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Abstract

Due to climatechange, precipitation variability has increased, leading to more frequentoccurrences of droughts and floods. To establish measures for
managing waterresources in response to the increasing uncertainties of climate conditions, itis necessary to understand the variability of natural river
discharge and theimpact of reservoir operation modeling considering dam inflow and artificialwater supply. In this study, an integrated rainfall-runoff and
reservoiroperation modeling was applied to analyze the water supply reliability andflood risk for a multipurpose dam catchment under climate change
conditions. Therainfall-runoft model employed was the modéle du Génie Rural & 4 paramétresJournalier (GR4J) model, and the reservoir operation model
used was an R-basedmodel with the structure of HEC-Ressim. Applying the climate change scenariosuntil 2100 to the established integrated model, the
changes in water supplyreliability and flood risk of the Happcheon Dam were quantitatively analyzed.The results of the water supply reliability analysis
showed that under SSP2-4.5conditions, the water supply reliability was higher than that under SSP5-8.5conditions. Particularly, in the far-future period, the
range of flood risk widened,and both SSP2-4.5 and SSP5-8.5 scenarios showed the highest median flood riskvalues. While precipitation and runoff were
expected to increase by less than10%, dam-released flood discharge was projected to surge by over 120% comparedto the baseline

Keywords: Climate change, Integrated rainfall-runoff and reservoir operation modeling, Water supply reliability, Flood risk, Water
resources management

2S-9E U AAR| 2% A oIS S5t 7|S k| OISOHHE U B4
E SA: BT QO AR

|2 Qlsl 22| HESM0| 37161017 tE = 7 H HIRHSIA| EASI QICH SEMdAM0| S7t6te 7|1 Z70| thSote SAK A1 He|chaie] £~2E 2lshA
=, SI9| A REI QISH ES552 2F 125 2| 2F 2O|S E5104, Ol L 2| ZSTHO| 21 Ald Fol| T S2Q1 40| AH=|0jof Bict & A
TOME Z2-FE0 22| 2 ZHE HAH Z2olot0], B FAS thie= 7S H310] TSt Ot & E+2(d e EAS -3otRICt %*—?—-%%Eﬁéio =
modéledu Génie Rural & 4 paramétres Journalier (GR4J) 28, {4A |2 2E2 HEC-Ressim 2&0| 225 71X |=R 7 |BI2 S HE3IQUCH 722 A 23
Of 7|= 85t A|LI2|2E 210037 | 2 85t0] TH-THC| 0|0t e Al S4203E HetE HHH o2 FASIIC Ok e 24 A1, SSP5-8.50] Hlsl SSP2-4.5 &
ol O|=QHAE F GO0y, O[22 24T 25 A 2B Ol QREY H S715k= 2422 LIEHICE 3, HORH 7 [ZH0fM= B4 Y o] H2{7t TS 5012
= QO 2LEHOM, SSP2-4.52+ SSP5-8.5 5 A|LI2 R 25 $HO[2 7 [ {0f|M S~ H =0 SULI0| 7F EQUCH LS, HESZUT-ZNAZRER I TH| 10% 0|2t
S7tot=r Hlol, STAIHFELT IR 120%014 7010, HTCHAR|HO! FHURAS| 2, 02 7|S RS2 QIS S4ATTI | 45 22 oflofEICt

MBOL: 7|3, US-RE U A4A) ¢ 2O, O4HE, EA9IYE, 2242 22|

JOII

*Corresponding Author. Tel: +82-53-580-5296
E-mail: dkwoo@kmu.ac.kr (Woo, Dong Kook)

© 2023 Korea Water Resources Association. All rights reserved.



766 S.J. Noh et al. / Journal of Korea Water Resources Association 56(11) 765-774

1.ME
ietel=o] 7]-2-2 2wt 10017 104 Tl 2 tiZF0.18°C
2 ASolal glom, Zhe-ol HiEAdo] SUtot 7hE B &

7 R SHA A skl Qlof, 7159
I Q3FHNIMS, 2018). 715 H 5}
ojitetet A o) Fk = Al |11 2| E P45k 9L 0™ (2023
A 59 7|5 425 ppm), $ O = 7SI A 0 = Al Qlrk
(IPCC, 2022). E35|, @A 715= A A AT 2| 2He] 7] &
H3} AJLta] @ (Representative Concentration Pathway 8.5,
RCP8.5)¢] ¥2} £ &5 JolA il Qle o & H7he et
(Woo et al., 2022). o] 2|3t ¥1g}2 Qloto] 2FA ) R et
77t 57 = o], AF2), A wlsiEgt ofy g Qg4 5
o] 2|44 o 2 HAE] 11 Qlrt. E5], Ut A= 2 Al
2odllof g2 RS o} 71e-0] t fo] o 5o F 55 o]
Ao, FEO] 80%7t AHA] = =] o] Qo] FEAIT] B
o} G523l 2k )7t F a5ttt ofofjute} tho] | 2
Fo= PN & FH R S TRk glom,
7| AR | o]t W B4Rk g 7E, T thet o

o

248t o] 4:31o]

