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ABSTRACT

Climate change driven by human—-made impacts is expected to pose challenges
in water resources management, necessitating robust adaptation strategies to
sustain human societies and ecosystems. However, many studies have taken the
“‘predict-then-act” paradigm to assess impacts of global warming on hydrologic and
agricultural systems. Usually, climate change impact assessments are dependent
on a handful of climate projections from the general circulation models (GCMs) in
which significant uncertainty sources are involved. In practice, the deep uncertainty
present in climate projections may hinder policy—-makers to use the scenario—led
adaptation strategies owing to high potential regrets. To consider the deep
uncertainty in climatic projections, the “robust decision—making” paradigm was taken
in this study to assess impacts of global warming on a large river system. A
decision—centric approach was employed to assess water supply efficiency in the
Geum River Basin, South Korea, in which climate change and conflicting demands
are concerns of water managers. First, a climate—stress—inducing stochastic model
and a water resources optimizing scheme were used to develop response surfaces
of supply efficiency to climatic stressors. Then, climate change impacts were
assessed by superimposing 49 GCM projections on the response surfaces under
stabilized and increasing greenhouse emission scenarios. Results show that the
Geum River Basin is unlikely to experience significant water scarcity for the upcoming
20 years of 2020-2039. The worst water scarcity expected, according to the 49
GCMs, was less than 2.5% of the total demand. The reliability to satisfy 95% of

monthly demand for a bi-decadal period was 100% under optimal water resources



management. To optimize water management under 20% reduction in bi-decadal
mean annual precipitation, it was indicated that the smaller dam in the upper river
should increase water release in order for the larger dam in the lower river to have
better management flexibility. This study highlights that month—by-month optimal
water management can be a robust strategy for adaptation to shifting climate. It
also emphasizes that the robustness—based framework can visualize system
responses to climatic stresses, and can provide reliable assessments by overlaying

numerous climate projections.
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7] SRS S S7hE QR Q191 JlHeks SAHY £9aRS Wolme A8
of A0 S1FS 7R Sl akolth Bl 2% A50E I3t 7k 4B A AT

Aow F7FHL UL v THE At XS A IR =Tt s
] 72102 oAf=|1 QItK(Trenberth et al., 2014; Dai, 2013). A A&l 7] A5

kAl evapotranspiration; ET)S S7HA17]1

Hho] = 5 B4 H AR 0l 2 FFE PIRE 71F AEFH AR o AZIG

(IPCC, 2014).
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Alo]1l, & Shb= ‘robust YAFEA T Ao|ti(Weaver et al., 2012).

‘predict-then-act’ W42 WA 7|57} nj2|= &34 ¥ 5T & 1 Al
Zo] @A Alalo] HjX= JEE BAok Qs S THEoW= migfrhloltt
uehA o] HE il WEs 73S FFP e WA 7195 AP (projection)stl
I Ao et AlA" 242 3chs WA o' o]Fofin. 20008 o]de] o]Fof
A 2 7153t FFF7P7E ol WHale FHokal vk ti#AY 9=, Vicuna and
Dracup(2007)< 71422 f&0] £ U= Az Yot FE {F-Hoj tisf 471—@?}
23 (General Circulation Models; GCM) X9 AFE =24 2§l US|
H2kE W7Isklth. GOMog 24712 HiEo] Higt fj7] vkE2 dS3laL ols Ali%‘
o] A8 1 A9E Brishe WAl 22 AP EYof %
T FHE A7) o8& HoltHe.g., Gleick, 1987; Lettenmaier, et al., 1988;
Lettenmaier and Gan, 1990; Miller et al., 1999; Hay et al., 2000; Kim, 2001;
Kim et al., 2002; Georgakakos et al., 2005).
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AR 7IEo® A 7| FAEH 2o ThE aEHelE vt & vl Aol a8
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W7] 2ol low-regret 7133} &3 (Hallegatte, 2009; Adgar et al., 2005)
I BAZE Aok

7|53} g A 292 At QAFEAS A H7He] tiEA Q] o= Brown et

al.(2012), Moody and Brown(2013), Whatley et al.(2014) Turner et al.(2014),

)
H
)
rlo
N
o
=
=
r&“

Steinschneider et al.(2015) 52 & & Yt o] AFEE A&7 A &9
A Yst7| {5t HES AAlokL lor, H7HO 2-2 AJAH] §&0] A== 7%

