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ABSTRACT

Reliable planning for hydraulic and urban drainage under climate change requires station-scaled
IDF(Intensity-Duration-Frequency) curves that represent future sub-daily extremes. We develop IDF projections for 60 stations
across Korea using long-term observations and an ensemble of regional climate model outputs under SSP2-4.5. Sub-daily
annual maxima(l - 24 h) are generated from daily maxima via a conditional copula-based temporal downscaling scheme that
treats the 24-h annual maximum as the conditioning variable. Multi-day(48, 72h) extremes are taken from bias-corrected series
using quantile delta mapping, and frequency analysis applies the Gumbel distribution with probability-weighted moments.
Changes are summarized by return period and three future time slices(2015 - 2040, 2041 - 2070, 2071 - 2100). The results
indicate widespread amplification of design rainfall, with larger percentage increases for longer durations and rarer events,
and with clear spatial heterogeneity — stronger signals along the eastern and southern coasts and more moderate responses over
inland basins. The downscaling framework preserves the climate-change signal of the driving models while providing
station-level, sub-daily estimates suitable for engineering application. These projections offer a consistent basis for updating
rainfall design standards and reassessing flood risk in a warming climate. More broadly, the copula-based approach provides
a practical pathway to translate daily climate scenarios into sub-daily extremes for adaptation planning, while highlighting the

need to consider duration and return-period dependence, as well as regional variability, when revising design criteria.
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St A7F REIL A WA 7] SHEE 5
T2E A A FFE FTHLE BFriolE=
A7t &s] AdPEo] om(Chung et al, 2011;
Kwon et al., 2005; Shon and Shin, 2010), AFE =2 =
A F AU E TEoh= A2 T A9 A4S
HHste $2% A4 IAR JAAEHT QU

=3 AS= DA HSE= EHLE Qs 9, Al
1 HEAE 5 8 TR ET BA] 7|RkAE A
A 8T Z23ste] Yigt gsiE fdshs @A 9
¥ aclojtt. wabA S5 A9 Y AREE AT
Moz Wrs] AL 799 2% (Intensity), M4
ZH(Duration), 24 ¥l % (Frequency) 72 SAZ Ao
gt A A Al £AJo] A o]tk (Eagleson, 1972). o]
ot 42 AEHoE % wHlEsaof 7Rkt &EFS

ZFo|u} IDF (Intensity-Duration-Frequency) =A< S35

Y =¥ (Koutsoyiannis et al., 1998), o]+ I ARE
BfO R TRl A&l AR TR 499 B

AA 54L& BESHA AAIRI.

T8y 715 RskE 79 HiE1 2] B4 /g (non-stationarity)
o] AgtEHA, IA TEAF T oEd= AEH W
SiAZ vl S AR5 dSche d FHt AAE =
it} Milly et al. (2008)2 7] FH3tE Qs S44 <
8478 7180l 9 ol faSHA gdee AAskalen,
Lee et al. (2020)2 H|/3A RIEs4AS S &5 7|6t
24 71¥o] vl A% A4s] wrgshA] &
Kot} ol2jgt A Heshy| s AR 7|2
d(GCMs) &A= E 7|Hko 2 IDF A AHsh= o
F7F A =]o] £ko m(Martel et al., 2021; Schlef et al.,
2023; Sung et al., 2023), 2ol B]HAA WL}
Copula o5 B85 9 &+F% EP3KSuresh et
al., 2023; Zhang et al., 2022) 5 T3t A7t =PEH L
At 12U 7|E AHES FE 4 &Y Axw B4y
£ A g HeEE= AE AYIL glon, 2 Ao
A= Copula 7|¥F AAsE 7S A-&sto] 7|$2d o
@49 ARE A B FA AR HEst, o]E &8
of w2l IDF F4-& APgstATh

o LEAQD AR el 7| Hdo] AZF ©e
(sub-daily) AA=E ArEStol|: E4tstal, 1 Aol E3
A/go] ol FEehy B4 Ay &-857] ofFth= &
o]tH(Wehner et al., 2021). o235l o]f-2, dA] AF=+=
oiEEO njE 7S HSt AU = AiAoR AlFE
7h SR o &9 A= HEEL QU 2y AR &
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3% 2A0] reA| AElojof At
E JRoAE 7|4 ASOS (Automated Synoptic
Observing System) A 9] = 7}2-2} CMIP6 (Coupled
Model Intercomparison Project, Phase 6) 7|5l SSP AJL}f
Yo E AAStA, 210087HA|9] vl F37t F S48
dgshe IDF F4lg APgstast ot o &9 715524
ASAREEEH AFE w2 A7 T9(1~24A17h) F9-=F
= BT & s BSE 24X A At
(1217170 2] 29 7t9] AR o&EF2E P35t
+ Copula 7|9te] AIZH4 FA|3L 71WE A-8-5H31. o]
£ 3% TAo] AFA, 71435 gRlof o5 EHo
2 A|oFE7] 2o AEAIZPE A8 7t 72T AA
ko35 Ao]th(Genest et al.,
= et Al E A AAES

