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PREFACE

It is our pleasure to present this report on the APEC Climate Center (APCC)’s

research activities in 2013, which has been a very productive year for our Center.

APCC has expanded its research scope, in response to regional societal and
scientific needs. While building expertise in climate prediction remains a priority,
we are extending our reach to include policy-relevant climate applications and

value-added climate information products.

APCC has accelerated efforts to better our service to the region. As one of
the main services provided by APCC, the MME 3-month prediction information
has been productively applied by scientists in developing countries that are unable
to produce their own prediction information. Furthermore, in order to better
prepare for climaterelated hazards in a timely manner, APCC launched its 6-month
MME prediction service in September 2013. We also began to release forecasts
of the Boreal Summer Intraseasonal Oscillation (BSISO), starting from July 2013,
as the world’s first operational BSISO forecast service. Our researchers also achieved
great success in publishing their papers in noted academic journals. Dr. Ok-Yeon
Kim, for example, published a paper in Climate Dynamics and her research was
later selected as one of the Research Highlights by another distinguished journal,
Nature Climate Change. The following research report provides more information

about our research outcomes from 2013.

We will continue to promote the best use of our research outcomes in various
scientific and application areas. Our successes and achievements would not have
been possible without the support of our valued partners. In this regard, I extend

my thanks to you and I hope you enjoy this 2013 Research Report.

Chin-Seung Chung
Director, APEC Climate Center
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ABSTRACT

Reliable seasonal hydrologic forecasts are essential for managing water resources, especially

drought detection and mitigation, reservoir operation, energy planning for hydropower plants, water
supply management, and many other related activities. Recent advances in dynamical seasonal
climate forecasts using coupled atmosphere-ocean-land General Circulation Models (CGCMs) can
provide reliable information to predict hydrological conditions at longer lead-times (up to 6 months).
In this context, dynamic-model-based seasonal hydrologic prediction can play an important role
in transferring advanced scientific knowledge from the climate research community to end-users
in society, such as water resource managers and decision-makers.

This study developed a Multi-Model Ensemble (MME]-based seasonal hydrologic forecasting
technique which generates forecasts with up to 3-months lead-time based on APEC Climate Center
(APCC) MME climate forecasts for eight dam basins in South Korea. This seasonal hydrologic
forecasting technique employs five monthly water balance models, namely ABCD, Guo, VUB, WBM,
and Xiong. Applying the monthly water balance models has certain advantages: simple model
structures, easy implementation, reliable performance for monthly runoff simulation, and minimal
requirements in terms of climate forcing data. In particular, inputs to the water balance models,
such as monthly temperature and precipitation can be obtained directly from the APCC MME
climate forecasts.

This study added a simple temperature-based snow accumulation and snow melt module and
the Hamon's potential evapotranspiration calculation module into the original water balance models
to consider snow dynamics and water loss from evapotranspiration. The Shuffle Complex Evolution
(SCE) algorithm developed by the University of Arizona (SCE-UA) was used to calibrate the
parameters of the water balance models. Five water balance models were calibrated with three
distinct objective functions (for a total 15 models) to account for parameter uncertainty in hydrologic
forecasts.

Bayesian model averaging (BMA] and a simple model averaging (SMA) were employed to
generate more skillful forecasts by weighting the individual forecasts from the fifteen water balance
models. BMA is a statistical scheme for probabilistic MME prediction that is more skillful and
reliable than the original ensemble members produced by several competing water balance models
alone. The BMA scheme was applied to the transformed hydrologic ensemble members to obtain
a single set of BMA weights for each basin using all the data points from the reforecast period
(hindcast period).

This study used Spearman rank correlations of the streamflow forecasts and observations as
the forecast skill score. For quantitative verification of the performance of the seasonal hydrologic
forecasts in detecting above-normal flow and below-normal flow for the dry (November through
May) and wet (June through October) seasons, the frequency bias index (FBI), false alarm ratio
(FBI), probability of detection (POD), and Critical Sucess Index were computed, based on a 2x2
contingency table.

This study attempted to answer the following research questions using the MME-based seasonal
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hydrologic forecasting technique; (1) Do APCC MME seasonal climate forecasts have sufficient
skill to provide useful hydrologic forecasts over South Korea?; (2) Does the predictability of seasonal
hydrologic prediction vary depending on location, lead time, and time of year?; and (3) How can
the most skillful seasonal hydrologic predictions be made, given the climate predictions?
Furthermore, is it better to develop MME for seasonal hydrologic prediction using Bayesian model
averaging (BMA) or simple model averaging (SMA)? Can the BMA approach give more useful forecast
information than SMA?

The following conclusions can be drawn from our analysis.

1. The seasonal hydrologic forecasts based on 1-month lead APCC MME climate forecasts
can provide useful dam inflow forecast skill for certain months and basins. 2-month lead
and 3-month lead hydrologic forecasts also demonstrate significant forecast skill but only
for a few months and basins. However, there was no forecast skill for June and September
for all basins.

2. The performance of the seasonal hydrologic forecasts varied depending on the dam basin,
lead time, and month. In particular, the 1-month lead hydrologic forecast skill in February
through May was higher than that of the other months. Furthermore, model averaging
techniques, such as BMA and SMA, did not have much of an influence on the hydrologic
forecast skill.

3. The skill scores of the seasonal hydrologic forecasting system during below-normal
streamflow conditions demonstrated better performance than those during above-normal
conditions, indicating that seasonal hydrologic forecasts using APCC climate forecasts may
be more useful for drought management than flood management at monthly scales.

Our results showed that an MME-based seasonal hydrologic forecast using APCC MME seasonal
forecasts has potential for dam inflow forecasting in eight dam basins. Therefore, the seasonal
hydrologic forecasts developed in this study could contribute to alleviating potential economic
losses related to water management by providing reliable forecasts and early warning at an
extended lead-time over South Korea.

1. A2

FALAAE S-S ol A7 oS FRE AlSE = Tk ol2e A7
SZ A A Fuslel 71 FHEC R Qlal Tk 71 Tlai) cfaekeln Sl Al
s th-SAIE SEA sto] AR ARIAAA wshE AaAl7I=d E8E 5
ITHWood and Lettenmaier, 2006), XL ¥3+4] 7|5 mdl 7|uko] A7 S| R =
Alg)gol A2 o2 JfAE AL Qlo] AT o Wadt A5, EYra 59 A7
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el Tt 7]ehhE 57hEl 9leHLuo and Wood, 2008), (R, 715 ZANE e
3 A AAGN S FHATA 71 FATAE HER A SAABAE A2AA
71500 T84T} 710 Asks ZHAME Fa4e] H20E)3 Stk Yuan et al,,

2011).

