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ABSTRACT

Drought is a recurrent disaster that may exert catastrophic influences on
ecosystems, wildlife, and human societies. It is commonly defined as abnormally
prolonged deficiency in precipitation that causes a significant hydrological imbalance.
However, this conventional precipitation—-based definition only considers dry
conditions indicated by the lack of water supply, irrespective of water demand.
Although the general drought classification includes the socioeconomic drought,
which is defined by comparing water supply and demand, the literature that considers
water users’ demand in drought assessment is limited. This study addresses this
concern with three important issues on drought and climate change in South Korea:
(1) future direction of drought risk in climatic observations (i.e., supply-side drought
risk) in terms of trends, severity, and spatial extent; (2) differences between a
socioeconomic drought in a regulated agricultural watershed and conventional
supply-side drought; and (3) impacts of global warming on frequency and magnitude
of water scarcity that can trigger extreme socioeconomic droughts in the agricultural
watershed. In addressing these issues, high-resolution grid precipitation and
temperature data were used to calculate drought indices, to simulate natural inflows
in the reservoir, and to estimate the water demand for rice—planting areas supplied
by the reservoir. Using the inflow and agricultural demand estimates with a
theoretical reservoir operation policy, changes in frequency and severity of water
scarcity were assessed in the context of climate change. Results show that trends
in the conventional drought indices are unlikely to indicate increasing drought risk,

while severity and spatial extent of severe drought areas tend to be intensified and



growing. The conventional drought indices and the socioeconomic drought had
similar temporal variation when human impacts did not exist. However, they are
significantly different when the reservoir operation alters natural flow regime.
Additionally, the climate change impact assessment on water scarcity indicated that
the regulated river system is more sensitive to changes in long—term averages of
precipitation and temperatures than the natural system, despite less climatic risks
in the regulated system. The high sensitivity of the regulated system can be
increased by augmented reservoir capacity, such that adaptiveness of the system
to climate change is expected to rapidly decrease. On the other hand, a
non—structural adaptation measure that converts the planting strategy from
transplanting to direct sowing, had less sensitivity to climate change than the

increasing reservoir capacity.
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Figure 1 South Korea and the locations of Jiso Reservoir and irrigated areas.
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SEDI= Kim and Rhee(2016)7} 34F 304 Ueht= Complementary
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Figure 2 The complementary relationship between PET and AET from the Bouchet hypothesis.
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Table 1 Drought severity classification for SPI.
Category  Description Possible impacts SPI
Aonormally . Short—tgrm aness plantipg, growth of crops or pastures
DO Dry * Some lingering water deficits -051t0 -0.8
* Pastures or crops not fully recovered
* Some damages to crops and pastures
D1 Moderate ~ * Streams, reservoirs, or wells low, some water shortages 08 10 -13

Drought developing or imminent
* Voluntary water-use restrictions requested

S * Crop or pasture losses likely
D2 evere * Water shortages common -1.3to -1.5
Drought o .
* Water restrictions imposed

Extreme  * Major crop/pasture losses

o3 Drought  « Widespread water shortages or restrictions 1.6 10 -2.0
. * Exceptional and widespread crop/pasture losses
Exceptional . . .
D4 Drought » Shortages of water in reservoirs, streams, and wells creating  —2.0 or less

water emergencies

(adopted from http://droughtmonitor.unl.edu/aboutus/classificationscheme.aspx)



2.3 2795870 STt
231 285 A A=lgHey JtEkkr

ARIAAIH TR ARIAAIE B4 TR BAS B FHEE TeeE
Aod & AN ABIEAIRHY B4t SFEY & BeR s fRstHoR
gofatd kel AFet 9 sfo] s gold tHe.g., Mehran et al., 2015;
AghaKouchak et al., 2015). A%}e] & AR HH ofF Zofe| Het sh4
SHsforsls ozl AHsHA = sfao] v o2 qd 7hsAdol Aot ot
Ao Hdt ol ARgShe A= ARIAAISE & a0t 59 Al7h A
o] ’opsole 79 2719k vlEdtte 7ol &S " SHARE 2.9t
s Aot SLsitt stefEt: A7 7R lE 540 T Thae] 4= ©
Zhd 4= Q1 olo] wet 7HE9] A7)%: T FskE 4 Qi) oE Eof Y
T = FEAHE F AR At stHEte ARl SRETE W2 StolAE YA
7HA AT 7Rs/gde] o 1 w9 Feole 459 A%t HeE vireld sk
Ach. EZ Z2 & FETF| el & AEl= 7lote] B S AT BE A9

fijr -lo{' mlo
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Ae OE Aslele] B85S B FBHE SE ok olFA Byskn HHAFHA
ABRAN 2AL B AToIAE TeEiEA oReth B A4 Folshs AFEIHA