AEH A SloA e FE56] FAEE 7heloh 44 80| fAIEE 7IFAE AL A7)
£ A AH 9] 71Tl st A (robustness) .2 A olstal ANAAS U5} A7)
= o= S AUSHeE L3t o] WAl GCM 73 dgo] Hluzitt stefete
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A EoE AW AR A5 7hsAdol =11 Hw A o dAAoltiWhatley et al.,

2014).
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Figure 1. Layout of Geum River Basin
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Figure 2. Long-term trends in 6-month SPEI estimated by non-parametric trend tests in South Korea
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2+ 314Q(high demand), 7| Q(standard demand), A48 AUz 2(low
demand)E W1l &8, 3AE, 5U8&F 773 7|52 Table 13 At} &5
8 F4 7|0l dg AR AR FEREH(2010)2 FE2T 5= itk

Table 1. Description of water demand projection scenarios for municipal, industrial, and agricultural
demands

Water use Scenario Description

Municipal High demand | 50% reduction from the demand under standard water conservation

Standard demand | 100% reduction from the demand under standard water conservation

Low demand 150% reduction from the demand under standard water conservation

Industrial High demand | demand at 4.5% of economic growth

Standard demand | demand at 4.0% of economic growth

Low demand | demand at 3.5% of economic growth

Agricultural | High demand | demand for standard agricultural areas’ plus 3.5%

Standard demand | demand for standard agricultural areas

Low demand | demand for standard agricultural areas minus 3.5%

*Projected by KREI (2009)

FETERQ016)9) 0% APPUHS 7hs] okste, 4T84 Savke 2717

2T} A2 B wRAIR ] AES SEHCE JiTste] BT AAE FA K
283 & e H 38 E ANV IRALEEN ST, 2009)0014 S35

2]
2 AR ek Holg Sl Rt AR RES T $AAEE Ats) FEE . of
of A8, 7|EFR, A8 AUEER a5
o] AFgHt.

TUET ToFL 7SS 2T, A ALITHERE T X} 2%, Aske
2%, sk 9 H(HA] x9d) aFe s FEst] AMEN 7IESE R 7
& olEFE EHE £FE H WA e T AA 7ReES S FAIE st
of AZEre] mE A 7FsES dSst] AEn At A 39 o382 T
=8 38 aEAVIEAY - Al 2AR ANEAE F AA7IES] JiEo] B
BE 39 24957 3ol oA A 9% S AR HEEHELSR/SEE
2014)° AlAE FAEAT LSS #-Esto] APgE. Askeet sk 3 H(As



| JISHEH TS 4RI RIS PRt OAINE SRt

A B ALGHFE Aok AR B SHEe] oA 5 HIARS Bz Ae
o). o|gA 49 ALATE Saske AR B At oo Aol8E S/

TYES F8FS ot AFAR] HHS W] AREE S5 Aok
Wa EA GO AS AREFES FAAA 0 S H-8ol= wo] i, A W
HE SEAEF APFolE, = BAUY &4 4 EFTEFAHS Solo] o]l
APgst= HHo] St} w9848 A FY5ks S HEsplole Am RS
2 FAAQ ojgZo| Slo] FAERTIEFA YoM = Bo4FS o]EH] HHo R
oty AAHEE FHoE AG9E 7Y, EYEA 52 §Hgst] HA 5dEs
QTS FH3I} = 859] 9 Doorenbos and Pruitt(1977)2] % Penman 34
o ot I, FESE, IFF Sl A 1= w89 FLol= FAO
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£ 7o) ASE %L 20119 SR EAALT SU Yoz 249

w4 A E9E 203049 28 9 V€8 AluE] Aol Table 2= 2016
i, 20204, 20251, 20309 18 9 7]ERa AlvE| o] bt 8, 88,
U8 SFE UErd I™oltt. 7|E8.9) 9.9 Aol FA| AUl gA]
gF A8 AUE 2= 203097H] S0 FAIEAIRE Vel 2 Aastal
V= & AT 7IETRe e A AAEA g4l 9¥ol F ¢ 7] HEelt

