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Abstract

Accurate drought outlook and drought monitoring have been preceded recently to mitigate drought damages that further deepen. This
study improved the limitations of the previous MSWSI (Modified Surface Water Supply Index) used in Korea and carried out probabilistic
drought forecasts based on ensemble technique with the improved MSWSI. This study investigated available hydrometeorological
components in Geum river basin and supplemented appropriate components (dam water level, dam release discharge) in addition to the
four components (streamflow, groundwater, precipitation, dam inflow) usedin the previous MSWSI to each sub-basin. Although normal
distribution was fitted in the previous MSWSI, the most suitable probabilistic distributions to each meteorological component were
estimated in this study, including Gumbel distribution for precipitation and streamflow data; 2-parameter log-normal distribution for
dam inflow, water level, and release discharge data; 3-parameter log-normal distribution for groundwater. To verify the improved MSWSI
results using historical precipitation and streamflow, simulated drought situations were used. Results revealed that the improved MSWSI
results were closer to actual drought than previous MSWSI results. The probabilistic forecasts based on ensemble technique with
improved MSWSI were performed and evaluated in 2006 and 2014. The accuracy of the improved MSWSI was better than the previous
MSWSI. Moreover, the drought index of actual drought was included in ranges of drought forecasts using the improved MSWSI.
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Fig. 1. 14 Sub-basins in Geum river basin
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Fig. 2. Procedure of MSWSI calculation and two improvements proposed by this study

Table 1. Basic investigartion of hydrometerological components at each sub-basin

(a) Investigation of available hydrometerological components

No. Basin s::l:irz;n stZiI;n sta\txijon NS le\];esl 1 lei:esl 2 WWS LWS GW
3001 Yongdam dam o (6] (6] X (6] (6] o o O
3002 | Downstream of Yongdam dam X (0] X X (0] (6] X X O
3003 Muju Namdaecheon (0] (0] X X (0] O X (0] O
3004 Youngdongcheon (0] (0] (0] X (0] (6] X (0] O
3005 Chogang (0] (0] (0] X (0] (6] X (0] O
3006 | Upstream of Daecheong dam (0] (0] X (0] (0] O X (0] O
3007 Bocheongcheon (0] (0] (0] (0] (0] (6] X (0] O
3008 Daecheong dam (0] (0] X (0] X (6] (0] (0] (6]
3009 Gapcheon (0] (0] (0] O (0] O X O O
3010 | Downstream of Daecheong dam (0] (0] X (0] X (6] X (0] (6]
3011 Mihocheon ¢} (¢} ¢} o ¢} (¢} (¢} o (¢}
3012 Geum river Gongju (0] (0] (0] (0] (0] (6] (0] (0] (6]
3013 Nonsancheon (0] (6] X (0] (6] O X (0] O
3014 Geum river estuary bank (¢} (0] X o (0} (0] o o (6]
* Pcp: Precipitation; WL: Water Level, W: Weather; NS: National Stream;
WWS; Wide Water Supply; LWS; Local Water Supply; GW: Ground Water
(b) Analysis and collection of hydrometerological components