3H4 7ML 7hds] Akl T 429 HuE B3 Fstd

AEMAAE A FAISH 7Haoll disiAe dubaelll SR A EHE T
A= ob /Al Fofslr] UEl AHist & <= Slth Hashimoto et al.(1983)¢]
Performance Indicator /W@ ASA FUH U Aed Qo530 &) 2
7HeFE Multivariate Standardized Reliability and Resilience Index(MSRRI; Mehran
et al, 20155 HWEAR] AEAA 7HeAE=E & 5 ou AAE 288 4%
= oM EEt ARIAAIRH 7HeAlS AE fsiAe 8t 359 Bl B8
Skl o]F s WA AREdH deadS Ted] vluet A= Water Supply

Reliability(WSR)E Eq.(1)¥} Zo| &ols}%rt.
WSR, = (R, — D,)/ D, @)

o714 R 3 t9] 25590, De +o3(Le Uehdt. WSR2 20



| 29 VIEEY 24 H JiEd 2 BE0 tigh 712He St

tiulel Eo] B35t A Qulotal ¥l A 23aH, 3¢ B ERSYHE
oJujgit}, 71EAG=20] HekS: 915 WSRE SPIAE HEY1SII¥IL oI Standardized
Water Supply Reliability(SWSR)Z olst3irt. E27473k= SPI, SPEIZ} HII7HA]
2 AFEE Trgor] Slol ZF doll disl w2 8= 9ich 9 WSRY H|ZAEE S
Weibull AEZA1E o]&d] H|msdog sty SWSRS MSRRIQ] Al
FARHATE 2Pd5] 4=a210] ARto]l nEE Afekal & 4 Qlok. MSRRI= A4A|
FAF AHE 47 o7 Hlwste] 7hEY] AHAF A15et ALAFol Qs
FAEE ALHS Al 1Etks AR ALAIAY] Jgo] 2 1HE A
2} o 4= Qloh BFA SWSR2 ©@<es] Rt £9 ol tigt 353 #5529 9viE 7}
A3l 9)7] wiie] $=8219] o] wejE x|golct.
A 2204 5HEFE TFEE= X Fo] tigt WSR, SWSR A|AEE

U7l A= Bds] AeAY |- FEF ASANA B2 3398 A99 8
o] HA AAtE]olof gt} thEA & 2 AF4A 29L Hofots Hel o
gk Adgo] ojojxitt.

232 72 & MeAIRY 29

AEASAY U R2FE SREGS 5 A2 2L 0|22 %A
2971 o83 molH] u} FGAE ALASA] FYSI §EFS 71ZHR
I glor olo] et mASA ] ASHE WS A8T S gick. WA §

g AT}, GRAJE 745

Q\5H GR4J(Pemn et al., 2003) Hgo] o]gy
Llacss

= =
AT PJ‘S‘Q] Yoz ARgstaL %a% =€ MR drEdold. 2=

st BEAR] 2R E 7HA AL o] dRETF BE {6 o7 AollA ookt 54
o7 AREEHI QtHe.g., Nepal et al., 2016; Tian et al., 2013). &3] AF&EH+=

Wj7f 0] =7 ZobA mAESRY FEHOE fTt A HIE flsf A& =Y
olgt & 4 QtHe.g., Oudin et al., 2008). 22| F-2+= Figure 39| 7f=FslE o]
AA =R ZAIGE AP Perrin et al. (2003)014 &I 4= o

