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ABSTRACT

In 2015, South Korea suffered one of the worst droughts in recent years. Seoul
and Gyeonggi and Gangwon provinces experienced severe drought conditions,
receiving less than 43 percent of the annual precipitation average of the past 30
years. Additionally, the 2015 summer precipitation was less than half of the average.
The lack of summer precipitation induced serious shortages in dam storages, which
are important supplies for the dry season. K-water, a public company managing
South Korea's public water supply system, is fighting to secure public water supply
and minimize potential damage that may occur before the subsequent wet season.

To date, K-water has been putting in a lot of efforts into developing a sustainable
water supply based on conservative perspective, one that expects a 20-year low-flow
frequency dam inflow. However, recent droughts threaten current dam operation
rules and water supply systems. In addition, climate change and climate variability
are increasing drought risk in South Korea. Therefore, it is urgently necessary
to incorporate long-term dam inflow forecasts into their decision-making for more
flexible dam operation plans and drought management strategies.

The purpose of this study is to make a guideline to fully utilize the long-term
dam inflow forecasts for the dry seasonal multi-purpose dam operation. To this
end, we first conducted a literature review on best practices for climate information
use among water managers. Next, we developed a method that produces probabilistic
dam inflow forecasts based on ensemble streamflow prediction (ESP) and APEC
Climate Center’s dynamic climate forecasts (i.e. Drip). In addition, we seek to improve

the predictability of the future areal averaged precipitation over Soyang dam basin.



Finally, we looked at the current dry seasonal dam operation of K-water and proposed
a guideline that probabilistic dam inflow forecasts can be to support the dam
operation’s decision-making process.

The following results were drawn from our analysis.

1) Based on the literature review, we concluded some insights on enhancing
the use of long-term dam inflow forecasts for dam operation. First, the effective
integration of seasonal forecast in dam operation decision requires long-term
collaborative research between information providers and practitioners. Second,
forecast providers are needed to enhance the mutual understanding of the intrinsic
process of dam operation decision-making and the process of the dam inflow
forecast. Third, long-term research-based relationships between forecast provides
and dam operators must be adequately funded and supported to develop effective
decision-support systems. Finally, governments should provide incentives for
innovation that facilitate the use of long-term dam inflow forecast in decisions.

2) This study detected significant decreasing trends (95% confidence interval)
in dry-seasonal runoff rates (=dam inflow / precipitation) in three dams basins
(Soyang, Chungju, and Andong). Changes in potential evapotranspiration (PET) and
precipitation indices were examined to investigate potential causes of decreasing
runoff rates trends. However, there were no clear relations among changes in
runoff rates, PET, and precipitation indices. Runoff rate reduction in the three dams
may increase the risk of dam operational management and long-term water resource
planning. Therefore, it will be necessary to perform a muiltilateral analysis to better
understand decreasing runoff rates.

3) To develop reliable dry-seasonal dam inflow forecast models this study evaluated
the performance of three different hydrological models (i.e. GR4J, SAC-SMA, and
PRMS). Because GR4J and SAC-SMA do not have snow and PET simulation, this

study added a simple temperature-based snowmelt module and Oudin’s potential



evapotranspiration method to these two models. Micro genetic algorithm (1.-GA)
was employed to optimize the parameters of each hydrological model. We used
five statistics based on Nash-Sutcliffe efficiency as the objective function. The results
showed that three hydrological models using the square root Nash-Sutcliffe
efficiency can simulate dam inflow during both the dry season and the full year
period.

4) In order to select the best hydrological model we used two performance matrices,
correlation coefficient and the root mean square error. SAC-SMA and PRMS showed
better performances than GR4J for simulating dry-seasonal dam inflow of Soyang
dam basin. Finally SAC-SMA was selected for the dam inflow forecast model based
on three criteria: calculation time, number of parameters, and simplicity of model
structure. To determine the warm-up period of SAC-SMA, we tested the conversion
period of simulated flows using 300 randomly generated states variables in SAC-SMA.
In conclusion, a three year period was enough to avoid the initial condition problem
of SAC-SMA model simulation.

5) This study developed probabilistic dam inflow forecast methods, ESP and
dynamic reservoir inflow prediction (DRIP). To evaluate the performance of ESP
and DRIP we employed ranked probability skill score (RPSS) and probability of
detection (or hit rate). ESP showed good predictability with high RPSS (—=0.5) for
every month and every lead times (1-month, 2-month, and 3-month). DRIP also
showed good performance in predicting dam inflow for every month except June.

6) To improve the predictability of June precipitation forecast, we tried to estimate
the predictability of climate variables forecasts including SLP, PREC, T2M, T850,
U850, V830, and Z500. A five-fold cross validation method was used to identify
reliable predictability of climate variables for forecasting Soyang™ June precipitation.
The highest predictive regions for June precipitation were located near the Gulf

of Mexico. Therefore, developing statistical models between predictive regions and



observed rainfall will be necessary to improve the predictability of Soyang dam
June precipitation.