20009t} SHPHA= ASARE o817t TAA 2L g A (regression) oLt 79—
=S o] 835 PAE-FHFZ(ensemble streamflow prediction, ESP) BlFHo] 422}
HAE S0l =2 o]&5 o] LthPagano et al., 2004), 2|HAE 0|83t &7
WESEH olSA1ELEe] HAA ] HAS 7IHke s A, dH=, vl A 7AYo
A= AEH w2 d ™ (snow water equivalent)& A EZ ARG thSal| 54T} o5
o] F=d= 53k tHDay, 1985; Garen, 1992). o]of| H|3| ESP 7| kA 7|57}
ool e A FTh= 7HY stoll FERFS o8ste] dAY] fEYEHE Adsk w57
FARS FEEP YHARE o] &5t njgf AE oS3ttt webA TheF 309
WS 715 AERTE 7RSIt 30709 AISAE & o Atk 27| ESPoAl= 5 7194}
=20 WEo] FUS A om sttt et 20008 S0 Aol
(ENSO)olu} B A R HE(PDO) 59| A7 32|30} 2| 97| 5-90] AASHA
o] FHEHA, o]& AR EFAEY AE5A| o 7 E Folstas Aol
¢ltHe.g., Hamlet and Lettenmaier, 1999; Werner et al,, 2004).

e} BT ATEE BEAwe] FE YA Z0] AT 22 T}y
TF Aol E-skar 1960 o] oS/l MAEA] AL ekl AAIsHTHe. g,
Pagano et al., 2004; Pagano and Garen, 2005), Pagano et al, (2004)2 19223 o] A]
2002 Bete] ulARAle] BRI MRS B4 kg o2 4do) AHEA P 7
Lo Z71E 7| FHEL AHan, o] AL 2718 7 FHECE 7oA
T ot o EIRet S| AR A ARHEAE ATl whet HEkE 1] whiol]
B2l 7 SAUAoIZe) Aol AR Siskeha Fgakse, ol
ZApe BEARS) WEAT AT M BUT AT E(.q., Mote et al., 2005;
Hamlet et al., 2005; McCabe and Clark, 2005; Chang et al., 2012)] &J3f] SRt =1L
AT,

2
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FARAE S Hls ek 7|Hke] A7 S0 Ao wE SR A Y
o] gtHGoddard et al,, 2001), |- 4] W 52t 7] 5@ 4ol tigh o] 221Q1 ol JFe
7SR 7o) R, BEARS AR A 9 ARl Akmae] 2, A
Akt T w7t 5-& 71559 A S FIAIZI=H 71013 A 7 SellE 7S
t7]-a%—=3E HEED(coulpled atmosphere—ocean—land general circulation
models, CGCMs)< 0|85t 47114(3-9¢) A3 oS4 HE AL Qlet E3h Al
7150l59] e FIA717] Aol e R AYFEMME), S H A3 2713}, AbR
E9Hdata assimilation) 7|¥ 59 thefst A7) A<&E| 3L QItiKrishnamurti et al,,

1999; Shukla et al,, 2000; Barnston et al,, 2003; Saha et al., 2006).

A7 5 E7]s0] U] ue 7|3 SH 1S ARIAE S| Z-83517] f1eh &
T-=0] 20008t =HELE AJRE|QITHe. g., Hayes et al., 2005; Wood and Lettenmaier,
2006; Luo and Wood, 2008; Koster et al,, 2010), 0] dE5o = F2 7 & 9
e, oA Ak A9, S o, 9 B ARl 2ddE, 9 A
Soll thet 7|5l S7g 2 o] B8/ BIskAT. @A vlssldth7 18| A (NOAA) ol A=
U ASAE|(NCEP) 9] 7| ol &7 5 283t 3, 6, 1271 7haolSA A8 st
o] 2F3taL AtHwww. cpe.ncep.noaa, gov/). 152 7HaollSHE ofue} i dlofA] A
AR B, £, S04l AW A (snow cover) 59 AISUIAE U Bl Algstal
UL, TN E 7SS EE 283 37 PARAREAISAI AEE =8 =9 Sl
ACHwww. bom, gov. au/water/ssf/), vl=o] AAY SAHEE Al Fsh=t] "l =50

Ae sl dig ASEEE Als3dh

APEC 7|FAIE(APCO)= 4 $7171% ISAIE|(ECMWE), =3A]7] 5|4
(IRD), NCEP 53} H=o] A+titof thet 7| S| Sg S A4 A AlgsiaL )it APCC
O] 7|FAIS A= 1T A 7| SA77| e 2 RE e 7| TSRS 7|Hte s
Hkso] A, Hd 677 9] 7| FASHEE Au]2skal QItHSohn et al., 2012).
APCCo|N= 2} 7159] 7|3e &4 HE 2357 98l s e /= (multi-model
ensemble, MME) 7|®& o]8%ltt MMEE= 77| 5= do] Xd E8haAdt 7| ¢ m gzt
o] ZSMAE |aslelo] ddnd djSAito] vlsl| JHAE oSS Holerhal dEA
QITHKrishnamurti et al., 1999; Shukla et al., 2000; Wang et al., 2004).
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744 APCC MME 71501250] 4840 9 ASHS %71 9 Ahatsl] Sisl chare
AL=0| 55 %]o] 2t e.g., Bundel et al., 2011; Lee et al., 2011, 2013; Min et al_,
2011; Sohn et al., 2013). Bundel et al, (2011)-& APCC MME ZA¥}E EA15lo] 7jE g
of vls MME7} of|lS/doflA FHojuths 2 S91=2 1= Ao vls] Ay
gt o|&Ao| L45it= AS HoFQIt) Min et al, (2011)2 APCC MME Z3}E 3=
o] 607 TSRl el SAHCRE theAA LG5Il 74} 7]2of tigt 58S H
Z3}9} Lee et al, (2011, 2013)-2 7] E|(climate filter) 7HS EUste] EHHE A
=} FopAof AFERe] A 712 S5 s A7 Al=SESiEt Sohn
et al. (2013)2 APCC MMEE ©]-83}¢] Standardized Precipitation Index(SPI)S 44
St AR Foroh 71 3ol 28T - iz FKEAS ANEAL T
ofE th-e) ATE ol AT EEe] FEe] o], 7| FANE BET S8
A AL oS4 Al R AThe AR Aol

Aol A= APCC MME 3714 7|5 54 R 0] =eh4] &-8/d< E48kaLA} st

ﬂt}. oIE 3l 2=re] 87 AR dho 2 APCC MME A1) Aol SR g
RAVEE 4= Qe 7]%S ekt oS 7]WEe® APCC MME E7} o] §-oof o
o= AN Fofgt ol Sde Hol=A] B3I E3, A ISARKINY, 2714,