Ay

A7

Ry

2007). 012 Eof B= EA

TE3ho] nle WA ]

olom, 7] A& AZHAS, T2AZH7HA] BA WS S
shol, Thaket AZHtmol We g 2 790 wshE
30w Brlsler.

2. g+ 34

2 AFolA = 714% ASOS AH 5 TS 7|7to] 30
| ol gEH 607 AHS IR £4E s
o & A9 FeAmes 24 43S A AEE A
&5to] HolE 9] AF=et £4 Aol didS &HS
Rk A9 HA A3k Fig. 10 AAE O] o, 24
o &84 IS AHY FHH EX= Fig. 20 HEHHL
th o]& 7|t 2 FZF CopulaE ©o]-83F AI7HA AA|
3} 9 wjef IDF FA 48 AR ystloh FA1A ]
HgS o Zr

AR, JZ717H] A= 24A7F TS FAGSFE
7|1EHSE, B 7] dsjA= 71 EO] 24417 o

HFE 7|EHSE 7 45T Copula 7]
o] AR EXE o]&sto] 7|[EHFERH 1, 3, 6, -,

| @7] AEAE FAGFE B ol

ARE SFEFELS IR 2RE APH 24 % Gumbel
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Fig. 2. Weather stations used in this study
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Fig. 1. Flowchart of Copula—based downscaling from daily to sub-daily rainfall
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2.1. SAEERE MY

FAAFY HEgfAo= FX|o]E(Extreme Value
Theory)Q] Fisher-Tippett—-Gnedenko %] <A% GEV
(Generalized Extreme Value) HX7} dg &=t}
(Fisher and Tippett, 1928). GEV £X&= 9X|(n), A= (o),
PO Al HE HoHM, o] F FHEF(H)e EX
9] me] RES ZA4st= g4 gdoltt Iy F4R
& BEAR st EQHYsHA £4E & 3loH,
o|& <lsf A&7zt 1009 o439l AHlE Aol df
o SEAFo] A FEEAY A 7F deAdol Ao

= BA7F &8 Al71Eo] grk(Coles et al., 2001;
Katz et al., 2002). =] AA|7|& 9A] GEV XS ¥
o= 3%, Ane] E4T A% o AL 5ol Gumbel
=329 A& 5-8stal U (Ministry of Environment,
2019).

ol oA E dAFE GEV Exo FALSLTL
2= EAAS HiAIskL eHg ARl SX% 70l 7Hs

St Gumbel X E =5}t Gumbel 32
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(&% 002 THTOH 12| Rro WEHE Aol

E5] 2 37|17 B2 Holx FAtHrobust) EEA
5 AFgo] 7hs't Aol Slth(Hosking and  Wallis,
1997). B39] 14 o= SE/S I HEH(Probability
Weighted Moments, PWM)2 #8359t} PWMZ o]A}
A(outlien)ol et WEA R ARBANE Hpo] A
of, HfEHolut HaAksHo Bl eHgAQl HwiAH
F FAo] 753t Aoer EEA Ql(Stedinger et al.,
1993).

H99) A&AME FAPES 45 7ol AT 4
AE Holo, o]g|gt oL Tt A7 AT
2 Asksl @] otk 53] £ Wt FA0 Fet
Q) e 2% We) RS A2 FRA A% 42
Mozt EAs| YE WHFH 22E Aad olefat
WAS FEs] 98, B AL 2 Mae] T
29} 0|5 9] OF F2E Belslol HUAY 5 Y=
Copula $E &-835199 ). Copula 3+ Sklar (1959)9]

w

ol 719tste, Zh wiao] B FElo] A|2F glo] ohef
@ HgA s 1o ©24S fdo) BEY
o & Qo] 7 4 7|F HopolA g8 HEEH Ut
(Genest et al., 2007; Nelsen, 2006).

