ScenarioMIPO|A AFEE  SSP1-2.6 (Tier |1
experiment), SSP1-1.9, SSP4-3.4 2 SSP5-3.4-OS (Tier 2
experiment)2] 4Z0|tEyring et al., 2016; O’Neill et al.,
2016). AM&Rt A= ¥A17] 9 (Historical)?} 45 W] AY
Ay eolH, &aFY AluE] Q9] ApAIRE g 2.2780
71&sttt. T3, ulE 7]7HE AR6OIA AREH 21417 &
42081 ~ 210049)9] 20 HFZS A 713(1995 ~ 2014
d)ot vlasteit.

2.2, NUZI0] EHZI 247tA HISE #st

Fig. 12 &2 7o) AR 45 Alveled] xg
5 ojalsietA, wgh, ofAlStIAS] HiEHE Kol 1
do g, oJAstetA AZMHETFC] 2050 ~ 21009 7]7H
of <0’ olst= Wolx= AU AS T £ 9l
(Fig. la). SSP1-1.9 A|L}g] Q.04 2050d Z-20] HX|
o|AFsletA HjEFo| 0 o|stE oAl 7t H
A2FHES G40k AU LS SR 4+
ejgeke] 2 2415t oy € 15T 21s5tke] oA
£ 2A5] gt e =HFoF ojilsietA wiES
Aotz AftAa mlE A9 AlURE ofu|gitt. Wi,
SSP5-3.4-0S A|UE] = 2040W71A] = Hj&S slelA]
Q= SSP5-8.5 AlUE|E mEY| wjiZe] o]itstetal]
A7t wiEo] F7ksta QAR o]F HIH HES
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Table 2. List of CMIP6 experiments used in this study. Detailed descriptions are explained in O’Neill et al.

(2016)
No. Experiment MIP Description
1 Historical DECK The historical forcing are based as far as possible on observations over the past period
5 SSP1-1.9 ScenarioMIP Low radiative forcing (1.9 W/m?) at end of 2100 and based SSPI. Informing the Paris Agreement
Tier 2 target of 1.5C above pre-industrial
3 SSP1-2.6 Sce;liaerriol]\/llP Designed with the aim of simulating a development that is compatible with the 27 target
4 SSP4-3.4 ScenarioMIP Low radiative forcing (3.4 W/m?) near 2100. Fills gap in RCP forcing pathway between 4.5 and
Tier 2 2.6 W/m?
ScenarioMIP Mitigation scenario types based on SSP5 and having the 3.4 W/m? radiative forcing near 2100.
5 SSP5-3.4-0S Tier 2 The scenario follows SSP5-8.5, an unmitigated baseline scenario, through 2040, and then

substantially negative net emissions thereafter
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Fig. 1. Emissions of (a) CO,, (b) CH4, and (c) N2O for the present-day (1995 ~ 2014; black)
and future scenarios (2015~ 2100; colors) in CMIP6

(Overshoot) AZ2E 9Ju|gltt}. SSP1-2.61} SSP4-3.49] 7
- SSP1-1.99] M]3} iAoz | X|qt, o]4talet4: HY
2 A A5 21417] SRkl gASYH ARE 24
gtbe HolA AR A3 BEolth Hwe] HiEske
g FEo] AU QoA olitsterael FARE B H
AATE, SSP4-3.4 ALt2] Qo] A= 2080 o] &-FE oF
o Aa FIFE BY(Fig 1b). oMLY WEFS
21417] SRl FadEo] FAEE7E 21417] Eofl o
4 F7he 43S Eole 72, SSP5-3.4-0S AluE
Q0f= 20509 o|lF A% SV Hl F AR F4st
= A%l ZFH] S AT 4 Uth(Fig. lo). &
Qh, SSP4-3.4 AU QoA = 214]7] E7HA] A& 07
7k 8ol A4 A2 AT & AUk 7 AluE
QofA Yehd HiETE AFAFY Atole Al oA 1L
ol = Aol W, B& 9 A A 5 Ad
ARG AvE 2ATZEA HiESF §istof] gt Zto] wiZo]
tH(Gidden et al., 2019; Popp et al., 2017).

