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Global warming level of emergence of mean and extreme climate change over
South Korea based on high-resolution climate change scenarios
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ABSTRACT

This study investigates changes in mean and extreme climate indices and their emergence over South Korea using
500-m-resolution climate change scenarios based on the CMIP6 Shared Socioeconomic Pathways (SSPs). Climate responses
were analyzed at five global warming levels (GWLs; 1.5-5.0°C), and the Global Warming Level of Emergence (GWLoE)
was evaluated to determine when climate change signals exceed natural variability. Mean temperature (TA) increases
consistently with warming, reaching +4.8°C at GWL 5.0, whereas precipitation (PR) exhibits greater variability, ranging from
-1.1% at GWL 1.5 to +15.5% at GWL 5.0. Extreme indices respond more strongly than mean climate indices, with TXx
increasing by +6.2°C and RxID by +30.2% at GWL 5.0. The GWLoE analysis shows that TA emerges rapidly, with
emergence across 95.1% of South Korea at GWL 2.0 and nearly all areas at GWL 3.0. In contrast, the emergence of TXx
is delayed, while PR rarely emerges even at GWL 5.0 because of strong natural variability. Rx1D emerges earlier than PR,
particularly in southern coastal and island regions. These results indicate that temperature-related risks become detectable at
low warming levels, whereas hydrological risks may intensify through extreme precipitation before changes in mean
precipitation clearly emerge. The findings highlight the importance of incorporating emergence-based metrics into climate risk
assessment and adaptation planning.
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3 AA A A" FF2 v 9lom, £3] A
HojA9 7|5}t FF B7HY S840l AH FEREHIL
AUtk e A oA 7| A5 A A W
57E 29 4 J5299 ¥E 571 5ol HiEHA Q1o
™ (Baek et al., 2017; Lee and Lee 2016; Lee et al., 2017;
Park et al., 2017), ©|2} &35} IPCC A6} H7IH 1A
oA 713 JFF7Ie AW +HS s A
TFH(regional scale)?] FW3t 7| TR HQX4S F=x
519 tH(Ranasinghe et al., 2021).

Agaste] vig) AL o AT 7 FHA(Global
Climate Model, GCM)S &85} thofst 7|5 sE Ay
Q7F AT 9oL}, GCM2 YutH oz $=4] km o4}
9] 37t SFEE 7HA7] il AY 59 7% EA
= BA5hH dole A7 )l ol TAE Hest
7] Y8l A9 71ZE d(Regional Climate Model; RCM)<
o]-8st Hst& AFA|SHdynamical downscaling) 7]Ho] &
g &850l ot 55| AlA 7|FAF ZEIH(World
Climate Research Programme; WCRP) AF5}9] 29 ALA|
sl =2A =ZZAE(COordinated Regional
Downscaling Experiment; CORDEX)2] &-o}A|o} 150
A& 2 IPCC AR6 (Sixth Assessment Report) 2 AR7
(Seventh Assessment Report)o] t)-3-5}0] 12 ~ 25 km 3}A}
=9 49 |FHet Ateest AEHT JkKim e
al., 2025; Kim, Kim, et al., 2022). T3} o= RCM
ANE 7IWror EAZA ArA|S)(statistical downscaling)
7¥e A&sto] 4 km 9] ISP E 7]FHIL Al
g o7t BAE T o]F &3 7| ¢ RS JF A7t HA
F7ketal ok §3] 714379 AR6 7|9t 1 km A=
SEIA 715RE AU g E&oto] v Ed
H mlE SRV SR 5] W3l A, o5 A=Y A
2= H3} A 5ol A= ATH(Choi, 2024; Kim, Sang,
et al., 2022). o]t I 7| AR 4FFA| Y, Sk
A 9 B PH Fo] AP Fo] A UEh=
A QoA FAHRI 7|1 EAE Hrp axxog vrdgt
4 SItH(Daly et al., 2008). “12ju} Fi2¥ 7| SH5l JTF
2 2ok WrIE 93t 2 TIAIE A7 Q7 vk
w2t 71E Ay BT FFE SRS 71T AluE e
A&l 8751 it} olof WA FZ 714372 IPCC
AR69] FEA}5] 74 A7 Z(Shared Socioeconomic Pathways;
SSP) 4% 7|Ht0 2 LHSAI T 500 me] IS E H
A 7)Twist AgEes AEsllth Lee et al.
(2026)2 AJEA 7HEH 500 m SPAES] FSHALA] 7|5
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S} AluE] 7} 1 km S Afw=of B8] EGAIFO|A =
T 712 AAEE FFAIZIAL v AUE| oA = o]
g ST aah duEHA FAES HEH

g HZ 7|FHS 9F Aol e B4 HiE AluE
L 7Rt EAERE ofdE FAF 2dst E(Global
Warming Level; GWL)S 7|02 7|ZHSE H7loth=
Aol BEHTL Yok ol LT £ S BA

LS EA & AU Qo] 9&5HA] ¢l 1.5C FE 2.0T
o 2 2 S FEAY 71FHeE HE g 4 9
Tt o] 9it}. Kim et al. (2023)2 -gutatol 4] 20
9 AE a2 ST 712 2 Aol 2198 e o
2t S71E AS A5, Sung et al. (2023)2 1| &4
AEHATE F48] S71E = 2= AASHAH. o9
Zol - utEtoll tigk Al A mF A E4A
23} o] wE v Ay At ohgstA =L
AL