37N I A SAE Hrlslect Egh 2 Aol fEFAES s Fol7]
2]} Bayesian model averaging(BMA)¥} Simple model averaging(SMA) MME 7|®H-2
8313, MME 7|0l T2 of24e] Aol vlmsisic,

AR S AR SR 2Aste] 20 Z4E F710] fapo] Wo i
d 5Us S0 Aoleks 714 sloll LB ik, 22 7lSEow o8] el
7ol Siofs 2 Py ol slck sl ke, Jung ol 1.
olelgt Aol T WA mo] ZwE BRI BeAAY S el BEwr)
ol o] ek thebd] £ Aol A AL FAEANE B 24
HollZ 748 W 71508} A4 ThEARe] PgAe) BB E W BeERl A4

=gl 71o1e Aoz ATt
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2. TXFREAECIS ZHIgH3

2 Aol Akt AAAE A EAI ]S Figure 13 ), A ZH| A fa= 27
1) A5 EHE =4, 2) 719o5Ee] A2, 8) il W MME, 4) sARIAE
SR At B AT 4= dET AR | ol SR A= NetCDF e
2 AFERE 7= (prec) 2t 71(t2m) AAiS o] Akm 2l ek Bl Az ol Hldl
et AR RS 53k 2Hdo] elEt). MAjElois okt FElE Alste et
7I& MME AISAHRE d5ARS Hadh ZEUAE ol8siM derAde] 715
(climatology) YHAF=E AN 3TAlM= 2 &gl 3dzte] U&7 |5A=E AR5t
of ASAIRolM 9 mPU A8, B, 7PIATAl 59 271 (initial condition)&
ZofsHA| Hrt, o] AejollA 57| FEEE HYER AYslo] fEASHEE YA
ot Al e RYgE AHE PESI FARAEASHEE sl ot 5
FARAEASA L o] G ol At 3] i wknEA ot ARIAE

d571e 7Nl o182 A=t AR 7Iesol Hiside 38l Al 7lesiir.

prec slp sst t2m t850 u850 v850 z500

Seasonal
climate /
forecasts January — ® ° °
February e ° e
g March —o @ o —
t+1 t+2 t+3
l l l
Pre — APy APy APy
processing ATy yq ATy, ATy, 5
Peiimt+1 + StAP i p4q X APpyq
T o Popse o Tobse = e AT
ctimt+1 T SUAL cpym 19 X Bl
Hydrologic |
modeling & WBMs' warm — up WBMs' prediction
BMA | !
BMA & SMA
Ob d i
’ - serves o Predicted o
Q3 TN ~
Seasonal N -
Hydrologic 4 Simulated o
forcasts
t—2 t-1 t t+1 t+2 t+3

Figure 1 Framework for seasonal hydrologic forecasts using APCC MME seasonal climate forecasts
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3. G+ Xl H WH

3.1 HRChASY

2 Aol = 871 A R (Figure 2)& A7t/ (test bed) &2 A4
ST, o}S frelol A olf wle] 4R Holt A 5 AstEo R Badel
V= vA= QS0 B Aol vlsl Aoz A1, A-ASHY RS HFol gt
204 ool 7] W ARE HA% F950l7] ol ol=dt SAERE s

ofE RS ot SRERe) WAl £RdE1E B Aol 4ERUeR olg
Elo] 2¥tHe.g., Bae et al., 2008; Jung et al., 2013), &St o]& tJEAHGHL =
o] FAHe) B Sk ALASHR A ALT0] AL ] A2
Wb A 2ol Avht 12T ol £82 % 4 YA Wrlskers B
4 oot

Table 12 7] W2je] 2B7144H4 S} & Q1] olgd BEAR /|0S
HojZT, of7|ol] ANE FRAI AR F7h AU SR A2
(WAMIS, www, wamis, go.kr) |4 Algdk= gk Q1-88F3IT) Table 19 A|A1E 913
AL} Ht A ARE WAMISO|A] A-5-5)
(DEM) ZA2E ArcGIS ZEIHL 0|83
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Figure 2 Location of eight multi-purpose dams (filled circles), five large river basins (red lines), and main

rivers (blue lines)
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Table 1 Physiographic and climatological characteristics and data periods of dam basins
Watershed Basin ::rea preAc?F;ltJ:tlion Mean elevation Mean slope Data period
(km?) (mm) (m) (%)

Soyang dam 2,703 1,100 650.5 45.97 1974-2013
Chungju dam 6,648 1,198 609.1 34.89 1986-2013
Guesan dam 671 1,133 357.4 36.87 1982-2013
Daecheong dam 3,204 1,230 363.0 18.94 1981-2013
Andong dam 1,584 950 557.3 42.39 1977-2013
Imha dam 1,361 987 394.7 40.35 1993-2013
Hapcheon dam 925 1,249 504.6 34.87 1989-2013
Sumjin dam 763 1,310 359.3 17.52 1981-2013

o}

3.2

fide

B AR

==

F

H ALoAs LB o] uf7fHS(parameters) B 2 Ao o]&E 7]A}
HW=ALEE Asian Precipitation — Highly—Resolved Observational Data Integration
Towards Evaluation of the Water Resources(APHRODITE)(Yatagai et al., 2009,
2012)0l4 AlFsl= AARE ol&sidirh =Wl XA WS VSRS ol8sHA] 9L
APHRODITEE A& o]fi<= 3¢ SAdAE G5 7152 S84 SHolA] ol v]a]
B2zt A ofjA (e, SobAlol Aehome] BAS Tl SIFoltk
APHRODITES o}Alo} 2|efo] thall siie] st 2 aete] 44 1l 718 Az
£ F=3517] Y8l Y& Research Institute for Humanity and Nature(RIHN)Q} &=
71 AT27E 2006\ 5 E F-5 o= XIeYs]] 2 ZeAEo|ty, APHRODITE: &4 oAl
OoF=r|Q1(60°E ~ 150°E, 15°S ~55°N)ofl sl s3tald= 0.5°9F 0.25°, A=7]1t
1951-2007d 5<¢te] 47kl Ul A=E AlFstal Achhttp://www, chikyu,
ac.jp/precip/). ©]JolE FE(20°E ~ 65°E, 15°S ~45°N)T} B AJoK15°E ~ 165°E,
34°S ~84°N)fl HiefA = FUTH A3t s =) ARE ATk Atk Fol= 42
Ao thaf) F7FEIAE 0.05°, AHR7|7F 19002011 7|7ke] RS JL&3)al AH|AS}
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25 YRR Hglste] fEEA ol 85t dErA Ryl At FABHTH
< APgst7] flsl |52 Yol $12]%F APHRODITES] AR ofu2} Q1o A=}
EFFSIQITE o] Tl 2|4 271 ode] Aol 3t EE A5 E
Aol mhe Bt 712 Aol LA 24sfelr] §1gtolty, APHRODITEZS
Bl 8E gl A==E Brish| Slsl w5 A 71dAbRS} Blusieich, B At
B WAMISOIA Algshs 874k o183, B 724w 9@i9 ¢l
o] 7154 ARE ol85to] 4keEtiginh olE WE5AE S APHRODITES &3l
A e Hud A9 mE Hadol Wi ARAI(coefficient  of
[ 0.99 o2 7k Bt whetA]
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3.3 APCC MME seasonal forecast