Components Stations Data length Description

KMA: 9, * Data quality & length
Precipitation MOLIT: 24, Maximum: 1966-2015 * Priority to KMA
K-water: 8 * Areal average with Thiessen method
Water level & streamflow 87 Maximum: 1990-2015 * Data quality & length
Dam Yongdam, Yongdam: 2001-2015 * Total nine dams located
Daecheong Daecheong: 1981-2015 * non-available 6 dams in KRC
Groundwater 7 Maximum: 1998-2015 g:f:;ﬁfg; length
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Table 2. Selected hydrometerological components and stations at each sub-basin
Gof Subbasin Subbasin Hydrometeorological components
ode . .
name classification Precipitation Streamflow Dam Groundwater
Upstream Jangsu, Daebul, Buksang, Donghyang, | Inflow & water-level
3001 Yongdam dam of dam Jinan Chunchun in Yongdam dam Jangsu-Jangsu
Downstream of Downstream . Release discharge in
3002 Muju(K Anch
Yongdam dam of dam uju(KW) fiehun Yongdam dam
. Precipitation, Muju(KW), Buksang, Sulchun,
3003 | Muju Namdaccheon Streamflow Muju(M) Jangbaek
s Geumsan(K),
3004 | Youngdongcheon Precipitation, Geumsan(KW), Sutong, Hotan Geumsan-Geumsan,
Streamflow Geumsan-Boksu
Youngdong
Precipitation, Chupoongryung, Songchun,
3005 Chogang Streamflow Hwanggan, Buhang? Simchun
3006 Upstream of Precipitation, Iwon Okchun
Daecheong dam Streamflow
3007 | Bocheongcheon Precipitation, Boeun(K), Boeun(KW), Gidaegyo,
Streamflow Neungwol Chungsung
Okgakgyo,
3008 | Daecheong dam Upstream Gunbuk, Annae Daechung dam, In.ﬂow & water-level
of dam in Daechung dam
Hyundo
3009 Gapcheon Downstream Daecheon Ban'gdong, Daeje-on-Moonpyung,
of dam Sindae Daejeon-Taepyung
Downstream of Precipitation, Release discharge in
3010 Daecheong dam Streamflow Bugang Bugang, Maepo Daechung dam
. Precipitation, Cheongju, Chunan, Gaduk, Chungju, Chungwon-Gaduk,
3011 Mihocheon Sunghwan, Byungcheon, Hapgang, . .
Groundwater h . Jinchun-Jinchun
Jeungpyung, Jinchun, Oryu Mihogyo
. Buyeo, Chungyang,
. . P
3012 | Geum river Gongju recipiation, Jungsan, Banpo, Bokryong, | Guryong, Gyuam
Streamflow .
Gongju, Hongsan, Jungan
3013 Nonsancheon Precipitation, Yeonsan, Jangsun, Hangwol,
Streamflow Ganggyung Nonsan
3014 Geum river estuary | Precipitation, Gunsan, Hamyeol, Ippo, Okpo

bank Streamflow Ganggyung

*KW:

K-water; K: KMA; M: MLIT* KW: K-water; K: KMA; M: MLIT
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Fig. 3. Example of weights of each hydrometeorological variable for each month at sub-basin 3001 and 3007

Table 3. Selected suitable probability distributions to hydrometerological components at each sub-basin

Subbasin Subbasin Hydrometeorological components

Code name classification Precipitation | Streamflow Dam Groundwater
3001 Yongdam dam Upstream of dam Gumbel Gumbel 2-Log-Normal | 3-Log-Normal
3002 | Downstream of Yongdam dam Downstream of dam Gumbel Normal 2-Log-Normal

3003 Muju Namdaecheon Precipitation, Streamflow Gumbel Normal

3004 Youngdongcheon Precipitation, Streamflow Gumbel Gumbel 3-Log-Normal
3005 Chogang Precipitation, Streamflow Gumbel Gumbel

3006 | Upstream of Daecheong dam Precipitation, Streamflow Gumbel Gumbel

3007 Bocheongcheon Precipitation, Streamflow Gumbel Gumbel

3008 Daecheong dam Upstream of dam Gumbel Gumbel 2-Log-Normal

3009 Gapcheon Downstream of dam Gumbel Normal 3-Log-Normal
3010 |Downstream of Daecheong dam| Precipitation, Streamflow Gumbel Gumbel 2-Log-Normal

3011 Mihocheon Precipitation, Groundwater Gumbel Gumbel 3-Log-Normal
3012 Geum river Gongju Precipitation, Streamflow Gumbel Gumbel

3013 Nonsancheon Precipitation, Streamflow Gumbel Gumbel

3014 Geum river estuary bank Precipitation, Streamflow Gumbel Gumbel

787, A= i), s 1070 S5 4, Alskre 37 BE4AE 7+

CI831 ek & BP0 51, B B

o= 75217 7Y Ath= ot
Doesken et al. (1991)2] YH-& o]-8sto] A5 7154
AP S 2heFsA A st
7 Lol vl &5 Akt e 2 A4 RSt 12} 7R A1 & 4H