3 7|3 H3 AD7F AA HEAdS Hol BAKCE
o5t Ut A1 9Jv]sh= Time of Emergence
(ToE) #412 7|SH3} o] AAR UEl= A7E
Ao g Hrlst= o7 E-8 51 QItt Mahlstein
et al. (2011)x} Hawkins and Sutton (2012)2 Z+ZF CMIP3
(Coupled Model Intercomparison Project Phase 3)2}
CMIP5 GCME 7|80 2 ARG FHoA XddE 7]29]
ToEE #A43F 23, 7| %8st 457 A BisdS 9=
Aol A oA BiET 19E LA Yepdthal gt
P}, Giorgi and Bi (2009)+= CMIP3 th5Ed AME 3
T 35S ToE Aol Aol whet 21417] Z-FHlo]
Ui, 47 292 o] WEAol i 27 di
off 214]7] ol ToE7F YERA] <=thal SFAT. Lee et
al. (2022)2 21719 CMIP6 GCM= 7]|4EO & ofAlo} %]
o] 712 AEE 7|90 2 ToES HAI5lla o84, 1
w4 AU QoA ToEd] 2A Egdt A3g A
AIBHATE. eI @AY ToE TRl ATl F2 A%
7 EE g 729 73R ARE Jor S
7297} ¥t Hols GWL 7|¥t EA1} ToE E4L 2
33l Global Warming Level of Emergence (GWLoE)©]
gk AE7F o] FoA|AL Q1O Ly(Gampe et al., 2024), 7]
& AdHE FE FAWE ARE 7INeE F3H
gon, AE XY E45 1T 54 52 A= A
Ao g Algt]oltt.

2 AFoA = 71440l 7Rt Al 500 m /=S
$eHEAl 713 RsE AuE| . E8ote] EvEre] =

=



ot 7IHet AlUR|R J[E Le|LEt Bt * S

2.1. 500 m SHYE 7|2#st AUZL LHE

Al 71538 Ay @ 4hEol= GCMI RCMO
7IRksto] oAl AAISE o] AREE I A WA o
A=z, 47100t I 718 dds &5l
United Kingdom Earth System Model 1(UKESM1)Z O]
25} SSP AU Q. 4%(SSP1-2.6, SSP2-4.5, SSP3-7.0,
SSP5-8.5)2 A8t 135km SPFES] HAAF AU E
AL HTHSellar et al., 2019). & HA A Z, ZofAlof
Aol 7% EAS Hoh AAlsHA wgsk] sl
UKESMI1 A&5 YJeAtm =z E-8sto] Aohs FAskE 4
519t o= 9J5te] CORDEX-East Asia 20HA] AFQJofA]
MEE RCM 5F0] AREEA2™, 217k HadGEM3-RA,
CCLM, WRF, RegCM, GRIMs R dElo|th(Davies et al.,
2005; Giorgi et al., 2012; Hong et al., 2013; Kim, Kim,
et al., 2022; Powers et al., 2017; Rockel et al., 2008).

(a) 1 km-resolution
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upRsto 2, Seluet Ajele] A3 6 7]
sp7] 9fstol SAX A 1EE 28t
FARS BASAT. A4 71752000~ 2019%)0] That
500 m SO 7| TR AMES flste] BAF AAlsH
71¥9] MK-PRISM (Modified Korean-Parameter-elevation
Regressions on Independent Slopes Model)& AM&-5} Tt
MK-PRISME #Z239] 71 2(TA) ¥ Z<=PR) A=}
A 1%, AP, St A 59 AP FEE vt
of EY 99| 7|5 245 FY5M= 5AZ AASH 71H
o|th(Kim et al., 2012). Y42]9] AR A 7] SH0] S
A= o 22 FHE AL

Y=+ 6,X (1)

7)o A X 1%, Vot 1ko] uet 24H 71E4E
ety 5,9 g,& did 2AENA 9 715 sl AASE
oju]gict. MK-PRISML 7+ A7 Fu10] 22129} 29
E4E ol&3t 7 FHAE ST EN BT AP
AINE B ow A%4Q) 71FARE AU % 9
th. 715 319 ASE AAsts AASE BELS Kim et al.
(2012)9] 4] (4)~4] (6) 7] Hhdet.

7€ H71E 7|9HsE AlUE] 2= MK-PRISM 7|4t
9] 1km A= ARE FHORE FEHE o] Y. & A+
A= ol#g 1km ARE 7|¥tC 2 FU7H PRISM 7]
g RIS 718 371 Aeste] 84 Ao ARG
oF 48] 2713t 500 m SPFEL] T AR S WAISLS
t}. o]& B3l 7€ 1 km AREOJA FES] A=A X3

(b) 500 m-resolution

Fig. 1. Comparison of coastal and island representations in southwestern Korea based on (a) 1 km and
(b) 500 m resolution land-sea masks. Black and white indicate land and ocean, respectively
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o} 500 m SHFEo] SA-SF wkATE H| WSt 7]E
1 km A= BT Siobat &qPE A A9 F3t +
25 80| Zdsk= d A7 e B, 500 m A=
= ARt A} =A BERE Huh ZAsH Adsts &
e Heldh o33t Ve Ame g dF= 2
A s A " EAAHAA FA A 7123 G
& FHH o7 HFst= d Fsith 2
AFoM= o2t 500 m AmE FEFo=H HL,
Al L AP q3} Zo] Ay s FFo] HFAAoR
YE= A 99] 3714 719 EAS Hoh AEstA 11y
st stk AEA AHEE 500 m =2 it AS
Ae 279 3.180] A8 A6