Qo102 oten

i

O

N,
=

N
o:
r

N

4 o] o] A Ht F a5ttt

7| HBER QIR 7|2 W 7h4e=Fo] 'Sk} 2b e T ofl
n|2]= G2 AESH] o= A -7= S &5t ot
AR 55 B3 olaliola, | fd=t JI3A &
TES 1R AR QG ROl E o5 Y A4 SHA F
o2 FAsfjoF gt} WAl s 2 Y, 5, A
5 Eowy Yo, 8 I, o AH| 5 it
A7 H A Aejet ATt 7] S So] w2 5hd -
Fo| B Al A3 ol qlo] B4 o),
- FERPE o] 8ot 7| = o o] &
n| 2= FFS FrEeE oroRet A7t X s = of Lot Kim er
al. (2004)2 FE T 7}-9--5-& B2 SLURP (Semi-distri-

buted Land Use-based Runoff Process) 232 S5 79
ol 4 aled 71 A B -5 BAET, Aol v]
3 2F7.6% HAdh= 2 0 2 BXE| ]}, Shon et al. (2010)=
G2 SWAT (Soil and Water Assessment Tool) 2.3
& 018810 YET 4218 TRl 2 |l A kel e

st 2 9= € A 2R St Bae er al.
(2011)+= PRMS (Precipitation Runoff Modeling System),
SWAT, SLURP 37}2] ELg& 0]-85}] 7| 513} 2-84] 7]
20| 2A F7FdE Y E Aol SR AL, o

SHRER e o] B8-S T efsto] SHItE ulef] =2k Gk
B o] " adh A o 2 BI5IT Lee eral. (2012)=
o)af 7] 585} 284 SWAT 82 o] 8ato] Y7del 5
O FEAN T EAS T4t uI S| 2 e g, A
H 2R Auh 79, s, 272, A 729 3hel
73%-9] H| 85718 Al elotals A A 0 2 F715HIT. Ahn

2013)= SWAT 2% o] goto] dupd £5 §9
Yo = n|g 7| & s S B2l Al
Bl A}, 7)-L, A5 GET 2] 2ot

~

)
~
Q
~

Ee)
o

il

o 2

3 1, 0T O,
FEE, BT 74519t Woo et al. (20232
=P Q1 IHACRES (Identification of unit Hydro-

graphs and Component flows from Rainfall, Evaporation and

o rdl o flo
L
ot g,

ol
i

Streamflow data)2} modéle du Génie Rural & 4 paramétres
Journalier (GR4))E ©]-8-51] Z4= 4 7|2 H3lo| i} /&
SIS Bl A A, et 7)ol S R TR
FollA Adolet xS KA, 7] e Hste] JoF oA Al =24

9 5 A T ol m A= <
3 e A2 29 o5 58t ol H 4]
73730l thigt A g2 4 0] GA ph =] ofof jiet. o]
|50 tsto] Aufist

T e AL E ofnlstH

S Sk T8
A= SGHT & 359 S Brsh] flof o<t
AEE A8y AR, 53-8 AFA UFZE
40 2 Catchment hydrologic cycle Assessment Tool (CAT)
Ry o g 542 245 afstal W 2 Tefof mhE o]
TS P71t A (Jeung er al., 2021)2t 5 U8 A4
£ o= I 7l g 2-8-5to] 1A o] e ot
715 3 Al U] @& A8t nl2f o] P & Hrtstal 7|
3} off- 3 QS A Al AFH(Kwon et al., 2020) 5] 81
E2E Yoo et al. (2021)2] Ao A & e=2] tHE4] Hoj|
sl AA] & 555 2w S I O & & K5 X|9(water-shortage
index; SI)&} AWtS} & H = 2] 4=(generalized water-shortage
index; GSDE °]-8-5to] ¢-2uete] | 8435 522 Bt
SHAT Lier al. (2019)8] A== H ol 792 BAA
¢ A2 9] 4 Fgoll gt 7Ha] G2 B7Fsh] flah
copula 7|"H 0 = 5P & APdskal, A=k, 315, FoF
T, 7HE $18 A|4+(drought risk index; DRI) & 2|4 754
Z]4=(sustainability index; SUT) X| 25 2851t} Hakami-
Kermani et al. (2020):= A5=2] -4 2] E4/44-S 1efsto
7| 37} 71 et T thE &, AHEel Bl A=