Skl

©m, 4 427 BE4(AA
2= 2736 tﬂ/\}) SEAL 287 TEA, A|5h= 770
2 sgstel A gatalrt.
SRR w0 AR, WSk, 3,

44, A4 £ 0.2 BRslgom, o] Arks

w5 7} -godo]] el 71

A& 57 A7 1M Al =

41 2} QLApE E A o

SO 1A 7FEA HAE A § FH o= 7}

A2 QAP vlgZ Altete =4 ZF QIxpE HH 2%
E 4ok ek HAF U Hobrol 18 192

AR Q1ko] FeFo] 7 7 S (Fig. 3(a) HF), ol2] -
of| A= st Z39] gkl 7 Zink 5], o}zu 7459
P GHRE T7 4 Zol7t et BT o= o] 9%
o] B AA|H, ZAp7]olli= 5P o] ol B E A 0= Yyt
h(Fig. 3(b) &=).

o)

l

B e

O

)

%

222 #2740 SERE 2 M

=0 &2 GA(4)E FAst o, ZF 2711t A
EEly ﬂgﬁte F735F3lTt. oFA AFgh viet o], 71&
MSWSI (K-water, 2005)° A= BE $-271/ A4S A4t



S. H. Jang et al. / Journal of Korea Water Resources Association 49(10) 835-849 841

I (normal distribution)& T2 = 7 © & 71435} o] v 23}
2 FASEATE shA|TE 2 Aol A= 2t =7 1A 1At
8 87 st SERE(GEV, A, 2-7 /i i
AR, 3-u7 S oA R ) E 285kl mj 7S
FAS 93l =¥ (maximum likelihood method), &
7153 H E H(probability weighted moment method), =1
EH(method of moment) ©|-&5lH oM, Ag=: AA
(goodness of fit test)= 2]3l] log-likelihood A7 ©]-85F%]
ot F443}, ZaAtans B S EY0lA Gumbel £2E
G2+ 0= et o, sPdata« 37 SHY2 A
E, 2] FEGL Gumbel E27} A g5t Tt WA= (-
A, 7, AL 2-m g 82, Aok
= 3-miHs A FEELE T2 Ao2 YEyT
Table 3-2 7t &G E/4 27 IAPER 2 F AP H 25
E2E UEhdch

2.3 70 MEl IR0 BS

B Aol A= 71E AP g of| mhE MSWSI9tE Aol 4]
7RAgE MSWSI A A IS vl wsholet. thd 7|72 =4
© g2 712uls7 79 20014, 2006, 2014W-S Tt o &2 51
At 20013 9] AH-f-ofl=3~5E A= 7ol 2/t 377 mm

April 2001 April 2006

2A 771, 73, YEEF A9 od 472 20~30% 5=
Hbol =] 7] okokth. ot A a2 A7, 34, A, deEkE
Lo A EAE T 9T 2006 WOl S, HeEhd R, 7
FEEE THOE 8~108 5ol WA E] 30% =5t
of E7] eIgtow, M=k o4& Bt 67%= HET
(NEMA, 2009). 20149 o= 7€, 7], 54 A7 Hofl 7}
=ol ZA WY o, o] 2| H o]

ot 55] dHA gl = L84
AJSFATHKMA, 2014).

Fig. 42001, 20061, 2014 44 2] 273l it
71Z&MSWSI& A= MSWSI ZxHS e 17 gl 2001
Wofl = & MSWSIZF A2 0 & H|ZatA| Algh 7hg o 2
Bl o A HE FA 0 & 7|EMSWSIE 7H=o] 4]
Sh 714 = MSWSIolA= 7HEo] oA A A o= vHet
ST 2001 HAH 0 &2 -2 v]sobA vrergte s, 74
HMSWSIZ} ok 7go] ke A .o 2 BT 2006
7201438 AH 2 0 7 7]EMSWSIH T 7] A E MSWSI
7} 7hE AETFE 2Rl A1 o] e A A YER, B9
201492 AEA 9 9] 7He B& SAe1 A 2 = YEsith
71&MSWSIeH A E MSWSI H| 25 & ZHA5] A A
ok 2t