500m Sl wjF 7]SHSE AL AR (2021 ~
2100¥1)= PRIDE (PRISM-based Dynamic downscaling
Error correction) 7]HS o]-&s}to] AFESHATHKim et al.,
2016; Kim and Kim, 2018). PRIDE= X|¥7|&Rd 9] ]
g 715Hst A S s AXAIA R AAlskelal, &
Z 7I8t ARE E8olo] 7| O] AFAE EAck=
7|Holet. &, 7192 do] A AE Afe]F th4lo] T=59]
U AE Apo]SE ARESto] 7|9 dof 23k AF At
(systematic error)E A|AshH= WHE A8kt A=A
F 21 CORDEX-East Asia 24 Z2AEo||A] A4k 5
%9 RCM A58 AT 718 AR vld) ¥at A
52 §A5A @7 7|50 BHER} AR E4o] B

g - 01ZA - MR - BZe

5 7] A met ASHES HORAS 85I o]
18l 71271712000 ~2019)°] et Hdly} #EA R 7H]
Aol5 4t &, 3 WA vl Ay 2 AHmof A&
ste Ao g HASIth A Aeols 71endd
35 e W HlE R3O Xo|F aE o g HASH] 9
5}o] QDM (Quantile Delta Mapping) 7] (Cannon et al.,
2015)2 Hg319ch. QDME 294 7w mA7Mow,
ool st AEE SASFA o] GERE S48
2R} FABIES 2o ol

i

2.2. Se|2X)+ E2

B APo eust 250 mE B 75 g
ole skt ol JalFo Mke guHos A

ol7] $oke] Expert Team of Climate Change Detection
and Indices (ETCCDD)OIA AAISE SHIL-2A| =2} =3t
e R B )T B4S WA /19SS W
AMg5gth(Table 1). ETCCDI A4:2% TXx, TNx,
TX90p, TN90p, Rxlday, Rx5day, R95p, R99pS AR-&5}
Gt ER BAASMHW), ORISR, AL
R80)= FEHt 71§ EAHS HFe A42H, KMA
(2012)0f14 =AE Aol 7]ubsto] A5t S7HA
224~ Kim, Sang, et al. (2022)2} Kim et al. (2023) &
ey vl SR7]2 Agol it ARl A mlol &
4% A0 BAHRT, oo me BAT A o
A ZAOoR AEER £ A9 EAHAE= ALt
ot E3 HYUTHE 67 H(=H(Capital area; CP),
739 H(GangWon-do; GW), %% A(ChungCheong-do; CC),

Table 1. Climate change Indices calculated using daily maximum temperature (TX), minimum temperature

(TN), precipitation (PR)

Index Index definition Units
HW The days TX is higher than 33T in each year days
TR The days TN is higher than 25T in each year days
TXx The maximum TX in each year T
TNx The maximum TN in each year C
TX90p |The days TX is higher than 90th percentile of TX for present-day (2000—2019) in each year days
TN90p |The days TN is higher than 90th percentile of TN for present-day (2000—2019) in each year days
Rxlday |The maximum 1-day PR in each year mm
RxS5day |The maximum 5-day PR in each year mm
R95p  |The wet (PR = 1 mm) days PR is higher than 95th percentile of PR for present-day (2000-2019) in each year days
R99p  |The wet (PR = 1 mm) days PR is higher than 99th percentile of PR for present-day (2000-2019) in each year days
R80 The days PR is higher than 80 mm in each year days

Journal of Climate Change Research 2026, Vol. 17, No. 4



TSHAIE 7[S815} AILR2IQ 7|8t Q2L TR 2

A2 (JeolLa-do; JL), FA;
H(lelu-do; JOZ Vo] ulg 2575 A
£ AFH o= AA s ch(Fig. 3(a).

H(GyeongSang-do; GS), A5
v B4 Ay L].

2.3. GWL 4d 4

=2 ‘E%LOM—L— uje 7| 3RskE E4517] flste] A
243}t =2 7l %ﬂ 399t GWLE A}t@g} NE
(1850~1900L‘1) e A x
= v 7% JHE «1‘3% HHog, 54 AlFo] ot
d 28t &0l =E8sks AVIE FHoR VFHIE
A5 Aol
GWL 4F&-& 9I5 UKESM1 GCMO] 7]4tato] AH¢i s}
old 7|7+e 71&R o8 HAsta, MR PRI Lo] 7R
717F W8] +1.5C, 42.0C, +3.0C, +4.0C, +5.0C A3}t
= ARE 479 293t aF =g ARoR H9 }oﬂu}
(Kang et al., 2025). TSt A& 7 A} HABSAY I
Fastetr] J5te] 219 ol g B AT ugim_g 2
S ARgStel B2 AlRE l*&ﬁ}ﬁ‘h OIE ZF GWL =
g AHE FHOE 0¥ S xg
&30 23t +EE 715 54
*MﬂQOH g 239 ¢+ =Y AlE2 1_% 24
e, AekA AU 291 SSP1-2.69] AL 3.0C 24
3} o] =EstA] 9k SSP2-4.59] A 50T 213}
o =gdlA] Fal= Z o2 YERGTH Table 2). T3 T
& AP LSS 5.0C7HA] 9] 2138} 20 o waA
ettt As gRlg & ok wEhA 2 AFolA =
1.5C 9 2.0C GWLY 42 207 FAE HH (7T
g 5% x SSP AUE]Q 4%)E &85, 3.0C ¢ 4.
0C GWLO| BEAHL (57 AIE dlw(7]|3nd 5% x

Z5V|S H5}9| Global Warming Level of Emergence £ 729

SSP AU R 3F)E EEstlo, 5.0C GWLY 24

2.4. GWLoE A&t Y

ToEx FREHOE 7385t AB (signal)ot AHA ¥F
X(noise)2] H|, = AT H] F-2H] (signal-to-noise ratio;
SNR)E 7|¥to2 % o]=|uj(Hawkins and Sutton, 2012),
AAGE A4 wet &3 A]Fo] €2t Giorgi and Bi
(2009)= 7|33} 41571 A W5 (interannual variability)
9] E&FWHA(Standard Deviation; STD)E ZIol= AlH
& ToEZ 951912, Gampe et al. (2024)2 ZF GWL
Al ToEol| =Ydh=A] detsl= GWLoE &4 2iE
AABFA. &2 AFoA= EF 293t Al 49 7]
WS AT S2 1E7F B, o] 2 GWL A
Aol Hgt B(x, )Y Aol= Hostich:

e AT EEEA0)E Foleeic

B 1 n (Xiir )2 \

0= n_lz‘ZI i ref ( )

oJof w2} signal-to-noise ratiox= Tt} Zo] A oHtt

SNR |S(t)| )
g

Table 2. Projected timings of 21-year running mean global surface temperature in UKESM1 reaching global
warming level (1.5°C, 2.0C, 3.0C, 4.0°C, and 5.0°C) under SSP scenarios (SSP1-2.6, SSP2-4.5,