7) Finally, this study proposed a guideline to utilize dam inflow forecasts in
decision-making on dam operation regarding droughts. We suggested several
scenarios that guide how long-term forecasts can be used in dam operation decisions
in terms of each response stage and according to dam storage levels.

The probabilistic dam inflow forecasting technique developed in this study can
contribute to the dry-seasonal multi-purpose dam operation decision-making by
supporting useable information of long-term forecasts and its reliability. In addition,
probabilistic dam inflow forecast will be useful to establish K-water's monthly and
annual dam operation plans, manage efficiently water supply and demand, and

maintain dam storage level against drought.
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Multi-decadal Climate-
Hydrology Forecasts
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Demand Forecasts

¢ Population Forecasts

¢ Economic Sector Forecasts
e Water & Energy Forecasts

Inter-annual & Seasonal

Climate-Hydrology Forcsts.

Multi-Decadal Decision Support
Several Decades; Monthly Resolution

e Infrastructure Projects
* Water Sharing Compacts
¢ Land Use Planning

Monthly-  ® Sustainability Targets
Seasonal  * Regulation Policies
Response * Legal/Institutional Changes, etc.

Demand Forecasts

e Water supply

e Energy

e Agricultural Products, etc.

Operational Climate-
Hydrology Forecasts

Inter-annual/Seasonal Decision Support
1-5 Years; Monthly to Weekly Resolution

* Reservoir Releases
* Carry-over Storage
* Energy Generation Planning

Weekly- * Water Supply Contracts
Monthly  * Drought Contingency Plans
Response ° Agricultural Planning, etc.

Demand Forecasts
e Water Supply
e Power Load/Tariffs

Actual Hydrologic &
Demand Conditions

Short/Mid Range Decision Support
1-3 Months; Daily to Hourly Resolution

* Reservoir Flood Releases
 Spillway Operation
¢ Water Deliveries

Hourly- ¢ Env./Ecological Flow Releases
Daily ¢ Power Facility Scheduling
Response  * Conservation Measures, etc.

Figure 1
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Near Real Time Decision Support
1-7 Days; Hourly or Sub-Hourly Resolution

¢ Flow Regulation/Water
Distribution

¢ Power Load Dispatching

 Flood/Drought Emergency
Response, etc.

2007). Fig. 2=
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Development Tradeoffs
Hazards/Risks/Vulnerabilities
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* Water/Energy/Env/
Economics

Policy Decisions

Planning Tradeoffs
Hazards/Risks/Vulnerabilities

Policy Planning

Processes

e Water/Energy/Env/
Economics

Operational Planning

Decisions

Management Tradeoffs
Hazards/Risks/Vulnerabilities

Operational Planning

Processes

* Water/Energy/Env/
Economics

Management Decisions

Operational Tradeoffs
Hazards/Risks/Vulnerabilities

Management
Processes

e Water/Energy/Env/
Economics

Operational Decisions

Operational Decision

Processes

Water resources decisions: Range and attributes (HRC-GWRI, 2006; NRC, 2008)
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GUNNISON - BLUE MESA RES (BMDC2)
Forecast Period: Apr - Jul
Date Range: 1996 - 2005
Historical >> Period: Apr - Jul  Year Range: 1971 -2000  Maximum Year: 1984  Minimum Year: 1977
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1966 1587 1908 %09 2000 200 2002 2008 2004 2008

Date Forecasts lssued

Figure 2 Comparing ESP and statistical forecasts from the NRCS and NWS for a recent 10-year
period. The forecasts are for summer (April—July) period streamflow on the Gunnison River, Colorado
(quoted from NRC (2008))

u] 7)Ao A= 2005 9] ‘River Forecast Verification Plan'g 43J3}%=1],
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of thgt $*j2](post—processing) E+= H A (calibration)S 43 ojAJolr}, o]w ]
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A7 = 5} tHe.g., Seo et al., 2006; Wood and Schaake, 2008).
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Lake Superior Mean Lake Level (meters, IGLD85)
Forecast Start Date: June 8, 2007

Simulated Outlook
184.0+

Upper Regulation Limit

Qutlooks
95%

183.8
80%
50%
20%

183.6

5%
—— Simulated

183.4+

| Chaqt Datum —[ 1

L ]

i

=
m
@
[

183.0+

Mean Lake Level (m eters, |GLD85)

182.8-
Lower Regulation Limit —
P - I NI MY I N M N N N N NN Y S Y T O Y I M
Jan 08 Apr Jul Oct  Jano07 Apr Jul Oct Jan 08
Figure 4 Probabilistic forecasts of future lake levels disseminated by Great Lakes