< A
AL BE 203007 AT, FUESE S/ AoR AYHI U
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Table 2. Projected water demands under high demand and standard demand scenarios (Mm® yr™")

2016 2020 2025 2030

. Municipal 506 524 541 556

High Industrial 134 153 161 152
Demand

Agricultural 1,531 1495 1474 1465

Municipal 505 518 532 545

Standard Industrial 134 152 159 149
Demand

Agricultural 1,524 1,474 1,442 1,432
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Uit sAHA 0] §E54E 5UE8T AT S et SH8T = ?l:ll
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B9 BAFAIL A2 AFEHA G A §2 FAAE kAL Qo] 7H /\9-7}
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(a) High demand scenario (b) Standard demand scenario

Figure 3. Projected water demands for 2030 per catchment
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Figure 4. Percentage of monthly agricultural demands to annual total in catchments 3001 and 3014
2.4 7|28} ALEL Xig

2 A3E Sl 3" 71388t AuEe AgE CMIPS 2578 GCM 713 #golct
(Table 3). 20509 o]% 2A7FA HjEo] ASkE= Representative Concentration
Pathway (RCP) 4.59} 21004 ©|%71A] A& S71ske= 24A7FAE 71dsh= RCP8.5
T Ay o Hiet YA R Fa-HA 7= ARE RS RCP4.59F RCP8.5
217y S o)A Q1 Af-ef F|ote] Afof thet 247IA HilE AU & ofF 7|$Rst
A Ao A5 AREERL QtHe.g., Yan et al., 2015; He and Zhou, 2015).

o 4

44U GCMe] s EE AR 7€l R 1-3" Arolung & Ao} ol
GCM9] st ret 22 Ao Higt sfA2 +FL v S E 2ol wiZo] Ty
5= HOE BHASHL ARESh= Zlo] BiEo|ot A TEE HH 2= k= AtelA GCM
T A AAE BPS AAD o, FASH] HO] HA7](Statistical bias correction;
Wood et al., 2004)°] Zo] AREEE=Y| 1 o2 Chang and Jung(2010), Monk et
al.(2011) 6= & & Utk & Aol AREE HYEA W2 Detrended Quantile
Mapping(DQM; Biirger et al., 2013)°]ck. o] W dS7]|7F 5 GCM H.oof|A]



et A7 A HA AASIL ¥5 2w FEUESTE °l8d Quantile
Mappinge 3t & AAZAE FAHE HHA] Hoks FHOZ GCMe| A7|FAIE B

Bum and Cannon(2017)< Quantile Mapping(QM), DOM, Quantile-Delta
Mapping(QDM; Cannon et al., 2015) Al 7FA] B 2.2 CMIP59] 207} GCM< gt
= 7147 607 THTSZA-H(Automated Synoptic Observing System; ASOS)°] &
|51 Al Y S QDMO| 71 dAR ] SA] 3 A7IFAIE SAlOl & BEske A
o= ISttt AT ABwt7]2ol tsiA= DOMZF QDM A sAtel= =LA
e ZAo® UEhgth 2 Ao BRgt Ames S Fhol ofd 209 Bt A
Bat7|& Ago|Br A H 0] At HH DQM HOJEA A¥E o|&5kitt. 7t

o) Ao thgt AAeH AR Eum and Cannon(2017)& &% 4= it

od

)

HoEAS gt ISR 717+ 1976 AFE 2005W7HA] 0|1 GCME] AG717
2006-2099°]t}. =¥ 7479 BA Wl U= A3sE 2 7129 AEddaS
olg3) WoRA FUY 71T} JaFEsIS 9] 2020-2039¢ Eoto] WL
2 B8 2570 2] dis] AHgsieict.
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Table 3. List of the bias—corrected GCMs by the Delta-Quantile mapping for climate change impact