SSP tofEfH|o] 204 AlF St olitslea: FHIET
o] H3lE BREHE AlwEH(Riahi et al., 2017), 214]7]
270 WA (Energy, 2F 39%), At (Industrial, 2F 23%),
16%), A|HARE(Agriculture,
Forestry and Other Land Use; AFOLU, 9F 9%) <02 3
717F YAl QUek(Fig. 2). AUzl B g5 Al7]of
= Aol7t AR, & HSS AAlohs FEd E3et A
HhEQl R4 wiETF 49 W8S Ja Ut} 9],
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HE AU 9] 214]7] Z4to] Uehd 29 viEol 7t
& 9F= 713 B olvA FZolth 11 FolA=
204097HA] MiEFE A5 EolA Y= SSP5-8.5 ALt
QofA Uehd o |qA] Abgol wE siEse] F3g Aa
= 90% oS ABT & U= A=rt A 715t QL
o} ole} T2 2AVIA TAE WS EYE ©®AaTH
Al Qo] :Z3Eo] Ql= F8 A AR HIlE
Fig. 39 Yebdith SSP1-1.92} SSP1-2.6 A|YE| QoA=&
AA diH] AZF AREFOl FARE SRR FAIEAUL,
SSP4-3.49} SSP5-3.4-0S A|UE] 2of|A Z+2: 2147 &4t
o FHHA] F oUA] AREEol S7she A El
ot @A S Amo] thFE &St A Hiol A
2o AR HE&S 21417 FHI7HA] 80% ol
S7H71e BRE AUE 0] 23kt QIS I
o Atk E3, ©ASES @AsEEE 23 50
EEote A g7 ol 7] F 2A47IA s E £017]
A3t &4 EF 7]<&(Carbon Capture Storage, CCS)o] |t
EA] 8 FHTH(Gidden et al., 2019). Fig. 30]| 4 HIE2 X
2o 7 HE B4 BYLS Uehd A0 T4EY
AU Qof| A= 214]7] FHE o] & ©4 Y 7]&o] A
&3 AS 7Hgskal o, 2147] o= SRR
Qg MiEFEY ¥ B2 ¢S ok AR E 7S
Stolet. o] AluE| 7t 7Hsdt o] R A, AR, A7t
A0 k2 AR AMES A} £l 3R
Ho] @ AR o] ALTY oA HiESE = ol4telerAao] A
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Fig. 2. The sectoral contribution to CO, emissions for Carbon net-zero scenarios
(SSP1-1.9, SSP1-2.6, SSP4-3.4, and SSP5-3.4)
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Fig. 3. The primary energy by source for carbon net-zero scenarios. Dotted lines denote
the non-fossil energy (Nuclear, Renewable, and Biomass) ratio. Hatched lines
mean carbon capture and storage (CCS) by type at the year
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A e

HI

g Alug o] g sorrot ¥

#7123 B 2 S50 AEe vk tigt
A4S FPsH. S99 = Ao A LAAY
ZEA TS 714 @4e17] Wzl E 9919 Bd=
A EE A0 2= F37|F EA40] A|gHo]7] wiZe] I
ARE o83}t AAZAA7FE(World  Meteorological
Organization; WMO)O[ A= S3t7]5 H3E HAE 4=
TE ¥FF3ME 37|35 A]4 ETCCDI (Expert Team an
Climate Detection and Indicies)& #J2Jo}1l ¢loH, 7|21}
Z&5oll Hisl & 27709] A st 1o it 7he|=
ZHolS AAISF th(Shim et al., 2021). Et4EYH A2
2 I1FY W, FEEHC] 3t AolS un]
98, ETCCDI X]-r = agy)egt BEy 2% 6ol =
e 9 A% 4742 240] ALSSIHH Table 3).
nAe -,—] ]’ -‘—:'—-0]'/\]0]' JHL 20~50°N, 110 ~ 145°EC.&2
4951900 0] UKESMI-0-LL A 74|28 2 dle] 27-)F

2 AdFME 2T

Table 3. List of 10 extreme climate indices and their

definitions
Index Description Units
Annual maximum value of daily maximum .
TXx C
temperature
Annual minimumvalue of daily minimum .
TNn C
temperature

TX90 Annual count when daily maximum d
a
P temperature > 90 thpercentile (Warmdays) Y

T™NOO Annual count when daily minimum d
a
P temperature > 90 thpercentile (Warmnights) Y

10 Annual count when daily maximum d
a
P temperature < 10 thpercentile (Cool days) Y

INIO Annual count when daily minimum d
a
P temperature < 10 thpercentile (Cool nights) Y