H oJTLof|A] 0]-&3F APCC MME A2 1983Wol|A] 20059714 9] hindcast A}&.0]
tHLee et al., 2011; Min et al., 2011; Sohn et al., 2011), APCC+= 20055 €] ufj<
37N AEAESEEE AAstaL Stk o] AlEeEg = AlA 1771 7o =iy mjd
Als s ASAHES HS(quality control)stal HA|Z|(d, T4}, #E8F 5)%
T RO FIHS A ga A APCCIIAE THL H ChEmgep
7|H(GAUS, MRG, SCM, SPM, SSE)d A=A RE MAEL 9)=t|(Min et al.,
2009), & AolM= HPTHe] 715 A (weight) 7F LSl 7Sk SCM o=
4Fg% hindcast AF=E ©]-§5t3Itt, Table 20]A= & A4} A8 hindcast A&
AgAte]] o] 8 WP} A= 7|7EE, Table 30|A= o8- Halld AA] g2 A}

ek,
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Table 2 General circulation models(GCMs) used for APCC MME in 2013
Hindcast | Hindcast
Month Used general circulation models for MME ndcas ndcas
start year | end year
January HMC, GDAPS_F, MSC_CANCM3, MSC_CANCM4, NCEP, POAMA 1983 2007
February | BCC, GDAPS_F, MSC_CANCM3, MSC_CANCM4, NCEP, PNU, POAMA 1983 2006
March CWB, GDAPS_F, HMC, MSC_CANCM3, MSC_CANCM4, NASA, NCEP, POAMA 1982 2005
BCC, CWB, GDAPS_F, HMC, MSC_CANCM3, MSC_CANCM4, NASA, NCEP,
April ' ' - ' - ' - ' ' ' 1983 2005
POAMA
May BCC, CWB, GDAPS_F, HMC, MSC_CANCM3, MSC_CANCM4, NCEP 1983 2005
June BCC, CWB, GDAPS_F, HMC, MSC_CANCM3, MSC_CANCM4, NCEP 1983 2005
July BCC, CWB, GDAPS_F, HMC, MSC_CANCM3, MSC_CANCM4, NCEP, PNU 1983 2005
August CWB, HMC, GDAPS_F, MSC_CANCM3, MSC_CANCM4, NCEP, PNU 1982 2005
BCC, CWB, HMC, GDAPS_F, MSC_CANCM3, MSC_CANCMA4, NASA, PNU,
September ' ' ' - - ' - 1983 2005
APCC
October APCC, CWB, HMC, GDAPS_F, MSC_CANCM4, NCEP 1983 2005
November | CWB, HMC, GDAPS_F, MSC_CANCMS3, NCEP, PNU 1982 2005
Table 3 Description of the GCMs used for APCC MME in 2013
Model; F t
odes Institution (country) Resolution orecas Reference
acronym range
Tolstykh et al.
HMC Hydrometeorological Centre of Russia (Russia) 1.40625° x1.125° | 4 months | 8[20107 @
. . . Park et al.
GDAPS_F | Korea Meteorological Administration (Korea) 1.0° x 1.0° - (2002)
MSC Kim et al.
CANEM3 Meteorological Service of Canada (Canada) 2.5° x 2.5° 12 months IEOEZ]a
MSC ) ) o o Simmons et al.
CANGMS Meteorological Service of Canada (Canada) 2.5° x 2.5 12 months (2004)
Climate Prediction Center / NCEP / NWS / NOAA . . Saha et al.
NCEP (USA) 1.0° x 1.0 9 months 2010)
POAMA Centre for Australian Weather an.d Climate Research 950 x 250 9 months Zhong et al.
/Bureau of Meteorology (Australia) (2005)
BCC Beijing Climate Center (Chinal T3 L6 | 11 months | D9 etal
(2000}
S d Ah
PNU Pusan National University (PNUJ T&2 118 | 6 months ””[;& | "
. Liou et al.
CWB Central Weather Bureau (Taipei) T42 L18 - (1997
J t al.
APCC APEC Climate Center (Koreal 2.5° x 25° 6 months EO[Z%OZ] @

013
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3.4 EE4X| 2&(Monthly water balance model)

HETA P2 APCC Ao S Algshe de9] 7|54 EE B85t =l
SHEES AT o ok dEeA RS ool 71 AgeEe] 4=
rstHA e A=A QA EAS o QlthArnell, 1999). ol=7t 44 =
B AT7HA HdRt 71524dstolM 2ehE] e sk Aol 28] (it
(e.g., Martinez and Gupta, 2010; Wang et al,, 2011; McCabe and Wolock, 2011,
Pokhrel et al., 2013). B4 2] QPr}aE kY] 4<(P), Bat7|-(T), JAIZL
AR PE)O|AL, oF 7[HEe 2§ W] A7), AATTAHE), =3 Q= Kot
ot o «l A BP9 7|12 F2E= Ea. (DY E9A S 222 gtk Ea.
MolA t= AIRES et

Jl
r

Kl

H:l

S =85+~ B~ G @

# AL BARNES Bl A A R 99
247 9 571 ASHACk Table 4), Table 4] X
G GEFE MAHOR of A A=A} S5 el FARA] Holol A Ayt
Figure 3% 7} Bo] EWsH 49— 284l that A2l 722 ekl Aol
2} B e A4 Bt AAFLAS Telsks FioE FUshAu X Es} AR
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Table 4  Water balance models’ the number of soil storage, runoff components, the number of parameters
of each model, and related literatures.