Index
extremely wet
moderately wet
slightly wet
near average
slightly dry
moderately dry
extremely dry

3001

April 2014

(a) Previous MSWSI results

A

April 2001 April 2006

(b) Improved MSWSI results

,—'{’f\u‘
P, N
= 2
Index

extremely wet
moderately wet
slightly wet
near average
slightly dry
moderately dry
B cxtremely dry

April 2014

Fig. 4. Comparison of the previous and improved MSWSI in April 2001, 2006, and 2014



842 S. H. Jang et al. / Journal of Korea Water Resources Association 49(10) 835-849

2.3.1 239 3001

Fig. 5(a)= 5% 30011 sl 20148 7]EMSWSI2} 7R
A MSwSIef| tigh A A 22 Her A Qlet 71 MSWSI
ol A= FebAU Az 7hRo] A& A o & WiAsl= Ao =
UFERET Q1o 7 El MSWSIO A= 72 dhAlE} 2] oF
T ARHE] A 23t A 0 = el glet. ofof thsll S H S
30019] 27132 E R 744, shfed, Aol B
iH] H]8-& AW H QLo W Fig. 5(b)2} 2tk Fig. 5(a)2] 7]
Zr Aol 5ot B3RS 20149 1298 B Rk Ut
0142013 9~129712] Ft E ot ol H-2 732 (F o
164%) 0.2 Qo] H-5-Q=t s = ufj-- FHet A e
2 UElt o]2]]t ko] 2014 Z714] o]0 of whet 5
A 30014 282 0 2 7HEo] WAYekA] o Alo]
o] Efg e Ao 2 et $47]of et -peleko] 3
THT IO 3~4 90| F g o B2 RS A 7pA]
A5tA] 9= 02 YERTE Fig. 5(a)2] B7|7Ho|A 7]&
MSWSI= 7Ha/d el 2 UERG A9 B Bt of-9- W2 74
Ao 2 dgeledt shdpafo] Zokstal.om, ofof tigh
FFoE /R MSWSIOIA = a3t Ao = ekt

: AN

Y

MSWSI| step

]

L)

—+—Previous ~#~Improved

-
(9]
w
S
w

] 7 8 k) 10 1 12
Month in 2014

232 339 3014
Fig. 5(c)22001'd 53 3014 thsf] 71& MSWSIe} 714
HMSWSIof thgh Al A E-S UERHTE 7] MSWSIoA =
AAH 02 oA JF 0] Aot o2 4THA|(H-5 3 =) ©]
Ao 24 FUA 3014001 = 7~-8 9 Al eJsta 7HEE Aol 9
=710 2 vehitt, o]eb a2 7|4 E MSWSIoAE 5
& 3014°] thote] 2001 o= = 7Hgo] HAYoES o H,
55120019 Z7]olli= =8 7hao] S oW, 2|&H 0
2 A 7Rt oFgt 7Hao] YERHTE. ol thsl % 3014
o) 7ot opdztm o] Wl P hH] v S-S FHE AmHQ)
O™, Fig. 5(d)2} 2T} Fig. 5(c) ] ¥rA717H5<¢  Fig. 5(d)<]
7ot PGS A B, 52 o thH] 40~60%5H
Aghol| et AlZigt EHE.0 2 Qlsto] 7Hgo ARt Ao 2
kst 4= 9l o]of| whet S < 30140 4= 25k 71HE
| dA8st= Ao] o gt Ao = metEt
A 2 7E2] At E A kel o], 7]E MSWSI2te]
H| W oA i H MSWSIZF 273 ol A Aot 7He&
B} JgotA e o 2 Jepfglon, $2824 7 2
YE J} 7Rl QlolA] 74 E MSWSIE o]-85h= A

(]

—e—Precipitation  —@-Streamflow 4~ Damin!