SSP3-7.0, and SSP5-8.5)

) Global warming level (GWL, C)
Scenario
1.5 2.0 3.0 4.0 5.0
2021 2032
SSP1-2.6 )
(2011-2031) (2022-2042)
2021 2031 2056 2086
SSP2-4.5
(2011-2031) (2021-2041) (2046-2066) (2076-2096)
T 2024 2032 2050 2067 2083
' (2014-2034) (2022-2042) (2040-2060) (2057-2077) (2063-2093)
SSP5.8.5 2021 2029 2046 2060 2072
' (2011-2031) (2019-2039) (2036-2056) (2050-2070) (2062-2082)
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730 S - PAY - 0Ly -

o] 7]oflAl SNRZ 7|53} 459 A7]& A ¥54
H] Ft3lgt gtoltth ol& 7IHte & ZF GWL A9
SNRo| £4 dAG= AL o] T [FA == FF-
GWLoE= oI5ttt 2t GWL AlHolA 71 4
welo] o) BelE 71%g BEale oing Bie
AA P2 B 60% ool Y 2L UEBHE 7
5 S GWLollAl GWLoEZF 283t 20 & 7 9|sqitt.
©]&= Rojas et al. (2019)°] A7 7] 7|95t o, o
FTHE GBS diH As EdS 1] g
Ao g 7 Hdlo] oj&gt At B84 F| 43}
7] f1%t ®olh

o|e} T2 V&S HIF o R B E94 EA4} A
W59 ZpolE LElsto] Afolgt SNR AR -85t
At 7129 A A Wsgol AHHegE Ay Ae
7} gEstA yEtdE R, Bk B9l 71 A8ol 7t
ottt A% AolA= 720 it SNR AAGCE
£ #&sto] ToEQ] &8 Ald= B7Itt HvF qleE=w
(Hawkins and Sutton, 2012; Lee et al., 2022), ¥ 7L0]
Az GWLHEE 7]29 SNRo| 2& ZIst= BE
GWLoE®] sfgst= 2o & gostiet. ¥ PR A<l
W Aol S 27| vjRol] 713 AT AARE 28
& A9 GWLoE} HhesiA AAEE 5 Was 7t w2t
Qltt. Giorgi and Bi (2009)2} Rojas et al.
(2019)2 == Bzt 4157} A M54 BEHAE 2
dele ABS ToEZ Folelglon, ot EAHeE
SNR > 19] S{ggte}. weha] 2 Ao 349 SNR
o] 19 2331 A9F GWLoEo] Fjkeick Holae
o} AEstd, 7129 SNR JAIGE 2012 Z=9] SNR
AAZL 12 AAst9t

ojef Z2 Wi AAG AAL 7123 5o Adolgt
A WE FEE vHdstr] 9% Ao w, & 7% A
=
o]

e

A
o

Jor e wf

o k
filo

ol
-

i)
i
i)
4

P+ FEFE GWLoE A E= v
EAE golstet. AapFog 7|20 fisjAs B4
I AFE B2 9AE, Aol deids dAHol &
g o g gt &3 A B7HE 7HeotA gk gk,
GWLOE E40]]4 TA, PR Q9] TXx9} Rx1DXE AR86
At HW, TR 5-9] 37159 T 445 U= A
S5 IA oA @4 717 24 RIE7} 03]o] =t
71717 §54d F7g0] B otA ettt oo whet
SNR 7|5t GWLoE A4t] Alg]4do] Astd 4= Qlou =
B oA GWLoE £A40A A Q519itt.
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3. 8y
3.1. JGHME AL}2|R XIE EXM

B AolA] AFEEE 500 m SR 71 AAAES) A
< g7sl7] 9, @AI717H2000 ~ 20194) E9F Fig. 3(c)
o EAE 6057 7148 BEA(ASOS 977], AWS 508
) Ameh WT AL susiach 4 Wb Ee
bias, root (RMSE), A#A<4
(correlation coefficient; corr)E& ©|-&3dlo] 435130,
oS AT 7P 7k 719 ARRR Y AR S £
slo] BlWSlgTh E7tH 08 7|&o)| 1&H 1 km AL
Az oto] HWE ol A H5= A AESHIH-
olof thsl AbA| AFt= Table 30 AW} LEEZ A A
STt Table 30]4 Yehd vRe} o], 500 m A= =
T+ TASQ} PRO|| tfjsf AHtA o2 S bias?} RMSE, 1
g1l w2 JIATE B §5] TA+= #5A=e} 1
F =2 S UEWleH, PR ES HW A QHYH
@S BTt olgt A= B A4 5T
500 m ISP E A7} 7€ 1km AR EA4E |A|5t
AXE BAFCE A 7hstt 29 VISAEE AT
5 S AR mEbA 2 AlEe v A
TR W ¥ 37| S ¥gt B4 &8 7ol &
< o7 weHh