assessment

No. Model name Resolution Institution

1 CMCC-CM 0.750° x0.748°
Centro Euro—Mediterraneo per | Cambiamenti Climatici

2 CMCC-CMS 1.875°x1.865°

3 CCSv4 1.250° x0.942°

4 CESM1-BGC 1.250°x0.942°  National Center for Atmospheric Research

CESM1-CAMbS 1.250° x0.942°

6 MRI-CGCM3 1.125°x1.122°  Meteorological Research Institute

7 CNRM-CMb5 1.406°x1.401° Centre National de Recherches Meteorologiques

8 HadGEM2-AO 1.875"x1.250°

9  HadGEM2-CC 1.875°x1.250° Met Office Hadley Centre

10 HadGEM2-ES 1.875"x1.250°

11 MPI-ESM-LR 1.875°x1.865°
Max Planck Institute for Meteorology (MPI-M)

12 MPI-ESM-MR 1.875°%1.865°

13 FGOALS-s2 2813° x1.659° LASG, Instltutg of Atmospheric Physics, Chinese
Academy of Sciences

14 NorESM1-M 2.500°%1.895° Norwegian Climate Centre

15 GFDL-ESM2G 2.500° x2.023°
Geophysical Fluid Dynamics Laboratory

16 GFDL-ESM2M 2.500° x2.023°

17 BCC-CSM1-T 2.813'x2.791° Beijing Climate Center, China Meteorological

18 BCC-CSM1-1-M  1.125°x1.122° Administration

19  IPSL-CMbA-MR 2.500° x1.268°

20 IPSL-CMBA-LR 3.750°x1.895° Institut Pierre=Simon Laplace

21 IPSL-CM5B-LR 3.750° x1.895°

22 MIROCH 1.406° x1.401° ) .
Atmosphere and Ocean Research Institute, National

23 MIROC-ESM-CHEM  2.813°x2.791° Institute for Environmental Studies, and Japan Agency

. _~ for Marine—Earth Science and Technology
24 MIROC-ESM 2.813°%2.791
25 CanESM2 2.813°%2.791°  Canadian Centre for Climate Modelling and Analysis
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3.1 Decision—-Scaling Framework

AFHOR o|FolAt 7 FHs JPR B4 LAk Ateled] tg
GCM 29| 238 A=) tyAge] /USARE HIBGS ST F 0|8 A2

g 2P9] A EA5k= A F3th GCMof|A &sf A

S13F2l(Top-down) B7H= AU B oke] 73 #3} 0363%7} Aol A
T A8Eol HPA ot W& a7l gt 719 e} JFE7HDoll, 2002;
Gondim et al., 2012; Mainuddin et al., 2014), Z}E’\o/&*éﬂ] i3t H7KStockle
et al., 2010), A=A hsA] tiet F7HVano et al., 2010) 5°] HEZS
oflo]t}. of SHFA] H7he AlAE Kol Bl A B A4 ALt FEo® Q5] GCM
o] AlgtH o2 o|gd FHof gli= & TS 7HAAL At EEAE GCMO| 7HA=
EAAL 7SSt FE 7] A 2o 7= EEAOIA THE 2 FEe A
Skal Qlof(Teng et al., 2012; Masutomi et al., 2009), 252 GCM 7| &Agof o9&
Q1 FAE AF LTt g Sto] gl o]of whet oAb A ol ¥EFE]7] olHtHBrown
et al.,, 2012; Brown and Wilby, 2012). 43t 3%, &% GCM A% (projection)®]|
Aot AgA] ST Ted] FAAR IS AR S AR £4] ok
7Fs8%E UAtHWood et al., 1997). GCMe] 7M1= 84S A5t 2t sH3F4]
B7he AAHY] 715 AEF A g ¥Hg2 W #llo] sl ERlIsty] of#e &
£ 7FA2L UthBrown et al., 2012).

6}6(}” B7PFAS S-S Hesl] A5l i bEAS SAlol T AlaE B4 WA
FPstal GCM 7142 ERlstes AAIE ol decision-scaling(Brown et

al., 2012)o t}. Decision-scalingS FAsH4] g o] &3 7| T2 Aof trafst Hsh
T O AlLERAS s oAbEo] A2 o Sl ¥t 7| AEF 490
} A Al°Kelth Brown et al.(2012)2 QAMEA M} 7152 A3}

kel
o=

0

.
o

e mlm

HAE WA

TAAS climate response function(CRF)C.Z Ao5tH 1L 7| TSI FgFe
CRFol| o2 GCM9] 7|*dd= Agoto] H7lstA €t CRFE THsol W79 shd
@3] GCM 719442 CRFO A JFH7F7} o]F0)2|7] w0l th4=2] GCM 7|