PR NAASAE 93U 2F@st 7] wEo] GR4J mEo] miApuEs: 24
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o] &=t ol Hdl Kim et al.(2016)2 =9 F=HHAZAIHE 297048 1674
kR fele] 200745 201587HA] 5 A4S olgsiol GRYJ T ERS
Shuffled C al

omplex Evolution(SCE; Duan et al., 1992) ¥ g|&Eoz %5}
A5AQ A9t HHS FL5H3TE Kim et al.(2016)2 SH=oAE tAESH
AHT ASFo] 7 Wi/fisE Iz ol8sto] dfEdS Hojt & 3
U= o] 435 A ASRYE PAISC=E 7MYt leave-one-out cross-
evaluations & AISIATE. WA A 2R PA] YT HOAE oA AaA A
9 A7t 7R Kim et al.(2016)2] AlSHY 5715 AASHAAL 2 ASR-Yol
7= it A aA SRR 9] A7 W FAL- A7 2S PRISM A=moA =
Sto] =2 ROt 5719 HO| REFY] Bits AaAGFA FAFeRE 24
Sk

A BIAIERYY] FEEYE A FEEFY wifHeE A 9skels WS o
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OIFAZIHT tj7fH X FSHProximity-based parameter transfer; e.g., Oudin et

al., 2008), 97+ 2214 AMS 7o Wi ofsAlTlE RAMS 71N X[9st

F

18
o

(Similarity-based parameter regionalization; e.g., McIntyre et al., 2005), A=
o] w7t 24 S BA Ao A4S et F vAS o=
= 3| HEAS 0]85t HH(e.g., Cutore et al., 2007; Kim and Kaluarachch, 2008)
o] tj#Alo|tt. ol ASFH A}t AXS Tt wiig 83 X HekE
Z Ao £35t= XY o/ HS4H (regional parameter calibration, e.g., Kim
and Kaluarachchi, 2008)& w2 253517 5FA9He.g., Parajka et al., 2013) &
S04 BAEAS o83t A QoA HoluAl= Y=t Al 7H] &5 BT ASol
A LojRl wi7iSE o857 mhzoll BP9 ASRol et A8l AA| oEsHA
Hr}. o] BEsp] fa ol 4T F2 REE5/32 HHESk= flow signature
£ WA A3t olF ol&s mMiSE S5k ol ol8E7E dKe.g.,
Westerberg et al., 2014). Kim et al.(2016)2 A ¥s}H {&-LA4S 0] 3] 2F9]
W7 AE S5k T A2 Q1 AFAA7IEE 7S A skE B
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Figure 3 The schematized structure of GR4J (X1-X4: model parameters, PE: potential

gvapotranspiration, P: precipitation, Q: runoff, other letters indicate variables that conceptualize internal
processes in a watershed).
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Figure 4 The standard policy for reservoir operation.
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ol7]A, ET, &= reference ET(mm), R ZF=HHY $EARKM m?d?), G= A
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o 7} & IS v]AKTeng et al., 2012; Masutomi et al., 2009). WAl 7]
3t JFB7E ke ghF 7i9] GCMoll YEsHA 2 Aol B AR 7HA]=
= - AXA "t offg 53 71T Fgole} st gte FH AR} £of F
ojZl g+ 7MY EAATE I AHAI7E Ao E ofAd ThsAde] Aok | A45E Y
=+

= 4ol o], 7IMAEEAL EagAIAE AHIEA 59
g fou|stA AMEE o] ¢th(e.g., Ghile et al., 2014; Li et
al., 2014). Decision-scaling®|g} &8+ Brown et al.(2012)2] FL4]o] tj&#F o]
g} & 5= Ql=tl, AlARS] 7] wHslo] thigh WA EREAS WAsH EAE vk g
£ 7|¥to 2 7|oHsto] JFS HUIok= ®4loltt. Figure 52 decision-scaling
o] /W& /RFH o2 YeRH tro]oj 3ol Decision-scaling® top-down 4
9] A2l Apol= decision-scaling> A Y 5= o8l 7|F27) g2
HSLE & Uha AAEREAS B8 dolliaat she 24Wao] 71524 tiet W=
A AAsk= Holtth Brown et al.(2012)2 o] AW} 7|2 AT 0] BA XS
Climate Response Function(CRF)Z A 2Jo} 1l 7|33} IR CRFof| 7Hs] GCM
o] Yet= 715270l 95 Frhdct. CRFE FollWi7]9t st 1 o]$ o= Theg]
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Climate Hazard Identification

- Setting system models
- Identifying performance indicators & thresholds

~

Stochastic Risk Analysis

- Analyzing sensitivity of system models to changing
climatic conditions
- Creating the climate response function (CRF) for
\_ the performance indicator )

Assessing Impacts of Climate Change

- Introducing downscaled GCMs on the CRF
- Estimating relative probabilities of climate states
- Assessing residual risks

\_ ’ J

Figure 5 Procedure for the bottom-up climate change impact assessment.