AANSHAI=, TAS] 7S biase= 500 m A= ofA] +0.023
FE0E H WA 0] ZHGHL 1km AEA= —0.125
2 39 HA} yEye, HW A bias®] Aigto] =4
Uebdth RMSE ESF 500 m AF= 0|4 0.4392 1 km A}
9] 0.625°] H|5f HYHQ £2Z HYoH, oA
= S ES] WE Apol7t 24 gk Ao=E YE IS
o AZE MBS U & Hosks R ERIEg]
ok E3S 7% ARREE A ECl Addgle]l A=
Cha 937 27, B Ao] A 0 ekt PRY)
A% Taol W3} AdjH e 9a7h 2A tekgkes, of
L PRO| %2 AB7 WEHO] 7]e Aoz muEr)
PR RMSE+= 500 m A=A 1483022 1km A=Y
1.5840] H|sf tha 2o, 7437} 8¢ RMSEZ} 3 o4
OS2 7MY & AE Ht A= 099 AF=E, A
WHoE RS IHS #4510l PRE) 7MY WE A4S
5] AAoh, o] W2 793} 8o tha W2
ATdE ok ol At 71439 A2 500 m

mean Square error
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Fig. 2. Box plots of mean temperature (TA; a), maximum temperature (TX; b), minimum temperature (TN; c),
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Fig. 3. Spatial distribution of 500 m resolution climate data for mean temperature (TA; a), precipitation
(PR; b), DEM elevation (c) under present—-day (2000-2019)
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T A5 o2 712 e a3t I HAVR o =
Aog "gdEy Q= Ao 7 A FH: PRY Ao
500 m A2E FEAFE U 1 km AHRS}; AbHog GAb
o REE Holy, ¥ & WEAS Hola itk

Fig. 32 TA®} PR, X3 1&=of i3t 500 m 7] A=
Z}3.9] FZFEE(2000 ~ 2019)S YEFATH TAE Y3 ©
XMVHOM < #g Holi, R 9 AR HoA W

< %S UEle £33 BFS HAh(Fig. 3(a)).
ol Ak ¥ AFY FFS vrYet ZA=E sfAHET A
gd TAE $EA(CP) 14T, Z4YAGW) 9.0T, 44
(CC) 11.5T, AFAIL) 12.7C, AAAGS) 12.0T, AF
() 144CE YELTH(Table 4). PR 2| 9Gof w2} 2
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Table 4. Present-day climate indices for South Korea (KOR) and six subregions
KOR CP GW cC JL GS 1
TA () 11.5 11.4 9.0 11.5 12.7 12.0 14.4
TX () 17.3 17.1 150 17.4 18.2 18.0 18.1
TN (T) 6.5 6.5 3.8 6.4 8.0 6.8 11.0
PR (mm) 1365.3 1301.1 1398.3 1259.9 1408.5 1349.4 2200.9
HW (days) 9.4 9.3 3.9 9.4 9.7 12.4 2.1
TR (days) 2.3 2.6 0.3 14 4.1 1.9 9.9
TXx (T) 34.6 35.0 333 34.7 34.6 35.1 325
TNx (T) 24.5 25.0 23.0 24.7 252 24.6 25.6
TX90p (days) 36.5 36.5 36.5 36.5 36.5 36.5 36.5
TN9Op (days) 36.5 36.5 36.5 36.5 36.5 36.5 36.5
Rxlday (mm) 128.5 135.8 137.5 1125 1275 126.5 187.6
Rx5day (mm) 227.7 251.8 255.4 203.9 2222 216 300.7
R95p (days) 43 3.9 45 43 45 4.1 55
R99p (days) 0.9 0.8 0.9 0.9 0.9 0.8 1.1
R80 (days) 22 24 24 1.7 22 2.1 5.0

Table 5. Changes in mean temperature (TA) and precipitation (PR) over South Korea in the late 21st century
(2081-2100) compared to 2000-2019, based on MME. Values indicate ensemble means for
SSP1-2.6 ~ SSP5-8.5, with individual model ranges (min-max of five models) in parentheses

SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
TA (©) +2.4 +3.6 +5.5 +6.4
(+2.3 ~+2.5) (+3.4 ~+3.9) (+5.2~+5.9) (+6.0 ~+7.1)
PR (%) +3.7 +13.7 +12.4 +14.9
(-6.9 ~ +16.6) (+5.8 ~+29.3) (-3.8 ~+32.1) (+0.8 ~ +41.0)

ehdct 99E PRS CP 1301.1 mm, GW 1398.3 mm, CC
1259.9 mm, JL 1408.5 mm, GS 1349.4 mm, JJ 2200.9 mm
2 JERFTHTable 4). 500m A3= 712 1 km AF2o] T
H e g §ASHE(Kim et al., 2023), A¥EAE o0& TA
o} PR B EY o0& Bt 37 £2E Uity &
T AUtk FALRAGY] A, YTt R g FFE
Hh= JIoA A 2A7]Z 7]9k1 TRY}F TNx7} &1L 9|=7}
23 YyFo| {3 GSolA ¥ 17| 7|¥kl HWSF
TXx7} 7H w21, GW& ¥ty og I3t o4 A
F7F 2A YeRdth(Table 4). SRFpAl4= JIolA 2E
Ap7F 7P w3l CColA 7P RA] Yehdth

QL AR AFATE ¥HYE 500 m 7| F AAALR
£ 7|We & SSP AU Q¥ 21417] T7HA] 9] 7] S}
£ A HESITh Fig. 49F Table 50 @=H, -yt

[

TAE BE SSP AlUZ| 004 2147 €= Zd4= 4
FAE BRItk AA LM Aol whe} vl
57t Adel UEd, Ayl 7 Aol F-FHEL
242 g EtkFig. 4). 214]7] (2081 ~21009) TA=
AR tH] SSP1-2.6914 °F +2.3C, SSP5-8.504] F +6.
4TIHA] Asste] 2A7EA wiE 0w 2dek 7
L7t 34 deRlE ERIg & UtH(Table 5). Fig. 40]4]
71329 F TA 45 FA1E B9, HadGEM3-RA (Thet
Ayl A 712 A5 Fo] 7P AL, WRF (FHA)0lA 7]
< &5 Fol 7P 2t Wi, PRO| B¢ AALNA <
& b HEAgo] wie A YEh F3' BT FAE 4
o7l E ofgr. 21417] & PR W= SSP 45 wet
A F +3.7%001 4 +14.9% $22] T7HE Holuh, HE 2
A7 mAe] "7 dol Aol ddidem 2 Ao
Z UEET /iE 2l oA GRIMs ()= PR 5
7P7F 7V AA Y, CCLM (254)2 vl PRO]
Z WPt fle AeR Y

o ot o
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Fig. 4. Time series of temperature (TA; left column) and precipitation (PR; right column) anomalies simulated
by six regional climate models under four SSP scenarios (rows: SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5) for 2000-2100. Anomalies are relative to the 2000-2019 baseline period. Colored lines
indicate individual models, and the black line represents the ensemble mean