B AToE B4 A&A0] FAZY0] FolA
2 W), BhE A%ALY NS 2AT] I &
ZX Copula (Conditional Copula) @& E=UsHATH
(Kao and Govindaraju, 2008). F-A &0 2, 24A|17F =]
BE= 7R NE AR, 2447 H|vke] &)
ASAE ARG BN At A
()2 71859 gE3(v)e] Fo5S o SHHSTY
SRS T 2% FHRETHCONS Lt

Wik,

N

Table 1. Archimedean copulas applied in this study

EKM - BB

O
[ Sy Ly

P=HX<z|lY=y)=ClulV=10) (D
= %Cg(u,v)\V:v
= Glu) | V=10

A7 u=Fy(z)et v=Fyly)= Zt W5 FHEL
o] &3 AF9H FAgEGeIth 7 AFE o] AE
gato] QefA 2447 FAFLFWO R vl
Al SAZF (S S5

Copula F5i A hHA o)F 728 wAYS=
Elliptical A%} H|thA A FLzxo] A3st Archimedean
AL=ZE ESH) Elliptical A|€2] #2490 Gaussian U
Student's t-Copulat= H<= 7+ A4S 7Hgotez, ¢
AVSA ™ AR Es S ArEjolA vt A oj&Ado] F
A Yehts FA] A4S Roshe dle A7 ok
WH,  Archimedean Z#|¥2] Clayton, Frank, Gumbel
Copula 5 27} ZHEsHAA = thget FEo H|thA
4 oz 728 29 2T 5 U= Ul Ak
E3], Clayton2 S} A8 (low-flow), Gumbel-S A5 #7
g (high-flow) 2]&/4] 22t Fojy +Z5H8 3] @4
240 g9 &8

wepd 2 Aot 29 F el ugAE ne)
oS aIH o =R qrYgstr] 9ol Archimedean A G2
Clayton, Frank, Gumbel CopulaE TH ZFOZE AXs}t
gom, 7 BHo] AMAS Table 19] AXSAL A%
AZPE QAHNZLFES 7 Copula REE Hto] 4
gEE Mt ¥, ti=(Log-Likelihood) gt 712
2 24 nge gyt 15402 A4F Copulad)
FAVRRG SO WAZHI~21ARY IAFLE
e

B QTOIAE 4 ()9 2% Bug Y5 99
o]¥H=F Archimedean CopulaE %853} Archimedean
CopuhZHE 2A% BEE GESRE HYLS AT

(generator function, ¢)& 3l o|Fo|XH, 1 LA

Copula Type Equation Parameter range
Clayton [max(a ?+b6 ¢ —1;0]" V¢ 6 [—1, 0]\ 0
1 (exp(—0u) —1(exp(—8v) —1)
——log|1+ =R
Frank 7 og oxp(—0) -1 ERN0
Gumbel exp(—((—log(u))? + (—log(v))?)/) g€ (1, o]
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Table 2. Generator functions of Clayton, Frank, and

Gumbel copulas

Copula Type Generator function ¢(#)
1.9
Clayton 7 =1
—0r _
Frank ~In® 3 !
e "—1
Gumbel (—=1nt)?

4 @9 2tk

oC(u,v)
v

clulv) =

@

=¢(o ' (u) + o 1(0) - (¢ ') (v)

o714 Cluw)= 75%‘—3% ok

=
& SpoUch o= 2 Copuls 2991 2% 59¢ 3o

She gRsole, ¢ sk o

32 e usa} v

(19 FH FHREY

1
42 %%EH#(X)?% 7z

Fr(Fy(z), Fy(y)E Sl g

H gEHeIH & ﬁ:rmﬂ/ﬂ A2t Clayton, Frank,
Gumbel Copula®® 4| %]Q1 AASHr9] FE+= Table 29|

Aelaaict

Archimedean Copula®] 75 B3I = generator @%\—9}
G S olgsiel §EE 4 Aok £ ATl 4

()9 Z27F Copula A& v 5] Hu]Esto] ZHE

Archimedean Copulas T ]—93\2134 1 A= A 3)T

Zo] yehdtt 4] (32 YNty o=® h-gpeet EdTh
Bcog) = A ele ' (u) + ¢ '(v)) 3)

_1_9} Archlmedean 7:]]%:‘-4 4

=3
= C
HhATRS thEQlow, FAIA]] F= Aaket h-Feo] A

>
o

AL Kim et al. (2016)°] AHAI5] AA=]o] it

I N uw,e) =0((9) Hug (971 () —9 () 4

2.3. IDF 54 4H8

2 AFolA= 4Al Copula HFS 53 AFZE ml 9
AEAME F273S- AALE o]-&sto] IDF JA42
otk WA, 2 AKAKHOER AFHd BT
(Annual Maximum Precipitation, AMP) A¥& FAISHAL
Gumbel 23 A5t} 9 (x,) W A (o,) AR
£ 245190t} 249 EsS ol gstel 54 A7)