2 WA 4%
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2 gHeo] 1T & Gl Aol Atk obed FlHst dRe oARES
wto 2 Wjsl] tEe] 71 SAEd| 2] thek AR WHSS CREE F) 72| B9l
I % 9tk 20104 olF W AToA o] WHe Agskw 9om Ghile et

al.(2014), Steinschneider et al.(2015), Moursi et al.(2017) 5= ¥ A2

Figure 5= & Aol AR&E 7|83} g 7te] SE&Loltt. Decision-scaling®™
A5 o &3l AIARREACA EEs] 7]9Hs Ay @& o]oj R A (bottom-up)
B7FE fldl 2799 598 9 385 870l tiet A S e REE YEH
= 9EHARl T 719 71 oAHE Wi E WA Aol ¢ o] 2[435} Bl

E F 7152 209 599 €49 95% st 35 A Z(Reliability(p);
Hashimoto et al., 1983)¢} S52FH| 3FHEF(W)2E 27 Eq.(DT Eq.Q)2
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p=Pr[WS, = 0.95WD,] (D
_ TWD— TWS
N TWD @

71X, WS= €535+, = YE5Q, TWDE 204 599 &8, TWSE 20
| Fete] F3Folth & A9 CRF=(p, v)2 71FAEH AL IAE Qulsty z+z;
o s =gFoz it

p2t vo] CRF 7l f13 A Bt 7| S AEHAE Eebsle 209 Zolof 4%
-
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Stochastic generation of daily weathers
for 343 assumed climatic stresses

™

Generating streamflow using
stress-imposed daily weathers

S

Optimizing water resources allocation
under each climatic stress

=

Building relationships between climatic
stresses and performance indicators

WARM-+KNN resampling

GR4J model

IDP optimization

Multiple regression

Superimposing climate projections and
suggesting operating policies

Figure 5. Procedures and tools for climate change impact assessment and developing climate—adaptive
operations

3.2 S JISAERA 2|

©

715 83k= 109 o]4e] ZolE 7H& 71ESoA Uehde SAMstRE A=Y
Zol(IPCC, 2007), 71993} & AtoflA= 54 20-304 7|7F 59+9] 715 of
st ”E}-—rpqo] HRS-S EXAsk= Zlo] EEo|tHe.g., Zhao and Dai, 2016; Moursi et

., 2017). £ AtollAd= 209 71710l iRt Bt A 2 7129] HIlkE V| FAE
Az A5k AEHAE - T1ARS] dole 4390 % HSTS 0]8S
A"l B4 D 39 2719 209 Hagvhs @A =] dizo] ohdst 7| FAEF A
of tigt FAIsHA Hol go] IpAolnt. 2 AFoA= IS AT 9 VAR E
ol g3t FA|gk] oo 7| SAEHAE 7ok= BPHQI Steinschneider and Brown(2013)

9] semi-parametric 20| AREE 3]}

N,

Steinschneider and Brown(2013)< decision-scaling®} 22 SJAFAA o] S4&

F= 7|5Hst JFE7EE 95l Kwon et al.(2007)9] wavelet autoregressive
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model(WARM) 97345 ¥ 3} Apipattanavis et al.(2007)9] @RS A3 &
Quantile Mappings &3l 7|1% AEHAE 7Ioh= WS AAISHAT. o] 232 ¥
A e AEE ol8st] 4 7ITHE A7 A% 209) B9t AFEEFE WARM
ngos PAFITE. WARM HFL2 AT AAIES o8] ARoE &gt & 7t

=9 A2 AVIARE R ok E]O]Iﬂ'% TR 8
Qe o] W B2 NIEE UEUs Aede YAl AR & Ay
A7l Ao2 dHA tHKwon et al., 2007).
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20 Zolo] A%pwro] HOEH 7t R Of AFol