ABCD Guo . Water balance Xiong
Name Belgium model
model model model model
Model 1D ABCD Guo VUB WBM Xiong
Number of soil 5 1 1 1 1
storage
) Surface runoff ) )
Runoff Direct runoff Quick runoff Direct runoff
Interflow Total runoff
components Base flow Slow runoff Surplus runoff
Groundwater
Number of 5 5 3 3 )
parameters
Vandewiele et al.| McCabe and Xiong and Guo
Reference Thomas (1981) Guo (1992) (1992) Wolock (1999) (1999)
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evapotranspiration.
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Conceptual structure of hydrological processes in each water balance model. Here AET is actual

olgztg 29| shtel A=Al (potential evapotranspiration)
25 2 UAAZRS o] 85HAL AP A0l A Zkalek AR EA]
248ich 2 A7o|4 A48l Hamon % (Hamon, 19612 o} 83}o]
Jol=s HEgs dﬁ} T}, Hamon WH-2- ThFRt 22710014
o2 dHA the.g., Vorosmarty et
, 1998; Kleinen and Petschel—Held, 2007), £3] Hamon W %] 7} & A4
AR ASH Hol| A Alg == EBat7]2 T o8-8l =
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A AP 4=tk Holoh, AR AT AEF AP A2 Bq. (2)2F 2Tt Eq.
)2} ZHo] Hamon WHHE EAJ o)A 9] 715U ZA|7Havailable hours of daylight)}
HBPA7| (D) ol-8sto] tHsete E3r57] Bielp,,,) ] T(Eq. )= 4 AL

AR PE)S AR

it

—~
N\

PE= 13.97 % days X Dhr* X p,, (2)

4.95 % 60.062>< T

OI71A] days = 7t 9] U5 Uehli, Dhr& SHOIEoA H7 Ud ARAZES
olulgit}, 7129] Tehe AM(CO)lR, AAZEARFS] ol mm/montho]tt,

Ut Q] B2 B8 A H(snow accumulation) X} -84 (snowmelt)S 11 EHA| F
ol A& Wl wol FEoIU AFE fEFel 7]ofsks 4==8H] A A A K time—lag
effect) & L8R F3tt}, 2 Aol Al ofl|A] 4] 7|Rte] e 2H7+e] &
BFof| F7Fste] g4 aE aHsIoiTh oluA] pA] 7Nk ARG 2x0 R
TEEe] lom, A, Ad, e LHT 5 Qi o] BP9 R A= v

WA Z7h RS o 9 oFol Bq. (4)9F o] &&=of o5 ARt Eq.
WA T, 2= (P72 Wels d9:t7]29] 71e7]2elY, 7,,,,= &2
ST snow) = HEhs 71E7120lt), WBqt7]20] 7,,,, 2 7,0, AReloll $171
ZBols 220 vl adste] Zdwko] ZAHEHEq. (4). & Atk 7, %
L ows 71 BFOA AAEE ZHQ) 3.3°C, —10°C (FHILE7} 1000mo]dkel X o) E
Z¥7} 0] 88l tHMcCabe and Wolock, 2011), o2l IS F3ll AR H 772 oA
%1“94 AR (Snow,,, ) ol F7HETE ZFH O R o] o A Adwfo] A AL Y
g4 Eq. (5)ollx9} o] 72z upe} AL, o714 A (M, 4x)
2dwkel o Hdlg-d vl Uehdis w2 B4 (calibration)& S3f A5k
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o

0 Train <T
P ={Px L e S S A (4)
e ]}am - Ts now o e
P USS jwsnow
0 T< Tsnnw
]77‘(1,1',71, =T
SM= (‘P.s”n,()w + S’ﬂOU}Sm) X Mmax X W T;now =T< T;'ain (5)
rain snow
(Psn,our + Snowstn) X Mm ax ﬂ'(},iw <T

3.5 25X 29| mijitHs HEF

SERYE AN P4 0F BAHL 71| Adstte] BRI BAoIA 27
3] Xl (semi—empirical equations) S EHEA H=g|, o] AFAL G Alo|g}t s}
I

2 EA4S NdH o= wrgstr] flall w7 (parameter) & E351HA] Hth(Beven,

ebA fEAolils dubdor HEREdl 2ARE f2de 2otk WiiHsE
2k7] 93l A|3&F@ M (trial and error method)o|U} 4284 & & SHoptimization) Yl
T o83t of2et WYe FER T i BAolRaL sk, HAE w7
HAJol| o-§=]A] ok A7 |bol| tiet 5= Fol - o] A= eS F7pA
Fot,

A By o] i BAS flal 2 Aol AA| a5+ Hfeasible parameter
space)< EMISH= A2 A 3K global optimization) HH 2l Shuffled Complex Evolution
developed at the University of Arizona (SCE—UA) HH(Duan et al., 1993)2 ©]-&35}
%At SCE-UA 2 A|%(local) 2|23l Simplex ARl At Ldare]E
(genetic algorithm), Controlled Random Search(CRS) 7|2 ZA3%lst Wl o g §u}4]
(effective)0|al, H-&&(efficient) & FH 2] 24 v/fiE AT = Q= AL

2 dHA Qlthe.g., Chu et al., 2010).

4

AP0l A BA3k(objective function)= TEgkel wao] ofa) AAkE 7o)
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Aol &, extz EAF, SCE-UA RS o] H2A9kp7) 2aghs 77| she 239
UAEAE BT mebd o] BATE ol g Helshelel w iR} e
A, Ao g G5 B Aok Jafe nAA Ht & Aol Wi 24
o] Fr=Aae] mAle ESAAES aelshr] s Al 7HA 2= Nash—Sutcliffe
efficiency(NSE, Eq. (6)) (Nash and Sutcliffe, 1970), log—NSE(Eq. (7)), percent bias
(P—bias, Eq. (7)& ©l-&3}3ich

n

231(0,,,— 5,)2

NSE=1— "+ 6)

n

Z(logOr logs;)?
=1

Z (logO,— log0)*

i=1

log— NSE=1— -

(7)

i=1

>0,

i=1

P—bias=100 X

-1 (8)

NSE= #&AFR 0] K variance) ol theh TEA R oF W OJAFR O] ZExHE A residual
variance) 2] A4 7| FF3eE A 2 NSE=1-2 W=k} nojgro] &3] |5t
L A8 YeRal, NSEZ} X} 2hod 31=710] W3-8 ARgSl= Ao] Eo] nojzks
ol-g5h= AlE Uitk A oultith 4 F=2F ] Ayt w0l disl 0.6 o1
o] NSE 2h2 7MW ujsi4rt A2l QA 24 Ao shehEke. ., Choi and
Beven, 2007; Jung et al,, 2011), NSE+= U85 419 HsEo| 2 Yo = 34
& E—JZELE"ﬂ A FFE ‘?:‘hﬁ}(Krause et al,, 2005), WetA NSEE ©|
85t Ashe miAHa= Aol vlsl S 2 mofslk= A Fe] Atk o9
log—NSE= #=3% E«]%I«] 2RSS Fof AT RS stal A AR
TARE o ® Thpomi Agef oo tisf Ak wirfHaE