400 | \‘ / \/

0o

Ratio to average (%)
=
8
o

12 3 4 5 6 7 8 9% 1011121 2 3 4 5 6 7 8 9% 10112
Month in 2013-2014

(a) Time series of the previous and improved monthly MSWSlIs in 2014 (b) Time series of monthly precipitation, water level, and daminflowin 2014

—e—Previous  =S=Improved

5 AN

1 2 3 4 5 3 7 8 9 10 1 12
Month in 2001

(c) Time series of the previous and improved monthly MSWSlIs in 2001

250

8

-
@
-]

Ratio to average (%)
e
8

w
S

!

1234567 895101112123 456789510112
Month in 2000-2001

(d) Time series of monthly precipitation and streamflow in 2001

Fig. 5. Verification of improved MSWSI in sub-basin 3001 and 3014: (a) & (b) at 3001 and (¢) & (d) at 3014



S. H. Jang et al. / Journal of Korea Water Resources Association 49(10) 835-849 843

3. /MIE JtEA IS S8 SEEA ST

3.1 OI-AI-— 7|||=|_|- = E_'Il jl-gl-l%l-
3.1.1 QFEEZ 7} 4

2 AofA= e 71%4 LA FEEA M EAY
Ol A5= flsl 2006 195H 129, 2014 197 12¢
A& HAS 717 2 519 2™, 2006 ol tHSl A= 1990
195 € 20054 129714 1670A %, 20140 TalA=
19904 19+5E 2013 12€7HA] 247Hd & o] 3kA 7F4=2F
2L PAE AU ES o &5Helth

@-—giﬂ 7}%7\%} 1]-744& /\Pﬁ:‘l:ltl:] oﬂé _12_01 20064 1
YO 712 Aot at o= 7390l -4 1990 K-E] 2005
W7k 9] 1671 7349t 718 ok %gﬂﬂabcd_‘i"ﬂ of &=
stef 2001 %Q 157]9] - A=t 2ot PS84

r

Bl o102 e el e 1571] 9 2 2
B RAY PP, Aok 9] YRS A BEARE 018
3ol A9 o3 AT 71 xSl chs) @A 1%

Sl SFEH I E H25}o] H] zjq-ﬂag— AR5kl 2+ =B A
Q1] o 71215 A stk uhAlato 2 2t 52

T3t Che MSWSI A2 AP 5Tl ZF MSWST YAE
= MSWSIE| 7Fa A of| B = 751tk Fig. 62 &
24 7ME3Y 7+ vepd - oltt

3.1.2 £22Y: 243 29
2 Aol M= 7 gl A 22K R-ET, Al5k9))
tob7] it A e-RERd o= g—rX]Eogﬂ abcd™
85 th abed 2 ol AHEEl= m7H S (a, b, ¢, d)
dFoly sPd-1(F=) 52 A= EA sk AlS
735 o PER o] AR = 75513
, U AISH2 ASH oA 3t mi7ie s 283
AARJAZE 3] A4S THE A 3| HEA 7| H a(reglonal

regression method) & AFESHALE &, EHAd0] G4
EEZF{YEALS Ao ‘31 E%]ﬁ“l—i AdE &
I

2 T 18 oo o rie
ﬁgio_mcr)f

do o do rr ofh
lm

il
il

o 2 HE FHH o 7H H4 ]Eﬂ, stepwise regression 7|1
< o]gsto] ni7fEE 8] A A TH(Table 4 =),
7|4 A E 3| HAS ARESHH -2 Ut vl AIS-R-Holl o

st abcd2P o2 WE 79 FEFe 7L T A=A

EE T TT20=
Q17| A B2 TEHE PES Eq. ()9 MSWSI »Noﬂ o] 9Jk.
Precipitation

Temperature T T /\/\ Streamflow &
ensemble Hydrological /_;‘\ 3 ~/"\~ groundwater

in April 2006 model “"C%"I - ensemble
(historical data) W abcd model T % in Aprill 2006

; P

[ 1 L~ 15Mswsi

o Pl o P PN I )50 EE) ~  ensemble
h 12 o™ in April 2006
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Table 4. Regression equations for the a, 6, ¢, and d parameters

Regression equations

a =0.1472 - 0.6002%(basin average temperature) + 0.01236%(basin annual average potential evapotranspiration)

- 0.0602%(basin drainage density)

b =-895.3440 + 1.0696x(basin annual average potential evapotranspiration) + 256.8310 x (basin drainage density)