ZHT)oll it FEF9HQ, (1) A ()2 2ol AHst

Q,(T) = F; (pigi0,), p = 1— 7 5

A7IA p= AE7IZE TOl| sfgshes vlzTetEolt:. A
H FEFFHQ(D)Z 3T ASATHA)LE ol
BB (T)HE T
o|gdA A E Ao /fE x&A|7Ho| Tl o]
A Q(discrete) o=, o] & *17P°ﬂ gt 7
TE 24 £ JrE ALEZFQ] s FEHE Yut
BAsL olth ol 919 & ATONE 4 (03 2L
A9 AYAE A8elo] AR/DY IDF 242 £

l' -lo
Lotk o 3

_?Lo

1t) = 1o (6)

2] (6)< Bernard (1932)°] Q]3] 27| Fej7} A|QHH o]
T S HopolA g AREEo] 2 Koutsoyiannis et
al. (1998) 98] LAlolt}, U ATL(Kim et al., 2018;
Yoo et al., 2016) ¥ A AF(Ministry of Environment,
2019)0 A= 1 AP0l HFE o de &-EHI Utk

3. 38 24
3.1. 7122

E ARoME 559 A Y7|THd(Regional Climate
Model, RCM) AFEES 8513t £40 AH&-E RCM
2 HadGEM3-RA, CCLM, WRF, RegCM, GRIMso|H,
D% ST oF 25 kmE FOoFAloF o] tish Al
3tel Adtolt}. o] RCME2 F=r 7147389 HA+ 7%
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=103 R L LR
[9) =
e e e e worel s g ESE 1-2AT AT B A4S AT
28] 1S A5 AARE ] AT DAY oy by s0)~ Fig. 309} 20l A%AIO] ZolES
(1979 ~20143)3} vl A2 PRt AluE] 2 A9(2015 2 ASo] AN 2 YA WA AgAdo] obx|n, AF
~210015] OE ?_/\ng_ H]EH 7]'(‘73:1?4_ /\]14-3_9_.‘:_ = = = =249 1l ol o iz s O
L); e ;‘ = o AT 61O A 0.85, 21A1ZF A 0.99= HHF o=
IPCC 62} H7IH A (ARG)ONA AAIH 4F0] FFAR _ . .
%Xﬂ%ilssll}f: ;épz 4)? | ;s;l lo s;; 82;}2 S7RIE W Fig. 3@ Fig 3034 o] @2 A5/
SREEEI20, 552, SSTD, S Eas ZH1 -34S Bate] 27 Uiehta, gRASE
TSR, T 0] 385 ROME S TIEN zt 0s6st 072 g om 2 b, lefe 4
71 25 7|&ZH35} A A L5t AW oL = ) . ’
[6) — 9 = - =
e CREETE e oxph wi 297 4 982 EOHE'%, A 21710 &
o 2 d7olA= AAF FEie] RCM 2k2E A1 7IREe] o .o =6 2o e & 9log Aabel
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Fig. 3. Inter—duration correlation

of extreme rainfall at Suwon station
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Fig. 4. Gumbel probability plots for each hourly extreme rainfall at Suwon station
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6A1Z1N A 9] ARoA] o] 24 Thu] BT} Sl
w1 9] A& Al A FREew BEX7F 90% Al
F2F ol 9Aste] 0|24 BEES I mEl AL Hol
Foh 4 AT A4 2 AN f45E %S B

=
%£35}o], Gumbel EEE AA7I7F A H 22 Copula

iy

- -O

Ut o4 (Log-Likelihood) 32 7|&C2
5ol om, Table 32 4712] thiE Ao et B7t Ao
Hojgoh

6071 A xHo] gt &4 A3, Gumbel Copula”}
7MY =2 HEE Y Yo HAAEIY. I obd
AR FYolA= o Ae o4 Bdgof Aol A=
Clayton Copula”t, =5] X 2|04+ Frank Copula’}
A=t AFo) met 1 2y 7t g9k 3 X}
o7} A %2 ALk AU, & AolA= HRHH
Q1 Aol A 92 AWAdS 112]56k] Gumbel Copulas
HE AHo| Hgole dY BFPog FF AASIA
olof we} o] F 9] AIZHH AAIet 9wl IDF 34 4Hg
L2 Gumbel CopulaZ 7]Hto 2 3§5}9ct.