OII

kel
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o

7Fs/dE ot webA 2 AtolAEs F7HOR log-NSES HAgR a12fakg]
o Ee BRG] SIS 2 B upE Tefsh] 919 PbiasE F7H4
02 859t P-biast BOIRFe] HAel UL LR A|ER, Kpositive)
9] Zko IR oS S(negative)?] ZHE TAROIE oum|sir}

2 ATollAl= flollA ARt Al 7HA] FARRE ol 88l 8 miziHae] g de
TZA o7 AZF] Y8l Kling—Gupta efficiency(KGE)(Gupta et al., 2009; Kling
et al,, 2012)5 =5}t KGE= NSEE 4~8t& o &2 EH3f(decomposition) st | E =
TE2|eF B )R] Afo] 2] ATAIS(r), Hol(bias), wAHvariation) 2] YA/JS FEZA L

2 gdol=g 8835 X 30|tk (Martinez and Gupta, 2010),

KGE=1— V(¥ —-172+(*—1)*+ (- 1)’ 9)

1N ot BEASE mIH|] BAY U1F Uehhel, gt BEA molAe] B
MIE Yepdck W2l 7, o, 57} B 12 2% KGR 10] Hoi, ofu) 2ol mojxe)
A, B4, o] W] QTS v

3.6 CIEEEAAE (multimodel ensemble) 7|8

AG7H] WAE 224 -2 olsiel AletA o2 AR ISARE
7IRke & tholRt f=go] /YE o] $th(Yang et al,, 2000), °|H3t FERFS
T e Y S0 B4 A4S Hofshet Slof AHHES 7HAIAL Uk (Bae et al,,
2011), =, 54 =TS Folut ApfdS & Hojsk=t| whef o=
FERGS 357] AFolv TS & ROttt waba shte] £ f2ngo]

£ FERFEol vle e WolA fesithal @8 E = ¢ith(Duan et al, 2007;
Surfleet et al., 2012), o|2|3t vjF slo| FELFEY s Ads] 913t A==
thrgopAE 71Ho] ALE|9tHe g, Ajami et al., 2007; Vrugt and Robinson,
2007; Najafi et al,, 2011), P PdE 71 ohfst 52239 daE 235t

Jo
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ZF 7 REPETE A 22 dSA0E AAT ¢ s ASE dHA ok Raftery
et al,, 2003; Duan et al, 2007).

2 A= R YAAE 71 FolA B3] H(simple model averaging,
SMA) 3} Hjo|X|eF I Ht7|H(Bayesian model averaging, BMA)S ©|-8-5}%t}t SMA
= 7P g R dPAE Ve R 4 fERY AN STt Fdsithe 7
stol] 2 7RIS /K= 27Tl 9714 K A S5A12F 9] 420l o]of v]s|
BMA+= H|o]%|oF F20f| 7[Hlste] F=oi7l WSAtm st A dS4k2 7HE ZHSH
B = = 2 B9 7RIS =th BMA 7R A] 524 dare] ol s A e
Ukt .

BMAOIA kA HEpARge M, 2 HoJX|9| A= 7o o§-5= w54}
#2E Dz} 5P, Bayes ©]=29] o3 kA ¥ O] A}SSFE(posterior distribution)S
Eq. (10)2} gro] 3233 4= QIthRaftery et al., 2005). Eq. (10)9A] p(M, | D)= kA
"G (M)l DE AsHA 2ofg 7Hs/d(likelihood)& on|gttt, webAl p(M, | D)=
= kWA B0 A7 e, 9 10] "ok p(M, )= kWA EYO] ARIEE
(priori probability) 2, & djoAe RE HFo] 1/KO] EUst FE(uniform
probability) 2 7FAChL 7459t Hsu et al., 2009), AAZHOE p(M, | D)= S=3
“(likelihood) Q1 p(DIag,) ol oJs A=A At p(DIM, )= kA ZP0] KOGk
(M) )] ZqHEEo|al, @27} 0, o] EEHARES 7HIHAL 7HYshd Eq. (1) o] £
Ech(Hsu et al,, 2009). Eq. DA t= AlRE nS A= A, gy, = TSH
Yoo (M) = kA o)A 0] mojgkS vhehdlict,

’

p(D|Mk)p(Mk-)

p(Mk-|D): Via (10)
kzlp(D|Mk>p(Mk)
1 Z yu t ys t M))
p(DIM,)= v P = 207 (11)
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Egs. (13} (12)E o83 +4€ 2 239 7IS5A= BMAE 53l Eq. (12)2} @01
Ashe 4= Qth(Raftery et al., 2005) O|Z1S BMAE 0|83 7} g AE 23

=3 2

mo] ARFBHES QUi

K
p(yl My, My, ..., My, D)= Y p(M,| D) p(yl M, D) 12)
k=1

o714 plyl My, D)= kA BB SIS, )9} Fo17 AR D) et y o] A5
2 ekt

Eq. (12)¢] Bt} FA4R> Eq. (13)% Eq. (14)2F o] EF FHrh(Raftery et al.,
2003; Raftery et al., 2005), Eq. (13)°A2} o], BMA o|&2] 7|Hgk2 7152171 e
Mg 250 Hatoln], RYPH 7= 2 B AS0] T3 #&52 et
11 9J& 9 (likelihood) ol 2J8] A€t Eq. (14)= BMA o|52] B8-S FHs)
Aoz @ExO A Hy) &S W7t HEA(between—model—variance) S, T H

)

ol
fr

-

=
ook

L R Y o] HEA(within—model—variance)E UERAT}H

K
Ely| My, My, ..., M,, D)= Y, p(M,| D) Elp, (y| M,, D ZwkMk (13)
k=1 k=1

K 2
Varly| M,, M,, ..., M,, D] = 2 ( Zw M) + Ewkak (14)
k=1

i=1

Ul 0 2 9.=ako] @ al= o|HALA] (heteroscedastic variance) & 7HA| B2 E &
TollAe 225 28 p(y| My, D)7 Gamma SEEES wHEChl 7PYSHATHVrugt
et al., 2006, 2008). E3t AISSEEIE 2A3517] 93 Markov Chain Monte Carlo
(MCMC) 7|HE o] &3}HtHVrugt et al., 2007).
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3.7 dEY HE

BMASHSMAS o] 83 SAHEA e 2 28] A4S BASH] $18] 2 ol
L Spearman &9 (rank) AASE 0|85 tHWilks, 2006). Spearman <=$](rank)
A= FHa7F YR EE U2 S AU F tﬁzf—wi A7 vAdZA Y w=