+ 1.3901%(basin monthly maximum precipitation) + 0.0789x%(basin total stream length)

c =-0.3893 + 0.9773%(basin average temperature) + 0.0196x (basin annual average potential evapotranspiration)

- 0.10182x(basin drainage density) - 0.0006x(basin monthly maximum precipitation)

d |=-3.7841 + 0.0128x(basin annual average potential evapotranspiration) + 0.0427x(basin annual average precipitation)

+ 0.3206%(basin drainage density)
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Table 5. Comparison of the most probable drought steps and their probabilities for each sub-basin in April and December on 2014

With the previous MSWSI With the improved MSWSI
Sub-basin April 2014 December 2014 Sub-basin April 2014 December 2014
MPS PR MPS PR MPS PR MPS PR

3001 4 41.9 3 323 3001 7 323 4 48.4
3002 4 48.4 7 22.6 3002 4 35.5 7 29.0
3003 6 323 6 323 3003 7 38.7 6 41.9
3004 4 64.5 3 38.7 3004 5 51.6 4 51.6
3005 6 25.8 4 29.0 3005 7 77.4 7 77.4
3006 4 323 6 323 3006 7 77.4 7 77.4
3007 6 25.8 4 25.8 3007 7 77.4 7 77.4
3008 4 67.7 4 71.0 3008 5 35.5 6 35.5
3009 4 54.8 3 452 3009 4 54.8 3 51.6
3010 4 74.2 4 64.5 3010 7 38.7 5 29.0
3011 4 51.6 3 323 3011 5 51.6 4 54.8
3012 6 29.0 4 25.8 3012 7 77.4 7 77.4
3013 6 323 7 41.9 3013 7 77.4 7 77.4
3014 5 323 7 25.8 3014 7 77.4 7 77.4

* MPS: the Most Probable Drought Step; PR: Probability
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Table 6. Accuracy of the previous and improved MSWSI results

(a) Average hit score

Previous MSWSI Improved MSWSI Previous MSWSI Improved MSWSI
Month Season
2006 2014 2006 2014 2006 2014 2006 2014
1 0.230 0.212 0.348 0.491
2 0.273 0.260 0.342 0.507 Spring 0.197 0.235 0.195 0314
3 0.093 0.240 0.354 0.182
4 0.258 0.309 0.096 0.369
5 0.239 0.157 0.134 0.392 Summer 0.168 0.184 0.213 0.354
6 0.224 0.242 0.177 0.332
7 0.099 0.129 0.075 0.459
8 0.180 0.182 0.338 0.272 Autumn 0.214 0.167 0.248 0.176
9 0.199 0.141 0.360 0.237
10 0.252 0.210 0.286 0.104
11 0.193 0.152 0.099 0.187
Winter 0.225 0.214 0.340 0.455
12 0.171 0.171 0.329 0.366
Average 0.201 0.2 0.249 0.325

(a) Half brier score

Previous MSWSI Improved MSWSI Previous MSWSI Improved MSWSI
Month Season
2006 2014 2006 2014 2006 2014 2006 2014
1 0.851 0.840 0.694 0.494
2 0.730 0.761 0.627 0.442 Spring 0.844 0.805 0.963 0.801
3 1.059 0.805 0.665 1.081
4 0.724 0.680 1.133 0.693
5 0.748 0.931 1.090 0.630 Summer 0.889 0.872 0.918 0.754
6 0.768 0.755 0.961 0.780
7 1.023 0.977 1.180 0.554
8 0.878 0.885 0.613 0.929 Autumn 0.833 0.944 0.772 1.079
9 0.853 0.969 0.638 0.937
10 0.789 0.899 0.792 1.232
11 0.857 0.962 0.886 1.067
Winter 0.824 0.837 0.645 0.545
12 0.891 0.910 0.613 0.698
Average 0.848 0.865 0.824 0.795

Zn} A sLAdo] Bt 0219914 03972 FHAkE 710 2 LRt 24200682 2 B AYHBS=0.857) C}F Zfo} 7= Ao
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