£ AFoA= o] Decision-scaling W< ol&dl 209 Hot 7|FEH(HA72
4 e B 55 2ATE 9 A= A4S CRFY Aoz Hsloialtt.
209 B¢t E87E 3FET F FEE WSROI ERFS A71E SEHSE
St 20979 Hdt 7|2 HH TS SEHSE otk S AEA Multiple
regression)& S8 CRFE 311 o8] GCME CRFE ©]&3) 7|ZH3prt AFs]7gA]
7R IARIE 9 Ao A= G2 Bl o8 %t e s A
Eq.(4-1)% Zo] Yehd 4= Qlth

{PIWSR < 0]} = a,+b, X T,y + ¢, X Py, + 6 (4-1)

avg



{EIWSR]}Y™ = ay+by X Ty + ¢y X Py, + €5, for WSR< 0 (4-2)

avg

o714 P[WSR0]2 204 B¢t WSRo| 0t} 22 SE(E H= k), E[WSRIS
WSRo] 0BTt 22 wf 20 B9t B A7|(E H=5 37]), Tavg, Pavge 47
209 Bd7|2, BT, a, b, c= A4 7S, 1= Box-Cox W3 A<,
€, e/ BTEEE W2 A9 goltt. BHASE, |0 B F5 ¥
3719 AEAE wo] MyPadE CRFY AREAL Hopdt A & 2=

9 AEE WFAl 71554 B ohjet A9l st 5S4

g

t
1o

i

ned
H1

A 718
T HEdole IS 7] el AA #Ha/dol gt Aol ¥E 7k &
3] St webA g3 AR 542 P[WSR01F} E[WSRIS] ¥5/dolA B+
7] FE317] Yol ¢, .00 93] A==

24,2 TEINENO| ZEIH B9

2 A7l ARSE A= oA AET ti2 197335E 20159 431d3ke] A2
v e 2 7l2A Rt 439 AEFRe g 209 B9t HojRE= IR &

i

T =

2xolt}, ol2 915] Figure 19 XAA%A] $A74A} v AiEno] gxo] o

S AR 9 7leAme) BHEERS S22 o] % o] 434 e

A1 HA7| LA EE 27k 94 AEe MRS S ASASALT Sa9) K
1

Qe A Hek A4A] HsRo] £ 9 HEo] A7 2

N

WA Qe FAA 2olE fls) AR EE2 Wilks(1999)2] Multisite
Markov Chain Z3o|t}, Wilks(1999) B2 Ao FA18H HolE gt Lyt
St BP0 oA, FFof 7HEFElE Hgo] thA| AAE 7= SHAHBrissette
et al., 2007) 7]1E2<Q vjFo| 22 Zlsltt Wilks(1999)= 47290 vby7t 37|1&
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EeojA 23} ot} -9 A2 12+ Markov chain, 8% 7359 7]+
mixed exponential ¥XE TEttal 7351t MarkovE g2 {O]@“—ﬁ'(transition
probability)& ©]-&3 799 YARYE A0 8 FHSHH ohat 2t

Po1 (k)a let—1(k): 0
pc(k) :{pn(k),ith_l(k)Il (5_1)

1, ifu,(k)< p(k)
0, otherwise
A71A paz TEAR koMY HolgE py(k), p(k)> 42 #3941 397 &
37t T gE, X(he 4988 AAE, vl ARE oA
TS f1%F 078 14t0]2] F&H9f4=oltt. Eq.(5-2)° yehdl 334
= it B2 2 Wilks(1998)= A0l 28517 fsfixde A5THe] 42
= 1 F Ue EEYARES U4E FANSE Eq.(6-2)F HAISH

1o o o
N o mdk
Jot
i
N
N,
0
>
N
N,

ox,

_ 1 ifw (k)< @ p (k)] _
0, otherwise (5 5)
Q71X O[-l= EFEERE UEhdth wEbs o3 AIFe S 228+
233 nas «MT w(9] HlzTSEo] p (KTt A u P B
9] 7= Xt(k)7F 191 Aol disiAst 270l ==t Eq.(6)2 Zo°l @@Z]—’F‘%—
(mixed exponential distribution)& ©]-&3f] X2]H}.