Apipattanavis et al.(2007) AFet Markov chain 7|8t 3—%7]‘§:% ol S Et.
Steinschneider and Brown(2013)2 754 AE1S 37 RER LESlo] 3x3 A
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ofsf WP AT SFELE 5 o83 Quantile Mapping(QM) Sh= 1S
ARtstgint. 28 AT SEUEALE 7HE Bt HEASE o83 WHAl
A WAE A FEES A7l Wil 7hds], o] W GCMY] |
HAE o ARgElE B4AQ QM-S SiiFo g AH8ol= Aot 7|20 AE
A5 7hoks WO R 7hds| 2% WSlES tioks WS ARSIt wEkA] 4
F 720l = AR SP2AQ 7SAEH AT} TRt 2 AFE o 93EY &
EUL o] Be] WIS —40%0lA 80%7HA] 20% HH L2 7T/ AEFHAS 7K
AU Y WEATE Z2 7/ 240 dof SEH R H8s) 3o A7|<
HE A= ISR oRd 7] S7FFZ 0 TollA +6 T7HA|

B BE J|FAEY )

+1 T 702 veEselt. tebd 34999 £ e T £42 915 2 AT
2 Het 2ot 20 T, AR 20 T, BENE

ol tish 2040 o] WAsF B 7] eAE A=At

—’_,‘—74]?'1}&, _'%_47]”401] it o &FAISE AR Steinschneider and Brown(2013)& &%
o 4= Qlal 719 AEHA HOE 93t weathergen R packages http://walkerjeffd.

github.io/weathergen/oI* A&Hh FAeH] Ho= F9HTw= o183 WA +

PE|QT GAg molo] 228 o] gt 7+ FAL ¥ B2 glo] FA B
st
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W E A5 d A 71200 dig 1471 $89 9] AdEE 2oloh] Hsf
GR4J(Perrin et al., 2003) ®go| A% ItHFigure 6). °] XOE Eaf 7|TAEY)
A7) AARE0 vAlE FFE BAY o T GR4J= Aol digt 799 f=5ts
< WS 402 Holste JEA] A RERBCE 7 Wi/iHSA(XI-X4)= EY E
SOl M 9] ol e A4, T 7IAAIEE JiE A o2 UERHT GR4J
= Rt 25 7 AL Qlof w27 9 A HelE agshr]of Bolsh vt
[&220] i o8] AF-5Ho 2 AREZ A8l 2 EFoltHe.g. Oudin
et al., 2008; Zhang et al., 2015). & Z9lof| 84 == IS ALkl 9 239
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8 B2 Perrin et al.(2003)= 2 & vt {= 2o ozt FASUARF
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QAL 7 FUAC -2 EATIE wESE WA 24

sfok @it 2R el olel Aol tal +9-FFBANT AZS A=} A
H3 QAT 144 89 1A fEAEE SHWE0DY KU ARE A

gl7] tizoll uASFHol ARG W 5 shel JIFAZIRE Wiz A 9S} Jie
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A &2 AFtoAs FASH o E TR 7= R Aol gt fFEERE ROE 915
Kim et al.(2017)9] ASFH F§ 2 SdY0l 7R 570 799 wi7if4E ©]89
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AUk Kim et al.2017)2] 4571 AS-ol gt
Sutcliffe Efficiency(NSE)Q] Hw2 0.53, E=HAR= 0.41 O]‘% otkgd, 899 9
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based parameter transfer; e.g., Oudin et al., 2008), §-97F 5814 FAMIS 7%t
o7 WifHESE oleAlFIE AR 7IWE X 9SKSimilarity-based parameter
regionalization; e.g., McIntyre et al., 2005), "7l 99 B2 B4 I
AA BAE §H99] WiHsE Fohe IARAS 0183 WH(e.g., Cutore et al,



2007; Kim and Kaluarachch, 2008)°] tHEZQl Al EFoltt. Al 712 &7 HF A=
FrefolAl fojzl w7 ] 94%—3}15 HAIE 7HAAL Q17] wizel olE Hestr] fisf
F o= AT 22 SEEAS Y H5= flow signatureS WA X H3}s}al o]
£ ol&d "AS ‘rr—v-’] WSS 45k o] AlETE SHltHe.g.,
Westerberg et al., 2014). Kim et al.(2017)2 QA 7|8t uj7H4 X935} v a)