Environmental Research Laboratory (GLERL], http://Awww.glerl.noaa.gov/wr/ahps/curfcst/)
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Figure 6 A schematic of INFORM Reservoir and River system (quoted from HRC-GWRI, 2006)
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Forecast-Planning Horizon (e.g., 90 days)

Inflow Forecasting
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Figure 7 Scenario and policy assessment models (quoted from HRC-GWRI, 2006
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Figure 8 Probabilistic bias adjustment of mean areal precipitation (quoted from HRC-GWRI, 2006)
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Figure 9 Long range inflow forecast from March 1, 2006 (quoted from HRC-GWRI, 2006)
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Table 1 The results of trend analysis and change point detection analysis for precipitation,
inflow, and runoff rate during dry season (October through June)
Dam name Variables Trend analysis Change point detection
(Mann-Kendall test) (t-test)
Soyang Precipitation Increase Not significant
Dam inflow Decrease Not significant
Runoff rate Decrease (95%] 1993
Chungju Precipitation Increase Not significant
Dam inflow Decrease Not significant
Runoff rate Decrease (95%) 1992, 1993
Andong Precipitation Increase Not significant
Dam inflow Decrease Not significant
Runoff rate Decrease (95%] 1992, 1993
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Precipitation (October through June)
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Figure 11 The time series of areal averaged precipitation, dam inflow, and runoff rate during

dry season in the Soyang dam
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Figure 12 The time series of areal averaged precipitation, dam inflow, and runoff rate during
dry season in the Chungju dam
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Figure 13  The time series of areal averaged precipitation, dam inflow, and runoff rate during
dry season in the Andong dam
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Table 2 Potential evapotranspiration (PET) calculation methods
PET method Equation Reference
AR, + (e, —e,) W
Penman | PET = with W=2.6(1+0.536 1) Penman (1948)
Ap(A+7)
AR, +~(e, —e,) W
Penman- | PET = i 4= with W= (1500/r,) ,r, = (208/ U) _
. T, Monteith (1965)
Monteith AplA +7(1+T—)
Priestley- PET — a, AR, ho —1.96 Priestley and
Taylor T (A ) O T Taylor (1972)
AR, + ’y(ea —ed) w
PET =
(A +7)
Kimberly- Jp—173\2 ,
I with w= 0.4+O.14exp((04) )] Wright (1982)
Penman 58
| )]
+10.605 +0.345exp|— | ——— U
80
AR, +25v(e, —e,) W
, PET = with W=2.6(140.536 U) Thom and
Thom- Oliver Ty .
Ap| A+~ 1+ Oliver (1977)
12A R,
PET = 0.0353 14+TM
P
CRAE where R, ,isnet radiation, Morton [1983)
A, is slope of satuarationvapor pressure curve




L oISy JHME St TEXH ARUSYE 28 Jiol=afel i

PET method Equation Reference
)8 T,
Hamon PET (—) exp( 16 ) Hamon (1961)
R k
Romanenko (1—) or[?a;r;?]n ©
2007, +15(7.— T)
Li ppr— 100=4) - Li (1977)
inacre S0-T, inacre
where A= latitude of station, T;, = T, +0.006h, h = altitude (m )
Turc PET = 0027( 7 +15)(Rg(l—oz)+24) Turc (1961)
Jensen- J— (R )( Ta) Jensen and
Haise Ap/\ 40 Haise (1963)
MeGuinness
. R\ T,+5
McGuinness PET:( )( ) and Bordne
Ap 68
(1972)
R Hargreaves
Hargreaves | PET = 0.0023~— (T}, — Tpin)/* (T, +17.8) and Samani
)\p m a
(1975)
R,
pET= -2 ()W,
FAO-2% Aty Ap ol R Ri, Doorenbos and
W=1.066— 0-137557+0- 045 U—0. 02750 U—3.15( 100) Pruitt (1977)
—0.0011 U
R,
Abtew PET = 053( 3 )(1 a) Abtew (1996)
P
0.63R A
Makkink | PET = %(A—fw ) Makkink (1957)
Oudi PET (Re)(T“+5) if T, +5 > 0, otherwise PET=0 Oudin et al
udin = =
)\p 100 1 a > 0, otherwise [2005]

A is slope of vapor pressure curve(kPa‘C-1), A is latent heat of vaporization (MJkg-1),

p is water density, A is psychrometric constant (kPaC-1),

e, is saturation vapour pressure(kPa), e, is actual vapour pressure(kPal,

r, is aerodynamic resistance, r, is surface resistance of reference crop,

U is wind speed 2m above soil surface, 7, is air temperature, 7}, is dew point temperature, R, is
extraterrestrial radiation(MJm-2day-1), R, is global short-wave radiation(MJm-2day-1), R, is net
solar radiation(MJm-2day-1), DL is day length, D is bright sunshine hours,

a is surface albedo, J, is Julian day
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Table 3 Classification of seventeen potential evapotranspiration (PET) calculations based on
the development philosophy