e el ©

flr(k)]=

exp

o

B, (k)
B,(k)= B,(k)>0,0 < alk) <1

7|4 a(k)+= mixing probability, 8,k B, (k= AFERZ] FH4S Hell+=
j7jamo|t, Aol AT AL wkE HHHE BEYFEEE o8
HPA A QAT ohAsy EEFEE] WASIEE S F A
BE Ao ATy X9 ASAsE
ol-gal F3ttt. AFY 7t SIUVH HW ohelE FEEe] wapdEsEol 37]
7} AXA =ar PEe] afgko] 5o 2 5
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d FPEL2 Eq.(10)9 J4+3t = 3l 7I2AALE =2 Mg ofof gt

Ti, = 1 (t)+ Ztgi(t) (10)
of7] A Ttl To= 220 199 Fa-FA7] 2011 1 (0%} o) t€9] 7|50 7HA
= B 9 Z2HAE 9ufRitt

SR RIEEE 71%4& BolA Wilks(1999)2] ol okzte] Xjol7}
-]_1‘_:_ tﬂ-/kﬂ010 EXNLS 7 ]_9_01] 7<—LQ_/\1717] Haﬂ/q e 14—0]
O P N S
B AFo|HE ol TEsN Atk GOM BT oA B o2 799}
712.9] Agto] AX7] whiel] mo] Aol 799} sj20] Agto] BED AL 714
2 SOl ofs) wEeld CRESH FZMAISHE GCMel awe 7+ % g

243 GCM SZkdMl=t

GCMY] &A% 3= 8% 1-3° o]7] "ol A|4x4A] o] 4835
7] HsliA = 3% }*3*1]9}7} ZrAolt), shkA B7PIHE o]&3t sitjEte CRF=
HE2A 72 HE dojRl g Eskeo|mng GCMe 3HAISE & 3ls7]= o9
HBrown et al., 2012). Y 2 FAY BopollA= ZHEEY Ko £A1d A E
Exog2 GCMI A¥9 =HFPE AZsh=tl SASH A7 (Statstical
downscaling)e] @o| AMEE+=4H 1 d& Christensen and Lettenmaier(2007),
Chang and Jung(2010), Monk et al.(2011) 5= & & Uth

2 AN ARH IS -2 Eum and Cannon(2016)# Eum et al.(2016)
9] Spatial Disaggregation Quantile Delta Mapping(SDQDM) ot} #=279] &
AA HHEE o8] GCMe HHEES $7st= "2l Bias Correction/Spatial
Disaggregation(BCSD, Wood et al., 2004)° 15€¢ moving window?] &EULE
g AEok= ®Ho|tk SDODME ©<= Quantile Mapping(e.g., Rhee and Cho,
2010)°] 7Hl= GCM9] dt9] W52 WHYsHA] Hohe TS Hashal ISAtR
FAZHA] A a=fste] AAS} sk 71Relth. Eum and Cannon(2016)< SDQDM®R}



WO 2 Coupled Model Intercomparison Project Phase 5(CMIP5)2] 207 GCM<
SAISE st f4evt e skt & A9 7R JFI7E Ak
SDODMEHES o]-85fl F7HAISHE GCM2 CMIP5 267] PO 2 Table 200 2t 13
of tiet HHZS AT, A AFT ¥} o] AR 0 Z o] ZXHVIAIS7} o] FoiA]
= IollA GCMO| 7HAl= 758t 7129 Aad2 7AIA Hok. SHAJRLE o] & &S
NS 718 ekl Sl Fe Hrolct. okg® SDQDMHHES e} 7120] 714
= FAIE IEsk GCMY] d¥s/d<S & RHdshks 92t o= 7= dAIE 71 e