[e]

Hge 4 gl 7o) Alnk, EFE, Spearman £YAALE T WS59] :9|(rank)

AFRE 0] 850 2 Pearson A7} 420 ﬂ%k(outher)Oﬂ SRE R TE s
Sl

FAH A A S-S T o2 H5sh] 218l Bl A Kfrequency bias, FBI), &
Xlﬂg(probablhty of detection, POD), @ -E&(false—alarm ratio, FAR), Critical /3
Xl 6} CHWilks, 2006). & dtollA= sALAEASA A 0] 2
T oe] B A H ofEINA R olale] BERHS T oS5
R 916 S T O0R FRa] Bisr, A, Baolde] $akol

4e Az AL L Figure 42} e}, 2850] Bitol
T BRONE AZT H9 o, BEHEE Faolo] ohd] djZ 5ol
o = -_ﬂl-o]/k]-o HHH o| =& gfol|Alo] ol ALE

= defal 5k} o] 7§ FBI= (ath)/(ato),
POD+= a/(a+c), FARES b/(a+h), CSI+= a/(a+b+c)E A= FBI= HHolAte] S
Aol gt o &uleet PEuiwo] ujg 1Hch ¥ Wt} &5 AeE, 18} 2L
- 3 o0 295 UERI, PODE 4G rio P e, 5 il
e 7z, 1079 dlS5o] 3] AT FaS iRtk FARS E5td A5 vies,
0ol 236 cl0] S gl A9 1016l ool 5 el A9E Liehih, CSIE
9Q H(false alarms, b)Q} o254 % 73 Q-(missed events, c)S Ao 2T 4= )

AJEE, 10]H o o] B AFHs

ir
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ZYE EES 2l eXHARE Vs e

Observed flow Observed flow FBI = atb
above normal below normal a+c
FAR —b
PLedlcted ﬂoml.r a b - a+b
above narma (hit) (false alarm) a
POD =
a+c
Predicted flow
below normal C D_ .
(miss) (correct rejection) cS] = —
at+b+c

Figure 4  Contingency tables used to define categorical measures for observed flow condition and predicted
flow condition comparisons.

4. AALHE
4.1 HESX|DE| Hair it

SCE-UA Z|ZsPile o] 83t Al 7] SadrdR 7 dasA| Ly o v
S TSI, Table 5= ZF B ¥ H23E KGE gha Hehd Zlou, vizid
7 HA7|to| A KGEE 72 0.6 o9 g H3lon, it 2] VUB_ log NSE
B0l 0.552 7 W g UERIRITh. AA7170l sl = ikt Biadwe] vuB
2PZ ARt YA S KGE 0.6 o)d9] s Bt Bysol A=A U
BEAE Hofole 2o Yeigtow, BE 8553 Rode &

o
7F Qe AL e ol EAwERECl BE Fo0llA vt s

Zol5 HAH 71E d7=0l oot e 42 12-29 WiEle At w2
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o] eyt 3¢t 4ol AA O WA FETFol| 7|oohs Ao R dEA lrhuig
1998; o= &, 2003). 1&H]|, Guo HPT} VUB 2§ o] 79 g-do] Aol A4 Ay
Sz A0 & HOJEgIT}, o]i= SCE-UA Hio] g-Au ui7fi4=9] 2|4 oulE 11
SFA] Zratal 4281210l A S 2= 2ol A TS (overfitting) H A 02 TRotEG]
o}, weba] 2 At FARAFY 4 HdgA e ekl wizRaeel 484
(M, )S McCabe and Wolock(1999)7} AQFsE 7kl 0,52 thAelict 44
(M) 8] BA| H50] §-2H 0| 4J5S A4S 21} 207} KGE 0,05 ©]ste] gk vef
o], w74 Aol whe P vjugt Ao BA gt o= g ui7fSTt
oHE wi7go] vlsl G254 Aate] u)z Ferb i o R W) wfto R ke

pa

WJ
n=)
oN

t} ABCD, WBM, Xiong 2Hle ALH #Ho] Bao| g4ulo] §2uo] 7|ofsh Ajal
WS BAHOT NIE AR UekEo] AT wESE IR A et

Table 5  Estimated Kling-Gupta efficiency (KGE) of water balance models with three parameter set calibrated
with different objective functions. Here OF is objective functions.

Calibration period Verification period
ABCD | Guo | VUB | WBM | Xiong | ABCD | Guo | VUB | WBM | Xiong
NSE 086 | 090 | 089 | 083 | 092 | 080 | 083 | 0.81 082 | 084

Basins O.F.

Soyang log-NSE 086 | 086 | 0.72 | 081 0.89 0.77 | 081 0.65 | 0.78 | 0.80
bias 086 | 089 | 090 | 084 | 091 076 | 084 | 0.79 | 0.79 0.86
NSE 083 | 08 | 087 | 078 | 0.90 | 081 086 | 088 | 0.70 0.89
Chungju log-NSE 084 | 081 0.69 | 076 | 0.89 0.81 085 | 0466 | 080 0.85
bias 084 | 088 | 087 | 079 | 0.89 083 | 087 | 086 | 082 0.87
NSE 0.91 093 | 091 077 | 093 | 08 | 087 | 088 | 068 | 091
Guesan log-NSE 090 | 089 | 055 | 081 092 | 08 | 08 | 046 | 077 | 087
bias 089 | 094 | 09 | 086 | 093 | 083 | 09N 086 | 084 | 093

NSE 075 | 077 | 070 | 065 | 0.78 | 075 | 0.79 | 0.70 | 0.1 0.75
Daecheong log-NSE 0.68 | 0.65 | 0.1 078 | 074 | 0.66 | 0.5 | 0.1 080 | 0.70
bias 069 | 078 | 068 | 076 | 084 | 068 | 080 | 058 | 0.80 | 0.86
NSE 0.9 090 | 09N 086 | 094 | 090 | 091 0.9 077 | 092

Andong log-NSE 092 | 087 | 086 | 069 | 095 | 090 | 089 | 088 | 0.1 0.88
bias 090 | 091 088 | 079 | 094 | 086 | 092 | 087 | 086 0.92