3.2. GWLY| MEZ 7|2, 2=, S X2 Oj2f MY

Table 62 B % S5 715450 HohA 2 GWL
Al710] 2 W 25 el o] 53 TA, TX, TN
< AR S7PF et AS 298 5 At &9
50 A7lolAE BE 48C Z7p7 AgEH, ol 7]
ol B4 A7 ofd et o s FAsHA AP

2 5188 spig x]m'a I S 54 ]
it O

Z2 Al ] } 1! Fig. 601]% 500 m SHAYEONA Z+ Axpd
3} 2 A X519t TAE CP, GW, CC 5 W5 A9
9] A9 GWL 5.0004 9F 48~49C ZVI&2 714 & A
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S HolH, JJ= 44CE Ajgoz 2
Helth ol AY=d4F 7]20] AA 4 %‘3
o] %% Ao 7191gt Ao g Mt P

o8 GWL 1501]A1 LI%E FAT

7t AdEd E‘c‘?l A9 7+ WAL AA dE,
GWL 5.0 7|5 CP2Q} JIofA] B5 19% ©oJA} Z7}5l= 4t
H, GSOIA] 13.9% S7to] 138 Ao 2 HAYEH, & A
A% 16% 1T PR Z717} oA=Lt

FAL2AeE TAEG & F9| JI7P AAHS
(Table 6, Fig. 5). KOR 7], HW: GWL 1.5 A]7]9]
+5.5¢4 =712 X A9 GWL 5.0 A|7]of|A] +48.7Y &7}
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o +44.4d= AGH} & olqt St dA o] LAY
stk= 29 & FASHs AeE2 1.5C 2413} o|% 9
SR 7 FASHA S Ao E yEdth TXx
= GWL 1.5 AJ7]o] +1.4C F7Fetal, A A+ B 2%
7} Z7F2 +0.5C AFSsh= GWL 2.0 Al7]0= +2.6C &
F5°] A=, GWL 5.0 A[7]ol= +6.2C F715t]
408T7HA =2 AoR HEgHT. TNx2 GWL 1.59]
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+13TC Z7}5ta GWL 5.001= +5.5C& 30Co] =23
AOoZ dAitdct. ®E3 1L HlT 249l TX90pd}
TN90pS GWL 5.0 A]7]9] ZHz} 106.2Y, 93.7Y dHAya}
of @A ohn] WA RI=7F Z2F 1.9v1e}t Lenll S7HE A
o2 AgHtt 53] I v 718k A<4(HW, TXx,
TX90p)2] S717F o A7 7|§k9] A4(TR, TNx,
TN9Op)9] Z7lHEtt & Ao g AWHch Fig 59 Fig. 7
= B9 AGE EAS E¥, GWL 5.0 A71E 7|&2

Table 6. Changes in mean (TA), maximum (TX), minimum (TN) temperatures, precipitation (PR) and extreme
indices over South Korea at different global warming levels (GWLs; 1.5, 2.0, 3.0, 4.0, and 5.0°C)

compared to the present-day (2000-2019). Values represent the mean over South Korea, with