J\Eus} QJapmrioly BAAEE A BEAES Abds] Wl whol),
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Table 2 GCMs downscaled with the SDQDM method for climate change impact assessment.
No. GCMs Resolution Institution
1 CMCC-CM 0.750 x 0.748  Centro Euro-Mediterraneo per | Cambiamenti
2 CMCC-CMS 1.875x 1.865  Climatici
3  CCSsv4 1.250 x 0.942
4 CESM1-BGC 1.250 X 0.942  National Center for Atmospheric Research
5  CESM1-CAMbS 1.250 x 0.942
6 MRI-CGCM3 1.125x1.122  Meteorological Research Institute
7 CNRM-CMb 1.406 x 1.401 Centre National de Recherches Meteorologiques
8 HadGEM2-AO 1.875 x 1.250
9 HadGEM2-CC 1.8756x1.250  Met Office Hadley Centre
10 HadGEM2-ES 1.875 x 1.250
1 INM-CV4 2.000 x 1.500  Institute for Numerical Mathematics
12 IPSL-CMBA-MR 2.500 x 1.268  Institut Pierre-Simon Laplace
13 MPI-ESM-LR 1.875 x 1.865 _
Max Planck Institute for Meteorology (MPI-M)
14 MPI-ESM-MR 1.875 x 1.865
15 FGOALS-s2 2813 x 1.659 LASG, Institute pf Atmospheric Physics, Chinese
Academy of Sciences
16 NorESM1-M 2.500 x 1.895  Norwegian Climate Centre
17  GFDL-ESM2G 2.500 x 2.023
Geophysical Fluid Dynamics Laboratory
18 GFDL-ESM2M 2.500 x 2.023
19 BCC-CSM1-T 2813 %2791 Beijing Climate Center, China Meteorological
20  BCC-CSM1-1-M 1125 x 1,122 Administration
21 IPSL-CMBA-LR 3.750 x 1.895
Institut Pierre-Simon Laplace
22 IPSL-CMBB-LR 3.750 x 1.895
23 MIROCS 1406 x 1.401 Atmosphere and Ocean Research Institute, National
24 MIROC-ESM-CHEM 2813 x2.791  |nstitute for Environmental Studies, and Japan
25 MIROC=ESM 2813 x 2791  Agency for Marine-Earth Science and Technology
26 CanESM2 2.813 x 2.791 Canadian Centre for Climate Modelling and Analysis
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Figure 6 (top) precipitation and temperatures at the Daegwanryeong station from November 2002
to April 2003, and (bottom) modeled SWE and liberated water. The red and blue lines in the top panel
indicate the maximum and minimum temperatures respectively, and the gray line in the bottom panel
presents temporal changes in SWE.
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Figure 72 A% 75 9 71&xgg Pk 1974dRE 20158714 SPI6,
SPEI6, SEDIGS| A 37+ ato] 7HA= Al7H4 ®stoltt, di#4Ql 7Feo2 7|&
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Figure 7 Changes in spatial average of the drought indices from 1974 to 2015. The deep blue
straight line indicates the trend in SPEIG.

SPEI67} S71ote SAEtH 2EHSE 1EoHA] %= SPIoe 35| S7H5A]
ot} wEtA eI o R 7Ha& B7Foke SPI9F 34441 HH
AoA 7HEHEE S7HEAIE A= HS ook ole 74 AR gt
Mann-Kendall A% ZA31 Figure. 894 &d] =t} SPI67F AAH LS
S7HEAIE 7HIAL Sle= A € 5 Aok AEER, AAEE, B712Y d7A|
< AlYstis SAXCE Fott oAl FHEA g=tt. SPEIGOA 27 ¢

He Aoy FadAst WA SAEAQ B Aol A|ujHolet

& 9 T3 g & AT ¥ g2 AgHEG {oal H7] oy
SEDIG®| FAIREE o83l S7HEe 7Ha2 AdEE ST 757 TozT Ay
HE ARRE, 3R 87T $710ks AIgolzt & 4= SlH. ok SPIeet
SEDI6 oA FAFAE Hols A A2 AAAQ1 FAto] F3s] Ao dol

e vAE A" 7hsHol ek
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Figure 8 (a) Spatial distribution of linear trends in the time series of SPI6, SPEI6, and SEDIG, (b)
locations (brown—colored areas) with statistically significant negative trends at 5% significance interval.
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Figure 9 Spatial Distributions of major drought events in South Korea.
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Figure 10 Temporal variation of spatial extent defined as D2-D4 areas in South Korea. The black
straight line indicates the trend of drought areas defined by SPEI6.