NSE 086 | 089 | 086 | 081 0.91 086 | 092 | 0.79 | 079 0.77

Imha log-NSE 083 | 09 | 072 | 060 | 092 | 08 | 0.9 079 | 0.62 0.78
bias 086 | 087 | 081 0.67 | 091 089 | 088 | 0.84 | 0.5 0.83
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) Calibration period Verification period
Basins O.F. - -
ABCD | Guo | VUB | WBM | Xiong | ABCD | Guo | VUB | WBM | Xiong
NSE 086 | 087 | 08 | 083 | 093 | 08 | 094 | 081 0.87 | 0.90
Hapcheon log-NSE 083 | 084 | 074 | 063 | 093 | 091 086 | 079 | 067 | 089
bias 087 | 087 | 082 | 081 094 | 088 | 093 | 086 | 086 | 088
NSE 087 | 087 | 088 | 081 092 | 088 | 092 | 08?9 | 082 | 0.9
Sumjin log-NSE 089 | 083 | 084 | 079 | 090 | 092 | 087 | 087 | 079 | 088
bias 086 | 08 | 08 | 074 | 090 | 089 | 090 | 087 | 079 | 087
— Calibrated with NSE =~ — Calibrated with log-NSE = —— Calibrated with bias ~® Observation
16 80 250 —
£ 12 N Snowmelt 60 ] AET 200 — Runoff
(= =S T - —
o g2 8- 40 150 3
o2 £ "] i 100
(O e B B | (O e N B e 0 =777
16 80 250
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[} é 8 . 40 ] 150 o
3 - N 100
£ 41 20 ]
1S i i 50
O I I e e (O e I I e e 0 =717
16 120 250
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s S ] 7 150
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g £ E - 100 —
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(0 e e e (O I I I e T 0 —1 L
16 100 — 250
c 12 Snowmelt 80 -] AET 200 - Runoff
c e - -
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£ ] e 100 2
£ 4] 20 50
(O e e O o I I I e T 0 —f | LI L L L
Month Month Month
Figure 5  Simulated snowmelt, Actual evapotranspiration (AET), and Runoff according to each water balance

model with each objective function at the Soyang dam basin
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4.2 BMAS 0|83t R¥E Ji5X| &Y

BMA 7|82 o}§3}o] BESA R HE1EAE 29erkFigure 6), BMAS
o838t FHH 7HsAl= S5 (training) 717k G WS 4= Stk kA 2 At
A S0k A1Ae] odRke 2aslely] 918 Bomda Z4ado] 715A] Abgol] TEEE

2 27 3138 Aolg AAXEI] gl BUAS H83190t}, BMA 715X 483
molduiel Y =y moATE 22 3d Awo| o Hl w3 A3 BMAS 28
Aur A meo] Aupuct BEAo] A5 Bofshs A Ui,

EFAEEY VSR GYEHE 2015 BT A8 Xiong—log NSE H.& 9]
7122](0.58)7} =7 UrEhom, ABCD-log NSEZ} 1 The-0 & =0 7122](0.17)2 K
St Hbd EFdojlA+= ABCD-NSE(0.22), ABCD-Bias(0.20), WBM-NSE(0,23),
Xiong—Bias(0,20) =&HE0| FARRH 75215 Rt AHbA o & ABCD Hgo] tjFige
oA w2 7 AE E&igtc] Guo B3} VUB B 9] 71227} WA A= 9},
o) AT mE Relo] tel S8 EFARGE 27| ol 2t male] PEHel
SIUAE /15 Haje] 9BISATE o] SJShAL SEoA th mae] 2go)

Laghe Al
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Water balance models” BMA weights computed over the entire training period for each dam basin.
Here, a is ABCD-NSE, b is ABCD-log_NSE, ¢ is ABCD-bias, d is Guo-NSE, e is Guo-log_NSE, f is Guo-bias,
g is VUB-NSE, h is VUB-log_NSE, i is VUB-bias, j is WBM-NSE, k is WBM-log_NSE, | is WBM-bias, m is
Xiong-NSE, n is Xiong-log_NSE, and o is Xiong-bias.
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Figure 7 Comparison between observed flow and simulated flows using BMA and SMA for 1993-1994.
Ensemble bounds indicates 95% confidence interval of the BMA.
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Figure 9  Spearman’s rank correlation coefficient of between observed flow and predicted flows using BMA
(left panels) and SMA (left panels) for 1986 to 2005. The gray (blue] shaded areas indicate significant correlation
at the 5% (1%) level.
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Figure 10 FBI, FAR, POD, and CSl, all calculated for upper flow (above normal) condition in the wet season
(June, July, August, September, and October] over eight dam basins. Here SO is Soyang, CH is Chungju, GU
is Guesan, DA is Daecheong, AN is Andong, IM is Imha, HA is Hapcheon, and SU is Sumjin.
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Figure 11 FBI, FAR, POD, and CSlI, all calculated for lower flow [below normal) condition in the wet season
(June, July, August, September, and October] over eight dam basins. Here SO is Soyang, CH is Chungju, GU
is Guesan, DA is Daecheong, AN is Andong, IM is Imha, HA is Hapcheon, and SU is Sumijin.
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Figure 12 FBI, FAR, POD, and CSI, all calculated for ypper flow (above normal) condition in the dry season

(January, February, March, April, May, and November] over eight dam basins. Here SO is Soyang, CH is Chungju,
GU is Guesan, DA is Daecheong, AN is Andong, IM is Imha, HA is Hapcheon, and SU is Sumjin.




APCC

Frequency Bias Index (FBI)

16 BMA 16 SMA

12 ] ot s | 12 ] . .

0.4 0.4

O——F——T7T—T1T 7 17 17 1 1 O~T T T T T T T 1
BMA False Alarms Ratio (FAR) SMA

1.0 - 1.0 5

0.8 0.8 o

0.6 3 06

0.4 e = | 04 . O~ .

0.2 71/@:‘/ 0.2 o W

00T 7T T 1T 17 17 17 17 O0O—TT T T T T T
BMA Probability of Detection (POD) SMA

1.0 1.0 5

0.8 o S s S 0.8 M —

0.4 0.4

0.2 - 0.2 o

O——T——T7T T 7 17 17 1 17 O——T T 1T T 1T T T 1
BMA Critical Success Index (CSl) SMA

1.0 - 1.0 5

0.8 08 3

0.6 — 0.6 - - -

ad S | (4]

0.2 3 0.2 7

O——7—T—T1T 717 17 17 1T 17 O —T T 17 17 1T T T 71
SO CH GU DA AN IM HA SU SO CH GU DA AN IM HA SU

® 1-month lead A  2-month lead 3-month lead

Figure 13 FBI, FAR, POD, and CSl, all calculated for lower flow (below normal) condition in the dry season
(June, July, August, September, and October] over eight dam basins. Here SO is Soyang, CH is Chungju, GU
is Guesan, DA is Daecheong, AN is Andong, IM is Imha, HA is Hapcheon, and SU is Sumijin.
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