regional ranges (min—-max across six subregions) shown in parentheses

Global warming level (GWL, ©)
1.5 2.0 3.0 4.0 5.0
TA +0.7 +1.4 +2.6 +3.6 +4.8
(©) (+0.6 ~+0.8) +1.2~+1.4) (2.4 ~+2.7) (+3.3~+3.7) (+4.4 ~+4.9)
X +0.8 +1.4 +2.7 +3.6 +4.8
©) (+0.6 ~ +0.8) (+1.2 ~+1.5) (2.3 ~+2.7) (+3.3~+3.7) (+4.3 ~+4.9)
TN +0.7 +1.3 +2.6 +3.7 +4.8
© (+0.6 ~ +0.8) (+1.2 ~+1.4) (+2.4 ~+2.7) (+3.4~+3.8) (+4.4 ~+5.0)
PR -1.1 +4.1 +6.0 +13.0 +15.5
(%) (2.5 ~+6.0) (+2.6 ~ +8.5) (+4.8 ~+9.3) (+11.9 ~+17.9) (+13.9 ~+19.7)
HW +5.5 +10.8 +22.2 +31.7 +48.7
(days) (+1.8 ~+7.1) (+3.8 ~+13.6) (+12.0 ~ +26.9) (+20.5 ~+37.1) (+33.0 ~+57.1)
TR +6.3 +12.6 +22.7 +31.4 +44.4
(days) (+1.7 ~+8.6) (+3.7 ~+17.0) (+8.8 ~+29.2) (+14.5 ~+39.2) (+23.8 ~ +53.4)
TXx +1.4 +2.6 +3.8 +4.6 +6.2
©) (+0.6 ~ +1.6) (+1.1 ~+2.8) (+2.2~+3.9) (+2.9 ~ +4.8) (+4.1 ~+6.4)
TNx +1.3 +2.4 +3.5 +4.4 +5.5
© (+0.6 ~ +1.5) (+1.2 ~+2.8) (+2.2 ~+4.0) (+3.0 ~ +4.8) (+4.1 ~+6.1)
TX90p +10.5 +21.5 +38.4 +50.7 +69.7
(days) (+9.1 ~ +12.0) (+19.1 ~+24.1) (+35.0 ~ +42.6) (+46.6 ~ +54.7) (+66.1 ~+73.8)
TN90p +10.8 +20.0 +33.1 +43.3 +57.2
(days) (+10.3 ~+11.7) (+18.8 ~+21.4) (+31.7 ~+35.0) (+42.1 ~+45.8) (+55.7 ~+59.7)
Rx1day +6.4 +16.9 +22.7 +28.2 +30.2
(%) (+3.9 ~ +24.9) (+14.5 ~+37.5) (+20.7 ~ +36.4) (+24.1 ~+51.7) (+26.7 ~+64.2)
Rx5day +3.6 +14.7 +19.0 +22.1 +24.1
(%) (-1.5~+19.4) (+9.3 ~+33.6) (+13.7 ~+35.0) (+15.3 ~+45.1) (+15.3 ~+56.3)
R95p -0.1 +0.4 +0.5 +1.0 +1.2
(days) (0.2 ~+0.7) (+0.2 ~+0.9) (+0.4 ~+1.2) (+0.9 ~+1.9) (+1.0 ~+1.9)
R99p +0.1 +0.3 +0.4 +0.6 +0.6
(days) (0 ~+0.4) (+0.2 ~ +0.4) (+0.4 ~ +0.5) (+0.5 ~+0.7) (+0.5 ~+0.7)
R80 +0.1 +0.4 +0.5 +0.8 +0.9
(days) (0 ~+0.7) (+0.3 ~+0.9) (+0.4 ~+1.1) (+0.7 ~ +1.8) (+0.7 ~ +1.8)
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Fig. 5. Regional changes in mean and extreme climate indices across global warming levels (GWLs) relative
to present-day period (2000-2019). Bars indicate changes for South Koewa and six subregions
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1.5°C, 2.0°C, 3.0C, 4.0C and 5.0C compared to present-day (2000-2019)
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7t whet & ¥st glo] fAIEAY AF HAdh= F
FE Helth ol W7 ASo] AFHoE HwH
495 UePdS Qu|gith PR GWL Z710] ot &
fgko]l AHHo R F7FoIARE, IQR ®ishs Adidoz
AgHH o g2 Yehdtt E3] GWL 1.594]+= PR S-9]3to]
AE HAsHE EAo| gRIFH, ol @2 2u3st &
oA 4 W3t AlsET A HEAHY JFol AthE
o2 IttE= FE Yepdch ¥ 37 oAM= 7]
FoF o g EAo] Yehdth TXx9] IQR2 A <F 1.6T
oAl GWL 5.0 Al7]o]l 2F 22T 71A] F7F5kH, Rxlday2]

IQR ¥A] A 9F 27 mmofA] GWL 5.0 A]7|of] <F 42
mm7] 56%71%F SE Tt ol GWL Aol whet 7]
L3} A5old BE 39750 ZEE ok Ao 1h
W} E3 A Z7HHS OJuldith. E3] Rxlday PRO
H)8) WA 2 IQR 74 Holm, AF U Ejoln 2L
2%7] BFol BRE Ao FeAs S/t WEA
om ehte 543 dggt 2, Bav)F W &
2 2% 479 o]% Pert F2 ekt v, 39
WSHs BE E 4A)9 S ket ol 23t
ule) Z1E 9ol et Bt A Wshuct 39 @
o) A94 Ba54 378 Bl ©8 2A Yepd %
ole-g Al

i -1011

(r o

3.3. 7129 GWLoE

Fig. 102} Table 7% -2jutetoll 4] TALF TXxo] thgt
GWLoE®Q| 37t2 2o}t W2 &S yepdlch ek
S8 7|& ¥ee R 293} +E004 #EA GWLoE
o] Zgsl= 42 Kotk TAS 4<%, GWL 1.5 A]7]9]
ojv] AF oA GWLoE®] L=gstr] Al&stH, GWL
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2.0 A|7]0& F 95% ©]42] X|¥jo] GWLoEd| Egsl=
A0 & YePHTH(Table 7). 0|3 GWL 3.0 A]7]ofl= A9
A FH(SF 99.8%)° 4] GWLoE7} YEF}H, GWL 4.0 0]
Fo= J5t AYofA GWLoES] EEdl= Ao R BEAx
ot} o] TAQ] W3} A5/} 2t WEAo]| B38| uj$
w2 A F7hoto], v W2 22Ut oAk Heo}
A AEES ouigitt FHHORE TETt =2 AkokA]
Hof|A] GWLoE Zgo] Atz o2 A% Z3ko] Le}
Ut} Fig. 3(0)9) Ad 1E BEXE 1eshd, 49 A
2 WS IA oAM= 7129 A Ms/do] HlwE 7]
T 2o GWLoE £2 AJHo] tha Lojx Aoz wmt
Hch v AX 9 GRSk A oA Bl wE
A1719] GWLoE®] =Edh= £74o] gel=rt.
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4 - = S0
Fig. 7. Same as Fig. 6, but for extreme temperature indices

TXxi= TAO| H|3] ToE o] Fidor AAx+=
ExS HQIt} Fig. 10914 TXx9] GWLoE 27F X &
HH, GWL 2.0 @A OA A7 41 & &S FHOE
ToE7} Wb, GWL 3.0 o]%o H=xHog Shite]=
7 o] gldrt. Table 794 %E TXxS] ToE £ WAL
GWL 2.0914] 2F 28.1%, GWL 3.0014] 72.6%, GWL 4.0
oA 90.8%% F7FoH= ZACE UEET ol 372
] 735 TAC] s Al W50l Aoz 331, Sk
E402 Qs A% FE] ¥ & 238t £F0] 97
7] fizo 2 sjAHTt o]F § AAISHA olslist] ¢
3ll, TXx9] GWLoEZ} 3514 Yel7] AlZsl= GWL
20 A712 71208 1P TXx M3EZ7} TXxO] dA 2
d WEA(STD)Y 31t E/4S Hloyltt. TXx STD
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Fig. 10. Spatial distribution of the global warming level of emergence (GWLoE) for (left) TA and (right) TXx.
Colors indicate the GWL at which ToE occurs (1.5-5.0°C), with gray indicating no emergence