SPI6S} SPEIGE ZAAH D2-D4 AF9 1974dHH 2015W7HA]9] AIZH ¥sk=
Figure 100141 ER1E 4= it} b4 AR 19774 7Ha-2 =] Wi 90% ©]
A VRRAHE B 3 e #5718V Welde Hdiolth
D2-D4 A99] FZHE F40] =3t EUTE whEoka glgo] {A gRlgt.
BOMAo} E=9] 714 HEHo g Hi= 19909 S95t o] Fol=(Kwon et al.,
2008; Wang et al., 2009) D2-D4 A|<¥9] HAo| 7t W7} A= LATE 1
olAET} BA A WAsl Y Ao Helth D2-D4XQ] F7HE 37| A
71710l tislf S71EAlel = F7HHo R ER1 4= Sl o] AX= Hat TREAS
9] AIZH WEAgThs 2F2 AHEE 292 FE o2 7HR9 ¢9o]

Foi 715 B4l MM Mokt Utk ¥ L& ek

I Z7FEEAI7E 34 2 B 1 o]% = HEAdo] E AR QAL S
gs] = dtt. o] A¥= Trenberth et al.(2014)9] 7Fgoll tight A|F+2435}9]
Jgko] st AT A=k Trenberth et al.(2014)L 7|3HIP} 71& Hlz 9
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Figure 11 Temporal change in average severity of D2-D4 areas. Severity is calculated by absolute

value of SPEI6 truncated by —1.3. The straight line represents the linear trend.
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o] #E ARAA U TREldEs 38 7ReASe] FARE S5
I Aokl H7] ofFoh SRR Ao 2= LTt 7Kkl Qli=H| Figure 89
Uehd Hie} o] 2 MRkl SRR dA AR o] dik= 29| gt
=] tfgt GCM 718t 7FE8H71?] Rhee and Cho(2016)9] A3} d3/do] QU
Rhee and Cho(2016)= GCMO2RE Aojxl 37§ SPEIE 7|2 & |74/
A 7FEHlE7E SAR SR FoJsH 71 Ao E WHEth tE FolilE S
AHT T PP AR Agth o] Aib= ToZRl 7|5 s} AUl
RCP4.5°1V\1 Uehd dE o $4] 92 AU st At HUS dols o 2 71

HIEE oidsforsitt. SEASE SPI6S} SPEIG7E S71A1E HolAY BAHoR &
43W U FAaFAIE Hole T Ao Hof &2 42 W27l oldH

A Eol|A =t wieh o] 7|estet YRR ol et ARl Mt Bla
= o =2 AF2HTR A8 7hE Aol BEA| FUishe A|9er HY]E of
Hot. 2L GCM 7|9 1270 SPEIE ©]&3l AR 7Fa =S B7I%t Cook et
al.20149)°1M= =2 S7Ieke drdez A8 7Revil= 3 A=t 24 $718
€ AYger EFFHA k=t A A7 A 523 e 7o T
AHAHL ofZe7t F5., vl= A&, o7t T8, 73, SYOAIoF, Aotrlef,
QAEF ARop AR A Ho|iL FotAore] Fgolle T FEF Aol =2
FEHdEe &Y dREHE 92 JoE FUHEY|E It

=

SHARE 71E A2 =0l 7 TR RS 37 BdE nlshe Ao
A & AFNAAY S EE oM 7R AqitE R Wrkeke B
£ 237t vEhd 7hsAel qlnh A AFHem FUkekL e Bd7leS v &
ASEATFS *o*% ] 7]aL 7heol AdE W 1 ”E% SEAIT. Tt g
A 715 RekR Ieh Ve feE WekE TRl ]l FARteR YA Bt
A= o =tk B9 SPEI6S HHAQl AL Z7lsta AN ol 74gfo] &
=3 A3 DA 2 A BtS Yulshe Zlolal 7hEol BASkE A9 A
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Figure 12 SPI6, SPEI6, and SEDI6 time series at the Jiso reservoir area. The straight line indicates
the trend of the SPEI6 time series.
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Figure 13 Temporal variation in drought severity of D2-D4 drought events. The straight line
represents the linear trend of drought severity.
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Figure 14 Inflow time series of the Jiso Reservoir. The straight line indicates the linear trend.
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Figure 15 Inflow time series of the Jiso Reservoir. The straight line indicates the linear trend.
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Water demands from the Jiso Reservoir. The red straight line indicates the linear trend
of agricultural demands.
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Figure 17 Comparison between SRI1 and SWSR without consideration of the reservoir operation
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Table 3 Monthly average demands and inflow minus evaporation loss (1,000m®).