WP 2% Copula R3] ¥4 A5s] e,
o] FHEER Aests Aol ehehe AUt 7127120 BEARE OPOR ROAEE Syl
B o] 283 HA Copula BFL 7]1E77F %A AHE Gumbel Copula®t Gumbel FHELE o] &
(historical period) BEAEE o83t AFstATE. WA,  sfo] QLAY INPGF AALS FAYR P
7t ASAPEEANE W WAZH IS Aol %, 0|2 BEE INASTO| BEUEHS} HlLste
Gumbel FHEES A7 F, 0|2 o[ g5 AHE = th Fig 5= 47 HhE Aol ek vl A3e Hojzct,
&5 7HS Archimedean A B9 Clayton, Frank, Gumbel JgoA & £ Q5 29H Z45so Exle 7=7)
Copulac] 217} A3tttk M2 B@e o] Ay o Bxol f$ SAON, BF L B4 5 38 AN
Table 3. Model selection among Archimedean copulas for representative stations
Station Archimedean Copula
Clayton Frank Gumbel
Suwon 28.0272 28.0641 30.3590
Chuncheon 28.8217 27.2099 27.5727
Dagjeon 25.9320 29.2542 36.4717
Geumsan 27.3301 26.6889 36.7248
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Fig. 5. Observed and simulated probability density of annual maximum rainfall
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Table 4. Percent change in rainfall intensity by return period (S1, 2015 ~ 2040)

o A, ARk FEE U AiHoR 7] ASAZEY %

008) m]e 39F0] F7h Ho B tﬂ 2 & 9 BolZth YA, B7F BxolA

1 15 Febgel AEst vl B (BT deikEAAY, A el 2 Zﬂ%
o2 AN BA, A7k9] 58 w7kg°l AgE oz 24 ek, FAR

| -39 0ot 395 27} A1} Ao Fadl o] ARl S A5 A, EeE 2

T ASshe Welo] Gesteh A, 5 AL B AOI] FAH 1% A5 ehtos, ol#jg

6A1ZF 7o) WA el Wskero] 12AZERTE FA SRS 6AI7F Z9akT} 1241KF oI AR Ak

o

Lo

Station Duration Retum Period (years)
2 10 30 50 100 200 500
Suwon 6 51.62% 51.17% 50.96% 50.79% 50.75% 50.71% 50.48%
12 61.03% 60.93% 60.88% 60.83% 60.82% 60.81% 60.89%
Chuncheon 6 38.43% 37.37% 36.99% 36.83% 36.83% 36.83% 36.90%
12 41.81% 43.22% 43.81% 44.43% 44.61% 44.76% 45.13%
Dacjeon 6 62.03% 62.53% 62.79% 63.00% 63.06% 63.11% 63.23%
12 72.81% 72.14% 71.77% 71.47% 71.38% 71.31% 71.13%
6 49.54% 50.98% 51.45% 51.79% 51.89% 51.96% 52.16%
Geumsan 12 64.02% 64.81% 65.28% 65.90% 66.08% 66.23% 66.61%
Table 5. Percent change in rainfall intensity by return period (S2, 2041 ~ 2070)
Station Duration Retun Perlod (years)
2 10 30 50 100 200 500
Suwon 6 33.43% 34.21% 34.66% 34.94% 35.01% 35.07% 35.23%
12 36.62% 35.77% 35.31% 34.94% 34.83% 34.75% 34.52%
Chuncheon 6 51.10% 50.77% 50.70% 50.47% 50.41% 50.36% 50.23%
12 54.39% 56.21% 57.21% 58.03% 58.27% 58.46% 58.96%
Dacjeon 6 77.17% 78.90% 79.96% 80.85% 81.11% 81.31% 81.85%
12 94.37% 93.88% 93.56% 93.29% 93.21% 93.15% 92.99%
Geumsan 6 48.13% 51.01% 52.11% 52.77% 52.95% 53.10% 53.47%
12 60.59% 60.81% 61.30% 61.72% 61.84% 61.94% 62.22%
Table 6. Percent change in rainfall intensity by return period (S3, 2071 ~2100)
Station Duration Return Period (years)
2 10 30 50 100 200 500
Suwon 6 31.94% 32.12% 32.25% 32.52% 32.59% 32.65% 32.80%
12 35.56% 36.22% 36.57% 36.87% 36.96% 37.02% 37.20%
6 60.80% 60.79% 60.84% 61.19% 61.29% 61.36% 61.56%
Chuncheon 12 64.23% 64.92% 65.22% 65.64% 65.77% 65.88% 66.16%
Dacjeon 6 78.65% 78.53% 78.49% 78.88% 78.99% 79.08% 79.30%
12 92.11% 92.00% 91.94% 91.89% 91.87% 91.86% 91.83%
Geumsan 6 51.57% 54.18% 55.27% 56.12% 56.33% 56.49% 56.91%
12 66.36% 67.08% 67.48% 67.81% 67.91% 67.99% 68.19%
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