2
i
rlr
ol
>
ofl
lo
1o
oli
o,
>
2 o
o

._V‘L -{Oll



S.J. Noh et al. / Journal of Korea Water Resources Association 56(11) 765-774

gk grslal RCP AluhE] 2.9f Wt Namrood Dam Reser-
375t

voir System Performance Indices®] B4d-&

767

2, A8 s

Lieral. 2010y 7= Zefle] ol obd 55 9 A4 2.1 ARG & 7|3t AlLt2|2
¥ sl tigt mizl 715 Hate] A G2 20019-7H DA HQN A2 Tl = B e o] oA
21008 7174 che] BAat ek, bA AR Heb o] 749 o] Aol g ot A R R 925 ke, 2
& H AA] A s F3l 715 ‘349}7} 2ol ml#| 63 km), T8 L FrE 5 A9 AL TE B
L gl igols B A4 ZHe] FUA PR Basht ol 91a Fad 4TS Gy ik Fig 1), £ B
o1 FUo) el A7} HE g Holck, = S 250-300 m, T A1) B1 AR 111102 41}
2 AT e Fe-rEd A 2 2dsto] o Aol YIRSk Qlom, EX|ol-8-2 573 A7} 18%F AFAI5t
BRAS ORI GO U SAAY  7. F L o Py} ek e A
& 242 YR 71 SRS AR 0 A E A 081,280 mme] T AT UL oF 573,000 mPele:
2218 1173} Shared Socioeconomic Pathways 2-4.5(SSP2-
4.5) 2 5-8.5(SSP5-8.5)& gl od], AL S Ly 2.2 w% UAF2] 2y
B A53E 7 AluE] ol 5, B714 715 St ¢ A= 72 2P GRAJIR 7|1 A7) 2
3} 9 7MsehA 9l 8482 U A4 5 BoIskck /1% 2 clAfste] 71 5810] ol polie B B9 R %
wste] Jeke B 98] 494549105 E A7 %—Eréﬁt} GR4J RHL EP4E Sle A7, 247148
BT B9-HERYO R GRAIE BESIAE BY ST WFF B9-5E RYOR 249 ARA BE}
o) 231148 Fo17] 915191 Kling-Gupta efficiency (KGE)  712] BH9I9-2H, X1306] X474 47)e] a7t olck
£ BAYSR PIASE HYSAT GRIZ HOE §Y (Fig 2, Table 1), GRAJ RES thogh .20} o2 H 2 v
-2 HEC-Ressim 25 7}A|= A4=2] @ A galint. T2 51 GRS -84 AATH 4= 9lo], n]AE 51}
59 Byl 71T A 08 2100970 2 gale] L SREAL 1T AR ARH G4 AgHoE
A o)k W 4R HSE Ao Basl  H8E 4 QITkDakhlaoui eral, 2017). 2965 T 3}
et B U AR, 845 52138208 Bol At o
A2 Q) 4 ST A BT Tefsle] 44 7
//‘.4 ’ 7N -
AByeonggok Ungyang‘l
Ungyang
P Buksang -
¢ A Gabuk
“— A .)
\ Geocna’ngq“/é‘éochang AJisan’
Stream oA \ \‘
A Weather Station :H" \ &
I l ACheongyeon
, ’//‘\‘Q ¢
u K[,’ /l—;apcheon Dam
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Fig. 2. Schematic diagram of GR4J (adapted from Woo et a/, 2022)

Table 1. Description of GR4J parameters (Perrin et a/., 2003)

Parameter Description
X1 Maximum capacity of production store (mm)
X2 Groundwater exchange coefficient (mm)
X3 Maximum capacity of routing store (mm)
X4 Time peak ordinate of hydrograph unit UH1(day)

0 7 ST 1 E QR 22 2] (production store) ol A
E3} 3% (percolation)”F AP HTh AP H 214 &9
90%= o 0= FA S AL, YA 10%= A EHS 53l
Z5|H, ZH2F Q- (unit hydrograph)oll 23l --& Al A|
42 H3tHE T FHA #F X (routing store) ol A= T
ol ool AL 5] sl o] 21A E 2ok §-&
o] At HFH o= 919 F I Z, sfrof Aol &
2 Hbste] 59 f-E0] A EHTHWoo er al., 2022).
A52] &9 BE2 35w, & 3, AAT A A
2| L& S1olf sht o /de] AR of| A M| 2092 HEl s}
£ HEC-ResSim™} FARH T ZE 7H R & 483t
R7|6H - 75 R 2ok Qo R& 7|Hte =
o, 8455 2 35 24 755 1Elcte] A @9l A5
FEAPYRITE B A=At s W 11 B4R 49, A5
[e)