Annual maximum consecutive 5-day
Rx5day o mm
precipitation

Annual total precipitation whendaily
R95pTOT . X mm
precipitation > 95 thpercentile

Annual count when daily precipitation > 95
R95 . day
thpercentile

Annual count when daily precipitation > 99
R99 . day
thpercentile
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Holn

T-& A& (land-sea mask)E ©]-&of Ao gt S3H7]F
XH\—Q] WIS 25 TH(Fig. 4).
459 B RORITE S st e
]—‘—OHH S7F Zol7] wzoll, SR71%e] =22 7k
A3 11 FFEE E017] AsiAE 247k 59}
o|& A719] ©aFY g/o] S2SIHHIPCC, 2018; Shim,
Kwon et al., 2019). TH2bA], £ Ao A 74 whe 7
(SSP1-1.9)¢} FUsHA ©HAFHE S CE T 5
JE 3715 G3K(Fraction of Avoidable Impact, FAI)S
Al (D& & et Mg hrolA AwEgtth of7]df
A 31 7Fs Y& Avoidable impact)o|st 7] EHS} A LtE]

S8 B0l AL 4+ U ¥ UL A9 A
o flgow W 4 e A9E oJugt
Csspn — C
FAlgep, = —20 75519 100 (%) 1)

CS SPn

A (1)o)A] CSSPn Z3H7]30] 7+w 9 ®lxof tfst
of AT HiB] ©AFTH AU 3F(SSPI-2.6,
SSP4-3.4, SSP5-3.4-08)°|419] ¥ig}eFS oju]sit}. o]&
oM, 7 g?HAaFd A]L}agé 7)1 &(FEE7} CSSPn)C. 2,
Hop 5491 2A7IA 45 8-S 55 edds ¢
Z317|15 ke AFsisto g

driy 2 5 YA £
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Fig. 4. Domain area of East Asia (20 ~50°N, 100
~145°E) in this study. The yellow color
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3.1. CMIP6 29| 31175 2o

A 715 digt Htrle, o i, 4 A7
% BArd Amre KE571714391 A (European
Centre for Medium-Range Weather Forecasts, ECMWF)°]|
A AFols Aot E AEA A=l ERAS (ECMWF
ReAnalysis version 5) A&2E& ARESIHT. WA, CMIP6
useRy AEE gAY A4S st 9
stol, @A 715 tigt 29452 ERAS A2} H]| s}
AtHSung et al., 2021). AAF FHOAQ 7| HSE
of ojet R QPR Aot ERAS AT fAE A

R=R
=
o] T WA mefste A2 Sl 4+ UrkFig Sa~So). 5

(a) 2m Temperature

3], IPSL-CM6A-LR 282 7|2 HsEQ Aulzoz it
A BOoJst= EAL H9T, MIROC6 HEL =74 9
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Table 4. Changes in 10 extreme temperature and precipitation indices (MME and standard deviation) over East
Asia for the late 21st century (2081 ~2100) relative to the present-day (1995 ~2014)

Present-day SSP1-1.9 SSP1-2.6 SSP4-3.4 SSP5-3.4-0s
TXx (T) 34.442.0 12404 1.8+0.5 2.5+0.9 2310
TNn (C) -19.9+2 .4 1.3£1.0 2.0+1.1 2.7£1.5 2.45+1.5
TX90p (day) 36.5:0.2 16.8+5.6 24.8+7.9 335132 32.0£14.5
TN9Op (day) 36.5:0.2 20.148.1 29.9+9.0 40.9+10.5 372+142
TX10p (day) 36.5+0.2 8.544.2 J11.4+4.6 15.146.3 -13.647.0
TN10p (day) 36.5:0.2 92449 -12.545.5 17.5:6.3 -15.2£7.9
Rx5day (mm) 101.1£16.9 9.2+7.8 11.3£7.0 14.4+£7.9 15.0+£10.2
R95pTOT (mm) 223.7438.6 46.1£30.8 57.9+30.3 70.2431.0 74.3+38.1
R95 (day) 6.0£0.6 1.120.6 1.440.6 1.6+0.7 1.7£0.7
R99 (day) 1.2+0.1 0.4+0.2 0.5+0.2 0.7+0.3 0.7+0.3
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y 55 9 y 55
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Fig. 9. Changes of extreme climate events avoided over East Asia in limiting global warming below 1.5C

under the Paris agreement target experiment (SSP1-1.9) compared with other SSP scenarios
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