0 AEF-H ] A H-F=Alol UH7HEH’\% At A7 = 1
2 QIFA 7t 2|93} HhHo] A §53t A5 Ho]
2] QG716 Wi A9k k=it 2 B A S&St 7]—:—01]/\1 18|31 GR4JS}
22 et 2o disf Adsol 5% A= 7 HUtKParajka et al., 2013).
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Figure 6. The schematized structure of GR4J (X1-X4: model parameters, PE: potential evapotranspiration,
P: precipitation, Q: runoff, other letters indicate variables that conceptualize internal processes
in a watershed)
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52l incremental dynamic programming(IDP)& ARE5IITE o] BPHL Ao

71270 w A A 24 HPE A3 o & Ak AFHSE S AA
Z71270 =% &) Aok W= & AR7HA BHESHE ot o] BAZ
o WA F7399S Figure 7% 20| node-and-link =g o2 7|g3} 513ict 1474
THY9E AAGEY 59 € 858 85 7= dX(node)2 & 7HYsIla Z¢
AL sH(river network) ¥ A= (water supply network) 2.2 AZA(link) ==

T2E 713} 5t 8 A HL b FXtollA 552 X Edk= regulator
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K

270 F-UE7] Aol AFEE ol AAZ EAIT ek 7F FHGLS A-a=
89] olQol F7HARI AAA AFsES 7L = Aoz 7HESIRAL 74 S
A9 ARed2 7 SaGUel AT sAEATAEY FaATHY] Fow 2%
Slth 5UEATA FRASTT ARe 5287 THHE AlAEH A 8
(https://rawris.ekr.or.kr/facilities_present.do)°lA] A|&-=|1L Qtt. Figure 8 i
H 598 AFA FEAeEEY FEEREe d4kE FHY9E faAeERE U
ERdich. 7 A5A19] 95%= F-8 Aa-&Fo] IMmPE dA] AT SEGERE A
£ 9 3% 100Mm’7} Hi= A% o] ol& sk g& A% 199 Aesgs
AG7FsHA dot. 53] 59, 68 AARES v A A2 W Huj7]of] 845
BT 430 AA o] AFYES LHsH] &= BF 7 W FAEgo] &t

A B3 Ao SN & Utk

IDPE o]&3] 171 7|5 AEHA 27 240700 s =2 ZAdlore Mae
Zr $89 dH suF= 58T (Agricultural Supply: AS), BE-8TFHMI
Supply; MS), HY A9 AFH Water Storage at Catchments ; WSC), SHH
I} ol A Sl 2 SHYCE SEE = FF-ETFHMEI Supply from



dams; MSDy), == 3l #9384 v E 355w F3-85FM&I Supply
to Out of the basin; MSOy), €8I} A HY A FZHWater Storage at Dams;
WsDyelth. =2k ek @4 A0S EF5S 4sletal v $A-4g50l
FF= T He QAN SATTES S} ok B2 sk A= 7S5t

bl 449 BE SI% BAE et 2o

Minimize RWD, — SR, ©)

O catchment

V¥  Reservoir

Yellow Sea ——> River network

----9 Water supply network
= Inter-basin transfer

Figure 7. Node-and-link network for water resources management in Geum River Basin
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Figure 8. Cumulative distribution of water storage capacities of agricultural reservoirs (left) and sum
of the storage capacities per catchment (right)

o]7]A, RWD= @AAIEY A4 & F=(Relative Water Deficit), SR> TAJA]
9] A4=&(Storage ratio)°]1l 27t E7F890] 2598 | TFEZTHY), A5
58 Y] AFFHRLZ oottt Wk RWDEF SR Eq.(4)2F o] Aol

NAD+ Y, MD,+ Y, MDO, — Y A8, — Y, MS,— Y, MSO,

RWD, = Y 1AD,+ Y MD, + Y, MDO, “
DI WSC,+ Y WSD,
SR, = M scc+ )Y sep, v

047]*1 AD,, MD,, MDOs= Z¥Z} @AAIHC 845 = 5985, +9W 538,
98] A58 Fa7o]|al, SCC SCD= 4 THY A9 A8, HAH
xi—}F—%Eoko]‘:]'.
A4 HA S o a3 AFZA(constraints)= Eqs. (5)-(7)T} &t}

Mass balance at a catchment:

WSC, < SF, + WSC,_, (52)