PET Type PET Calculation Required data
Penman RH, T, U Rs
Penman-Monteith RH, T, U Rs
Priestley-Taylor T, Rs
Combinational
Kimberly-Penman RH, T, U Rs
Thom-Oliver RH, T, U Rs

CRAE T, Rs
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PET Type PET Calculation Required data
Hamon T, Rs
Temperature-based Romanenko RH, T
Linacre RH, T
Turc RH, T, Rs
Jensen-Haise T
McGuinness T
Radiation-based Fargreaves !
Doorenbos-Pruitt (FAO-24) RH, T, U, Rs
Abtew RH, T, Rs
Makkink T
Oudin T

Ak AR ol wet 2 2ol EAtHFig. 16). Hat{t71E Abtew
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Figure 16  Dry seasonal potential evapotranspiration (PET) by calculating seventeen PET methods

(Table 2)
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Figure 16  (continued)
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Figure 17  Change in mean, maximum & minimum temperatures, dew point temperature,
rainfall, wind speed, relative humidity, and day length from 1973 to 2012
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Figure 18  Trends in seven precipitation indices from 1973 to 2012
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2001). FEEES A7t whebi= oHIE(FRE-FAID Y, U(daily) F=123,
H(monthly) EFARY 502 Fid 4= glom, T 0 2= FA9S A8 k=
Ao wet A& (lumped) 2, FE3E S (semi—distributed) 23, 3 & (distributed)

’

2o g FLEETH Moradkhani and Sorooshian, 2008).

AAZ L2 AG7HA] B2 2mdo] WEEAL, AFe B2 A=l 71E
2 RS A eHy 27U es EdlE 2 BdE sk glo
Toll A= TRt R EEo] Y B FEEET, SeREne] HAoE AR
4=1% HEC-HMS, SWMM 50|, A7]9%814S 9] Tank, PRMS, SWAT, SLURP
SOl ZEE o] rhEEA 5, 2010; AFA 5, 2007; FLY 5, 2007; v &}
AR, 2005; Lt viga, 2005 A &

& Al 7IEdTEs sk de7] A7 AR dEelS S At RegoR

H
GR4J, SAC-SMA, PRMS R3& HHshu o|59) 45 thalom Brisksict

—

GR4J(Génie Rural 34 param tres Journalier):= EofAof|A] 7HksE RO 2 47]9]
i7PHa(A, B, C, D& 7Hl= Y= %0ltkFig. 19). o] HH2 F-x7}F Zhdsix|ut
o 7% 9 AB2AL A SR, R, 55 DO) FRISN S
HOlSAS Hol= Ao R HI7IEQth(Perrin et al,, 2001; Perrin et al,, 2003).
AA GR4AJ= ZFollA HARE sl SR 2 285l QI
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o=

Figure 19  GR4J model's schematic (Perrin et al., 2003)



SAC—SMA(SACramento Soil Moisture Accounting)(Peck, 1976; Sorooshian et
al., 1993)5 AIEFSlLeE] QEHs7IA] mops) Ahs g melz ol RS o] 4 3
A7 rEollS R R o] &H AL Sty SAC-SMA®= B2 &84 Eols= e
(tention water)2} ZP (free water) 7Id-S o]83ato] F&3ITH A= EFEATT
T 4 Sl Hel ERO R Sl FALo 2R SN, AR EoF YAl

I A= Ao SHO R o]Fdle] F7HrE(interflow) o]l 7|ostAY 7S EQF
og 01%3}04 A|stro]| 7]ofgitt, SAC-SMAE= EFSS 7MY A3 (upper
zone) I} HEZ-(lower zone) 2 & ~FEsto] B 9] o5 FHY ol s HARSH=

g, HsolMe eFrusds 13 5 o 3ol WL Darcy H2]o] w2 =2

ol OH

ol5-S ma Al 1], o|AL Kol WA¥ets shEfERe] A
(recession) & @AX 02 TEeA] Fote EAIO] wu} olg FHE3}7] 98 sl

=2 F9Y9(Primary zone)1} X %2 %(Supplemental zone) O & A|E3}3 Tt FHH
2 A71AQ 7A=Y B85S vkl HRYgHE B2 AR Aol whE FEkS

uhdsE s AR B Aol o] 83 SAC-SMAL 13749] ulA4E ZhHlct,

d

jo

/ / Evapotranspirziiun
Uppsr ey T A‘JHWN
Zone &.;‘_ - _\_\__F_ [ 4{_\_ Direct
e

Runoft

Surface
Runoff

Pervolalion

{L”r__lr:iry [T i anens I SUPPIE}

menta

Baseflow

( Bubsurlace
Oulllow

Figure 20 SAC-SMA model’s schematic (NWS, www.nws.noaa.gov/)