Month Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec
Demand % 86 9% 140 1,191 1,348 1048 980 360 B 92 %H

Inflow-E~ | 231 331 483 641 612 829 2030 3017 2312 653 409 305
*Evaporation loss




N
T
rE
o
5
0B
N

| 29 7IEEd 24 H JiE 2 220 gt

2500
2000 — J
un
o Ma
£ Jul '
o 1500 — Aug \\ \
S
e X(/ \ \ /
© 1000 — L /
© Sep
>_
Apr Oct-Mar
500 — \
04 I I I I I

| |
0 500 1000 1500 2000 2500 3000 3500 4000
Available Water (1000 m?)
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Figure 20 Comparison between SWSRs with and without consideration of the reservoir operation
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Figure 21 Comparison between WSR and SWSR of the Jiso reservoir system
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Figure 23 Statistics and probability comparison between observed and generated precipitation. Py
is the probability of which both of the watershed and the demand site have no precipitation while Py;
is the probability of precipitation for the both sides.
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Table 4 Statistics of observed and generated temperatures (Wshd: Jiso reservoir watershed,
Dmnd: demand site).

Mean Tmax Mean Tmin Std Tmax Std Tmin
Wshd Dmnd Wshd Dmnd Wshd Dmnd Wshd Dmnd
Observed 16.8 18.3 6.0 7.0 9.7 94 93 95 0.84
Generated 16.8 18.3 5.9 7.0 9.6 9.3 9.3 95 0.85
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Figure 24 Generated temperatures before (red) and after (blue) the post processing for expanding the
sampling range of 20-year mean temperatures
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Figure 26 Example time series of WSR for a selected 20-year in (white) the base case, and
the cases of (red) no reservoir, (blue) increased reservoir capacity, and (green) transition from
transplanting to direct sowing.
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Figure 28 As in Figure 27, but for the case of no reservoir operation
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Table 5 The parameters of CRFs obtained from the multiple regressions.
Frequency Severity
Case
A a b C X @ b, ¢

Base case N/A 0.0283 -0.170  0.0831 0.262 0.0297 -0.190 0.481
No reservoir ~ N/A  0.00957 -0.167  0.343 N/A 00120 -0.0416  0.436
Adaptation N/A 0.0298 -0.1770  0.0630 0.303 0.0387 -0.00997 -0.0198
Adaptation2 N/A 0.0402 -0.173 -0.0773 Log 0.237 -0.413 -4.86

1, values for Box-Cox transformation; Log: logarithmic transformation; N/A: Not applied.

?Intersects. Tag("C) and Pag(cm) are all significant at 5% level.
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Figure 29 As in Figure 27, but for the case of increased(doubled) reservoir capacity
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Figure 30 As in Figure 27, but for the case of current reservoir capacity with direct sowing
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Table 6 The coefficients of determination from the multiple regressions for each case
Case Rese(;xgzi)z) %g))acity Planting Strategy Frequency Severity

Base case 2253 Transplanting 0.78 0.45"

No reservoir 0 Transplanting 0.51 0.10

Adaptation 2253 X 2 Transplanting 0.79 0.89°

Adaptation?2 2253 Direct sowing 0.79 0.57"

“Regressed with transformed dependent variables
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Figure 31 GCMs under the RCP4.5 scenario plotted on the CRFs for (left) frequency and (right)
severity of water scarcity. The red box indicates sampling ranges of 20-year averages of precipitation
and temperatures of the stochastic generations.
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Figure 32 As in Figure 31, but under the RCP8.5 scenario.
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Figure 33 As in Figure 31, but the four points of each GCM are connected with indications of the

direction for future.
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Figure 35 As in Figure 33, but for the case of no reservoir operation.
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Figure 36 As in Figure 34, but for the case of no reservoir operation.
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Figure 37 As in Figure 33, but for the case of Increased reservoir capacity.

18- 18 g5
(2] (2]
> >
D17 — 517
@ R e
) )
Q-_16 — d.16 _|
IS IS -
215 215
© ©
2 2
c 14 c 14 B
(0] (0] - =
[ [
té 13 té 13
7 ©1996-2015 ~ » ©1996-2015
12 — 7 1976-1995Q 4 & 12 1976-19950)
- — 3 | | \ \ | | | |
1200 1400 1600 1800 2000 2200 1200 1400 1600 1800 2000 2200
Mean annual prcp. (mm yr') Mean annual prcp. (mm yr')

Figure 38 As in Figure 34, but for the case of Increased reservoir capacity.
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Figure 40 As in Figure 34, but for the case of present reservoir capacity with direct sowing
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