8%, 35 AT, #9087 WA meF LA, A =l

o 4

o

I golrt. 0t A8 7152 A2 A9, 7
At A28, 87557 Fe 5, 271510l it
A, T2 42 AE, w1, shdRA Ta 2ol
Zasitt 2 AT e @A A AL H T
TS 702 A YRGS A6 LAl D
Aol A= HA sfFLAre] 7], vl &7] 77}
T o] 9] 710l A EH sl dAte] 35 B el
A ET SEE T AR o | A4 9] 8] vl

of ofsl| FHERTO] THF, FETLE L o] At o]

o ol b R
ol ol
ofl
1o,
Y
1o
2
-
o
N
ii
o
29
o
>

o] Al H O ] iwsto]

AL ol U2t A

efslo] % A=, 5918

AR 79 457 29 B F ol B2 3
n

o3 AE R AeA] A, I FLEH A
S

N

MRS

=l

B R oo oo
O
rok
o
T
-0,
)
i
O,
N
re
-
9
2
oo
i,
2
ox
i
H1
N
o
o|N
i,

Fo|thK-water, 2021).

2.3 7|ZH s} AlLI2|2

2 Aol A= 7] SR A u2] 2 Q1 SSP2452F SSP585=
g5kt o= vlEiake] 9 A TE-E §EFG T IPCCOlA]
R A 62} HalA o] 2AZEA v of et A 22| E
HFR O 2 2P AluE] ol o] 714 SSP2-4.5 A2 2
olitelet A v E o] 7ol A] (RO WA, 7| TS} el e}
U35kE Agtelis AU 9.2, 715 Aol that -85
O AT THE-E TS 719 v E 5T Al 2.0]
T}, SSP2-4.5A1HH2] .= 7] A A=lof| gt & 3F-S Algtst
71915l gt o 2 2% Aol AlRhE F3.oH o] = A
B2k Ad50] 2°C YL = Alofote] 2AZIA viE 5T
= AluE] Qo) 5T, o] st = 2| o HIlE o

l

o rr

E 4 Ut SSP5-8.5A| ] Q= =2 o4keletA vl &S
SN AT AR E TE AR L2, &AM AR
ARgL 71 3R of-Sofl Thgh ARl e 2] o 2 <19t Hlafjo]
E2 39 7)1 Hs IS dlS3t AubE]| Qo) of 714
SSP5-8.5A|HHE] Q= =2 2A7FA HlE R Qlste] A A
B 25714.5°C oV B A0 w2 4o 2E S
A &sto] Tof w2 7| F Al A" o] | A= S o
3 Al] oot

H AFo A= 7144 7| A R A (http://www.climate.
go.kr)ollA Al5l= sotAlof Hlo| 8 &85t 2} At
L5 O R 2015UHE 2100 712 Q] 739t 5 &




S.J. Noh et al. / Journal of Korea Water Resources Association 56(11) 765-774 769

54000 Observation | Projection
o 2014
> Scenario
£ 3000 Hapcheon,SSP245
E == Hapcheon SSP585
St == Hapcheon,observation
c
.S 2000
a
o
2 1000
o
2000 2025 2050 2075 2100
Year
(@)
Observation | Projection
~=20.0 2014
9 Scenario
Q17.5¢| =
é = Hapcheon,obsenvation
T 15.0
£
2125

2000 2025

2050 2075 2100

Year
(b)

Fig. 3. Historical and climate change scenarios at the Hapcheon-Dam catchment. (a) Observed precipitation from 1995 to 2014 (dark blue),
and precipitation under SSP2-4.5 (light blue) and SSP5-8.5 (middle blue). (b) Observed temperature from 1995 to 2014 (dark blue),
and temperature under SSP2-4.5 (light blue) and SSP5-8.5 (middle blue)
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Fig. 6. Assessment of flooding risk for (a) historical period (1995-
2014) and (b) future (2015-2100), (c) near-future (2041-2060),
and (d) far future periods (2081-2100) under SSP2-4.5
(blue) and SSP5-8.5 (red)

Table 2. Flood risk analysis for historical (Hist) and two future periods (Near- and Far-future)

Days of flood level reached (5-year avg)
Observation and simulation periods
Mean Median Min. Max. Interquartile (25-70%)

Hist OBS 19.9 17.5 7.2 382 8.2 —32.8
(1995-2014) GR4J 13.6 11.0 6.2 26.2 8.0 — 213
Future SSP2-4.5 27.7 25.6 42 64.6 17.8 — 358
(2015-2100) SSP5-8.5 23.5 19.3 0.0 68.2 11.6 — 35.6
Near-Future SSP2-4.5 18.8 18.5 7.2 34.6 16.1 — 21.2
(2041-2060) SSP5-8.5 16.3 16.2 7.8 224 132 - 21.2
Far-future SSP2-4.5 333 322 16.4 59.6 30.0 — 37.6
(2081-2100) SSP5-8.5 38.5 422 9.6 68.2 31.8 - 47.0
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