PRMS(Precipitation Runoff Modeling System)(Leavesley et al., 1983)=
GR4J, SAC-SMAZ} A F9< shte] 772 W= Tdshs A(EAR)
o e o) B4, X AAF 9 G S0l fAR gl dha) 27}
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Figure 21 PRMS's schematic (Jung et al., 2012)
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2(log) =¥ ﬁ%‘éﬁl#(Eq ()t Alft(root) g T84 AG(Eq. (5)°ltt
(Krause et al,, 2005), #&2]¢} 2ojx|of 2} AlgS FsHA Hd 2 ghat 2+
<= 4] A Akt %Oi%t}. A=, 10003} 109] gh= 7 wEFe A&
1S FE A Z7F 31.6(3)1} 3.16(1) 22 o] Zfo|7} FolEA Ho EATHzt
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2|19 ¥TE Demirel et al (2013)2 ApekS 2 wojsls nj /S-S =45}
7] 18l Eq. (7)2} Zo] hybrid Fejo] M2& =25 A6kt o] Wi
SIS o] 83t By a8AAG(E,) e BoR|et AEA o JF FHal AAkE B
aEYAG(E)E ARt Aoltt, £ Atoli= 75% w91l et S 7
o7 o|Hr) A2 ZhS Ao g THste] B, & APt E oA = BEX
woj2)7F 0¥ 74%% H)gt Ao &2 BifeFe 0.01%5 2853 ct. Hybrid &
agdAs l*&ﬁ}ﬂ A3t 7154 o, B+ Demirel et al (2013)2] A-Lof|4] &
83 033 0.7& 27+ A8kt
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Tables 4—6-2 2 A oA A (calibration)o] o|-&H Z} =4 tj7/fH4-E
Uehdith GR4JE= §ATE a7 27)E 238ke] £ 67, SAC-SMAL 157,
PRMSE 21719] uij7jel4s WAt

E=1- (2(0—5 ) (1_1 ,;—5)2) (3)

Elog=1—(i(log0 log ;) ) (Xn] 10g0ﬁ—10g5)2) (4)

i=1 =1

n

Eropt = (Z (VO - ﬁ))/(znr — ﬁ)?) (5)

Sy, (ﬂg)) ©

Ba=1-( 5%



E,=1- (7261(01 - 51)2)/(7271]1(01 - 5)2)
E,=1— (2(1/(0 +6)—1/(8.+9)) ) (il (1/(0;+6) —1/(0 +6))?
Table 4 Description of GR4J model parameters for optimization
Parameter Description Range
A (X1) Maximum capacity of the production store -10 ~ 2000
B (X2) Groundwater exchange coefficient -8 ~ 6
C (X3) 1 day ahead capacity of the routing store 10 ~ 500
D (X4) Time base of the unit hydrograph 05 ~ 4
DF Degree-day factor 1.0 ~ 9.0
Tc Temperature criteria at which snow begin to melt -30 ~ 50
Table 5 Description of SAC-SMA model parameters for optimization
Parameter Description Range
UZTWM Upper zone tension water maximum storage 1.0 ~ 150
UZFWM Upper zone free water maximum storage 1.0 ~ 150
UzZK Upper zone free water lateral depletion rate 0.1 ~ 05
ADIMP Additional impervious area 0.0 ~ 04
/PERC Maximum percolation rate 1.0 ~ 250
REXP Exponent of the percolation equation 0.0 ~ 50
LZTWM Lower zone tension water maximum storage 1.0 ~ 500
LZFSM Lower zone free water supplemental maximum storage 1.0 ~ 1000
LZFPM Lower zone free water primary maximum storage 1.0 ~ 1000
LZSK Lower zone supplemental free water depletion rate 0.01 ~ 0.25
LZPK Lower zone primary free water depletion rate 0.0001 ~ 0.025
PFREE Fraction percolating from upper to lower zone free water storage 0.0 ~ 0.1
KQ Storage constant 0.0 ~ 1.0
DF Degree-day factor 1.0 ~ 9.0
Tc Temperature criteria at which snow begin to melt -3.0 ~ 5.0
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Table 6 Description of PRMS model parameters for optimization
Parameter Description Range
adjmix_rain Monthly factor to adjust rain proportion in a mixed rain/snow event | 0.0001 ~ 3.0
cecn_coef Monthly convection condensation energy coefficient 0.0001 ~ 20.0
emis_noppt Average emissivity of air on days without precipitation 0.757 ~ 1.0
freeh20_cap | Free-water holding capacity of snowpack 0.01 ~ 0.2
otet._sublim aFrr]zct;c;r;vt\)/;;JZLential ET that is sublimated from snow in the canopy 01 ~ 075
tmax_allrain Monthly maximum air temperature when precipitation is assumed 20.0 ~ 50.0
to be rain
tmax_allsnow :(/ljogtehlznr;\flximum air temperature when precipitation is assumed 20.0 ~ 400
snowinfil_max | Maximum snow infiltration per day 1.0 ~ 20.0
soil_moist_max | Maximum available water holding capacity 3.0 ~ 100
soil2gw_max | Maximum amount of the capillary reservoir excess 0.0001 ~ 5.0
sat_threshold | Water holding capacity of the gravity and preferential flow reservoirs | 1.0 ~ 20.0
smidx_coef Fraction percolating from upper to lower zone free water storage | 0.0001 ~ 1.0
smidx_exp Exponent in non-linear contributing area 02 ~ 08
fastcoef_Lin Degree-day factor 0.0001 ~1.0
fastcoef_sq Temperature criteria at which snow begin to melt 0.0001 ~ 1.0
slowcoef_lin | Linear coefficient in equation to route preferential flow storage | 0.0001 ~ 1.0
slowcoef_sq | Non-linear coefficient in equation to route gravity reservoir storage | 0.0001 ~ 1.0
ssr2gn_exp Nonjlinear coefficient in equation used to route water from the 08 ~ 19
gravity reservoirs to the groundwater reservoir
pref_flow_den | Fraction of the soil zone in which preferential flow occurs 0.1 ~ 1.0
gwflow_coef | Linear coefficient in the equation to compute groundwater discharge | 0.0001 ~1.0
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Figure 24  The performance of GR4J for calibration and verification periods using five different
objective functions
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The performance of GR4J for calibration and verification periods using five different
objective functions