AS, < SFu,+ SF, + WSCu,_, — WSCu, + WSC,_, — WSC, (5b)
+ MSDu, + WSDu,_, — WSDu,
— ASu, — 0.35MSu, — MSOu, +0.22

MS, < SFu, + SF, + WSCu,_, — WSCu, + WSC,_, — WSC, (50)
+ MSDu, + MSD, + WSDu,_, — WSDu,
— ASu, — 0.35MSu, — MSOu, — AS, +0.22

Mass balance at dams:
WSD, < WSD, |+ SFu, + WSCu, | — WSCu, (6a)

+ MSDu, + WSDuw, | — WSDu,
— ASu, —0.35MSu, — MSOu, — MSO, +0.22

NIMSD, < WSD,_ | + SFu, + WSCu, | — WSCu, (6b)
+ MSDu, + WSDuw, _, — WSDu,
— ASu, — 0.35MSu, — MSOu, — MSO, — WSD; + 0.22

Maximum Storage Capacity:

WSC, < SCC (62)
WSD, < SCD, (6b)

No water surplus:

AS, < AD, (72)
MS, < MD, (7b)
MSO, < MDO, (70)

o714, SFus 4% AA929 T, SFE Y FUY AARE, WSCut 45 A5
o] 3, MSDuk Hold 4% FUHOE o158 FFE4F] &, WSDut 4570l
52E 5U85F T, Msuk 4Rl F3E

B85, MSOut AFoIH RYRE FFE 38539 Foltk
CCE 2 39 ol Xe 5U8A4A

S
7% ol 4% Wbt 9 Ao J1s
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At S A E SE divlsk] {5l 8ol 2EEY oo wE Z He
A7 HH-EHSCD)> Table 49 2. 7z SAHC 2 3wH F585Y IS
TALAY7SEAD T FLHA 65%= 7SR ol mEh S5 FE-E&TY 35%
Hho] EAEY YA o g SlHEnt. 7 SHQ0 87 o] 32 dojut
A g= o= 7Hgsiait. okl 8EH #3001 vid di=F 0.22Mm? H =2
AEE7E el fAIRE EokolA SHE=T olE 1A 522 L5
ot B AW positivity AFRAS 2 HAL oA FAgTEdS 5 =

oL ALk el 15t ¥ 40MmPE A Y= Zoz 7P

Table 4. Storage capacity of Yongdam Dam and Daecheong Dam

Effective storage capacity (Mm°)

June to September October to May Flood control
Yongdam Dam 672 809 137
Daecheong Dam 790 1040 250

598450} HE84E FHAT WA AFUYR THE AFEEF 65%= FHAsl]
shRA o] Thgao] QL ulAA Bt weba @A) Haslo] L vAL ol

FU ASHWSC )T & ASTHWSD,)elek. 25} A2h g
27] A5G & 4 Q] TR WA A Eere] e 2] 4SO AT
5 BEA Aoja 60AY FEFL o183 2B AAREY WEH] RS

=
FHAIZ. olojA FAISH Rojd FEFE A 24070 E ] ALEEH S WA

of 71524 1709 diet 4 &9 &} e AlLRRT|SE Alelskd 240907}
_]

gt o] I A 7IFAEH L 24 3437000 dis) s 35k teel &
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1Set(CRF) 7H
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Figure 14. Scatter plots between mean annual precipitation (Pavg), coefficient of variation in daily
precipitation (Pcv), mean annual temperature (Tavg), total runoff (Discharge), potential
evapotranspiration (PET), actual evapotranspiration (ET), and Runoff ratio (RQP) gained from
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Table 5. Results of the multiple regressions between the reliability (o) and climatic stresses

Intersect coefficient for Payg  coefficient for Tayg R?
High demand -0.292 0.00156 -0.0372 0.907
Standard demand -0.307 0.00157 -0.0358 0.891

Table 6. Results of the multiple regressions between the relative water deficit (v) and climatic stresses.
Logarithmic transformation was applied to the dependent variable.

Intersect coefficient for Paye  coefficient for Ty R?
High demand 5.392 -0.00662 0.163 0.886
Standard demand 5.315 -0.00666 0.159 0.869
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Figure 19. Contoured CRF for p (left) and v (right) under high demand (top) and standard demand
(bottom) scenarios superimposed by the GCM projections
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