Table 7. Cumulative percentage (%) of the total area of South Korea by global warming level of emergence
(GWLoE; 1.5-5.0C) for TA, TXx, PR, and Rx1D

Global warming level (GWL, C)
1.5 2.0 3.0 4.0 5.0
TA 2.7 95.1 99.8 100 100
TXx 0.1 28.1 72.6 90.8 98.9
PR 0 0 0 0 0.7
Rxl1day 0 0.1 0.6 24 7.6
= 1= RFOIFE 4o AHTA( = 0355 EoH, 1L Hrgst= Al

T 37 B E5F AAHO ~ 200 m)] 1.16ToA 1A
(1000 ~ 2000 m)] 1.69C7HA] HA| = Agzoz =7}
Shlct. vlE TXx S7FE-2 =9} oFgh ko] AA
= 0.28)8 H3ou, It EXoA= HE AbetA| o)A
& 37P7F vEhd BHA, sitA oA = Atid e s &2
7P Uetde 5 & ofye} Yo =RE ] A
a3 BEgHog FolHEn ESH TXx STD| F7HA
HOlL 10~90 WEYS: 7]E 1.0~ 1.5C (MY 0.50)2
Hw & AgAo| e ¥hH, mjgf TXx HIH= 1.5~3.3C
(H9 1.80)2 Hjnd & 374 ¥548E YUetirt. o
£ GWLoE 4Hgof AR&E+&= SNROJ|A] Noiseo] 355h=
AR HEFETt Signalof sigsh= vl W3] It
A Zpol7} ¥ A U u|gttt wEhbA Fig. 109]
A AXE TXx9] GWLoE ZHEILE dAA WEA9 2}
o|Hth= mlE TXx ¥2FFe] 7] o] 93 F=
ARE= ZoE 4T 4 QU

o3t At= TA ¥} 7|FHg} 4S5 E 7Y HA
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FolH, S22 TA W} o]Fof Hxl
< AR F, 712 7IREe] 715 st Y
e @2 2uds) fEoME wEA dAsk 4 glo
o, E5] TA A4-2 27] BA o)A oln] L3t ke

3.4. #4+2 GWLoE

Fig. 113} Table 7 PRI} Rxlday©]] tj3t GWLoEZ]
F04 BE B47 0y vgg woizd. /| el
PRE RMFHO R ToE £l SA AdE, A% A
AL B4 717 olAE ToE7 Lehbd] gh 542
ReItk PRE) A9, dhie] AolA Tok7t A 24
SHA] ¢kot, GWL 5.0 SA A% ToE =& 20| oF
0.7%9] E}stch(Table 7). Fig. 1194 PRE tjHio
JoJo] 4 SHEIER) O ek, o]t PRE| %& 7
Q@ wEgoR o8 J|Fust A5t BAM0R SOt

A YR © 70 Alzto] MRghe ojulgitt
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3.0014 AF 2] H(0.6%)°14 ToEZ} UEh7] Al&Fstie,
GWL 5.0 4] 2F 7.6%2] HAol|A] ToES] Zddl= A
o7 EAHQ}. Fig. 119A4%E Rxldays= =A|HO=Z
ToE7} UEE g9o] MXHo g Sx= FTFS &2
o, E5] AFEL} FH St AGolA HuH HIE
ToE Zgo] ERlFr}. ojzjgt F7H4 EXE= Fig. 3(c)9
A% EAQTNE DFHA AT} AP GojA= A
a3t 98] PR ®sAdo] A YERY ToE EEo] A
== gh, ol 2 AR oA S5 S 457t
AoFog w2 A& Aol UEhdrt. E3] Fig. 8
of Yeht kel o] A 9 gt At Zo] 5=
371 BFo] Rt A GollME S ST T35
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TUHOE, PR TAS} 28] 7|5Hst 4157t A U
B, PRET RxldayollA] AHZO02 w2 ToE £
o] Uepdt}. o= PRY| F-%-of 7| THIF Bt AH §
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4, 42 % Qo
£ A= 714839 500 m ST Al 715
W3l AlUE g E85to], 213t R0 nE gy 9
I35t 71 7F40] Wsks Bk, 7|3t 4159 &9
X179l GWLoES HHZ oz g7lstatt.

WA, 500m AT 7| FAFEE 7]E€ 1km AR O
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staoH, 59 g &t grdd FHEE 5440 &
vebtth B3 B9 siobddt At A 99 F7t
T2E ¢ AdsHA Edsh, 3% APS 7H gk
ToA A i 7| S BAof glo] AT RO
2 77 =52 HojEth

GWLo| w2 u|gf} 7| eH3} B4 23}, 7|22 BE 2
W5} DA A 4ot F7HE BYloH, A4 GWL 1.5
oAM= A A Holtprt o] F7IE AL, A
o 9 wd 7k ¥EAgo] IA vEpstth F97159] A4,
B AHET o £33 §aF UEth St
(HW, TR, TXx, TNx 5)= GWL Z7}o] uz} F43] &
7kstH, £35] 4 H17] T A5E 243 7] o)F
H27 F7lete §4L Eoth =3R4 (Rxlday,
Rx5day 5) £ B4R & $7HS HolH, §9]
35 9 ot A HoA F7F Zo] IA YERylth 3 F
#7150 A= Ao T2 HFAo] IA WA Y= Hh

¥, SRl Bme] Zel IQRo] Shefslo] A9 2
BEAol 37k S70] Salggith

GWLoE E40)A= 7123} 4> bl F513t 2Jol7}
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(2F 95%)°lAl GWLoES] &3}, GWL 3.0004+= # 9
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