Calibration period

Verification period

Time Lj:: Statistics (2001-2010) (1991-2000)
NS | Log | Root | Rel. | Hyb. | NS | Log | Root | Rel. | Hyb.
MAE | 256 248 285 645 573 231 237 228 584 557
RMSE | 706 821 718 2129 1859 60.6 66.7| 59.7 194.3| 1760
A CORR | 096 094 096 052 074 096 096 096 053 0.80
Daily R | 092 088 092 027 05 092 091 093 028 0.65
d | 098 097 098 064 069 098 097 098 064 0.4
Annual PB (% | 97 -81 18 -633 726, -12 -188 -89 -70.9 -79.0
(Jan - Dec) MAE | 137 123 109 470 539 128 157 127 482 536
RMSE | 181 178 185 726 985/ 180 241 189 725 98
CORR | 099 099 099 097 095 099 099 099 096 09
Monthly o T oo8 098 098 093 090 097 097 097 091 088
d | 099 099 100 085 066 099 099 099 082 059
PB (% | 9.8 -81 1.6 -634 726, -12 -188 -89 -71.1 -79.0
MaE | 178 156 156 287 259 174 175 169 331| 309
RMSE | 322 329 824 589 534 387 41.1| 379 686 673
A CORR | 082 081l 082 033 059 082 082 08 043 057
Dally R | 067 065 068 011 034 067 067 070 018 033
d | 090 088l 090 046 051 088 08 089 045 040
Dry season PB (%l | 109 -175| 42 -885 -804 -148 -359 -263 -91.0, -85.5
(Jan - Jun) MAE | 127 116 114 271 28] 1300 149 132 324 304
RMSE | 165 162 158 359 347, 199 232 212 446 454
vony | COFR [[082 082 08 06 076/ 08 08 08 0% 08
R | 067 068 068 040 058 0.74 074 074 069 0.65
d | 090 ossl 090 052 o050 091 088 091 051 046
PB (% | 113 -17.3| 40 -885 -803| 146 -358 -26.2 -91.1 854




Table 8

The performance of SAC-SMA for calibration and

different objective functions

verification periods using five

Used

Calibration period

Verification period

Time i Statistics (2001-2010) (1991-2000)
NS | Log | Root | Rel. | Hyb. | NS | Log | Root | Rel. | Hyb.
MAE 24.6) 29.5] 239 36.0, 564 253 27.6/ 237 346 52.6
RMSE 78.2| 105.5| 83.7 115.3| 172.4] 732 99.0) 78.2| 105.2| 151.1
) CORR 0.95 090| 0.94 088 0.83] 095 0.90 094 088 081
el R? 0.89| 081] 088 077 0.68 089 082 089 0.78 0.65
d 0.97| 094/ 096 093] 089 097 093 096 093 0.89
Annual PB (%] 140 130 02 -79 -52| -104 -7.4 -9.1| -17.5] -14.1
(Jan — Dec] MAE 9.9f 88 9.2 123 152 132 129 11.7] 153 17.6
RMSE 15.2| 157 141 163| 234 188 19.8] 185 21.1) 252
Monthly CORR 0.99] 099, 099 099 098 099 099 099 099 098
R? 0.98 098 099 098 097 097 097 098 097 0.95
d 1.00/ 1.000 1.000 1.000 0.99 099 099 099 099 0799
PB (%] -1.40 130 -02 -80] -53| -104] -74| -9.1 -17.7| -14.2
MAE 15.9 143] 129 177 29.9| 19.2] 165 15.6 23.0 335
RMSE 312 3700 29.7| 35.0 90.8] 39.3] 39.6] 365 43.4| 874
_ CORR 0.84 084 086 082 059 082 081 084 079 0.54
el R? 071 071} 0.74 067 035 0.68 065 071 0.3 0.29
d 0.91 090 0.93 0090 0.65 088 0.89 090 086 0.67
Dry season PB (%) | -10.00 75| 36 -29.5/ -22.8 -29.1| -14.6| -17.1 -45.1| -31.9
(Jan = Jun) MAE 11.3] 81 83 138 140 144 120f 108 17.0, 165
RMSE 16.00 13.9] 123 185 193 21.2 183| 174 242 242
Monthly CORR 0.83] 089, 090 084 080 087 089 090 088 0.83
R? 0.69| 0.79] 081 0.71| 0.64 0.7 078 0.81 0.77 0.69
d 0.90, 094 0.95 089 0.88 091 094 094 089 089
PB (%] =97 7.6 37| -29.5) -22.7| -28.9| -14.6| -17.0] -45.2| -32.0
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The performance of PRMS for calibration and verification periods using five different
objective functions

Used

Calibration period

Verification period

Time | oo Statistics (2001-2010) (1991-2000)
NS | Log | Root | Rel. | Hyb. | NS | Log | Root | Rel. | Hyb.
MAE 368 281 330 564 283 327 337 499
RMSE 1478 942 1049 2102 1228 86.6 101.7] 171.7
| CORR 082 090 0.75 083 089 0.75
ey R 047 081 057 0.70 080 057
d 090 095 094 084 091 093 085
Annual PB(% | 19 10 22 09 -73 -80 90 -82
(Jan - Ded) MAE 9.9 105 133 131 126 143 157
RMSE | 144 172 151 221 188 19.0 203 222
vontry OO 098 098 098
R? 098 098 097 097 097 0.96
d 099 100 099

PB(% | 19 10 23 09 -74 -80 90 -82
MAE | 168 167 169 255 209 190 227 297
RMSE | 353 456 B2 906 426 480 138 838
| CcorrR | 082 070 o0& 057 071 077 052
YT e | 07 049 0g7 032 050 060 027
d 082 063 082 066

Dry season PB (% | 3.9 44 43 54 159 178 -164 -154
(Jan - Jun) MAE | 97 91 100 113 139 125 146 146
RMSE | 14.0 164 160 204 190 212 209
vorty | CO%R 085 086 088 086 085
R | o7 072 074 077 073 072
d 093 092 092 092 092

PB (%) | 41 45 42 58 -159 179 -164| -156
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Figure 28  Impact on simulated dam inflow by different initial states variables of SAC-SMA model
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month. Red dots indicate observation from 1973 to 2012 and cross symbols indicate mean values
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Figure 30  Framework to generate ensemble streamflow prediction (ESP)
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Figure 31 Forecasting 3-month dam inflow using ESP at starting March 1, 1983
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Figure 32  Forecasting probabilistic 3-month dam inflow using ESP at starting March 1, 1983

4.2.3 Dynamic Reservoir Inflow Prediction (Drip) 7Het
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22 ska QoK 1A 177 718, 208 oS R 2 52 5° FTRE
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Figure 33 Framework of dynamic reservoir inflow prediction (Drip) to generate probabilistic dam
inflow forecast using APCC climate forecast
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Table 10 Description of the GCMs used for APCC Multi-model Ensemble (MME]

Model; . . Forecast
Institution (country) Resolution Reference
acronym range
Hydrometeorological Centre of Russia 1.40625° Tolstykh et al.
HMC 4 th
(Russia) x1.125° renthe (2010)
GDAPS. F Korea Meteorological Administration 10° % 1.0°0 3 months Park et al.
(Korea) (2002)
MSC_ | eteorological Service of Canada [Canada) | 2.5° x 25°| 12 months | - &
X
CANCMS eteorological Service of Canada (Canada) | 2. . months 2002)
MSC Si t
CANCI:AA Meteorological Service of Canada (Canadal | 2.5° x 2.5°| 12 months ;TTQOSOS;
Climate Prediction Center / NCEP / NWS Saha et al.
NCEP 1.0° x 1.0°] 9 th
/ NOAA (USA) " monns (2010)
Centre for Australian Weather and Climate
Zhong et al.
POAMA Research /Bureau of Meteorology 2.5° x 25°| 9 months (2005)
(Australia)
National Aeronautics and Space Molod et al.
NASA - 3 th
Administration (USA) renthe 2012
. L Sun and Ahn
PNU Pusan National University (PNU] T42 118 6 months 2011)
o Liou et al.
CWB Central Weather Bureau (Taipei) T42 118 3 months (1997)
JMA Japan Meteorological Agency (Japan) - 3 months -

Figs. 34 & 35= 2@l gt Drip dlS2TE =AIRE Aojth, 247
o 7|FAEAE 52 A8 & AFolMe 29 d2Y v AR (ET
125.0°~132.5°, £ 35.5°~42 5°)JHE o]& 2 Eal
1, 4, 97)oll W& &4 A =E EAsI%=T, €Y A58 AR o o
2} & ZolF HolA= FUAIN 47 ARHE o] 8 ATt Az A
A ZAIE Holttal A ASFLE, Figs, 34 & 35+= ESP & (Figs. 31 & 32)9] H]3|
Ak oz s HeA7E Wiletl, oA &S+ POM 10%, 20% Z2e+&

FATF 72 Apol7h & Ao Ylolqltt. ESP= A #E7| AR %7 Y
3l vjZ2o g2 TEEsd uE), Dripe B27|EARE o] L5l ut 7|End oo

we} go] geix)7] nEow Alm,
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4.3 ESP2} Drip GISH Hot

ASHEE] 55 B7IsH] ffall thadRt 7|HEo] /o] $ithe.g., Epstein,
1969; Murphy, 1971; Wilks, 1995; Anderson, 1996; Mason, 1982). 9|&A] H7}7|H-&
A A4 7Y jS5E 7eR v 4 ok AdEAlg(correlation
coefficient), AAH|4>(coefficient of determination), HAl =L Z}Hroot mean
square error) =< ZAA 224 (deterministic) H7} X|&o|t} WhH HSS(Heidke skill
scores), RPSS(ranked probability skill scores), Hit rate 52 W53 H7l7|Holtt,
ASdB7F A0 A T2l whet gebd 4= Qo). A=, oS
el W Zlolch(hitting), & Zo|tHmissing)7} 8 ¢ HF B7H7]% 0]
O] Fe AT AT S ock. v AAPL ekl Bt Bagte)
Ao Rol] Talo] ek AUAS Se) AREH BIAALS
AToIME SHEolEgue AEA BAAED Wo| g
rate(probability of detection)E& ©]-&5}o] ESPQ} Drip9] o&A4S H7lslsT,

iﬂ-ﬁ

RPSS= Eq. (10)0l|A4] Hi= v} Zo] a5 HE o83k RPS;,, 4 (ranked probability
score of forecasts)@}t 7| FHEGLE 083 RPS, 010109, (ranked probability score
of climatology)®| Hl== FAFEL. Eq. (10)°l4 A= dSHEAE +28 7+
(categories)o|H, Y, += kWA HF9] o=} F4SE(cumulative forecast)o|H,
O, kA H320] B5 F2gE, P+ WSHf(climatology)< 083 73$-9] kA

o] dlSghe] FHEES Uetlt. RPS= e Rt(perfect) ol59] 47 09 gk
7HAAL ol &/do] HojA|H gho] SRt webA RPSS+= =t (climatology) &
o] &3t oSl et A5k A 7] ® ofsfe 4= Qlrf, ST 59 A5
PRSS& 19] k& 7HAA B2, #&Ft(climatology)< ©l-8& 490t ASHEE
o]&5t A9 dlS5Adol Zod 09 = MM, WSHat(climatology)s ©|-&%
BHE ASHEY oS0 HoH 47t FHrh

RPS’ imatology, - RPS ecas RPS ecas
RPSS = climatology forecast - 1— forecast (10)
RPSclimatolagy RPSclimatology
K K

RPSfore(:ast = Z(Yk - Ok,' >27 RPS, climtology — Z <Pk - Ok: )2

k=1 k=1



RPSS9} 7ol dA&48MES o|83te] d54E Hrtskes Wt gel vi7t 2of/k2t
= A7 g/ Aok 59 7 7HA] B $-(binary) ol thet B e 2= BUHE v
3£ (contingency table)< ©]-&3t o] Bil4o|th(Fig, 36). Fig. 362} o] Ht
opde] frgol tiEt AS8E HSL A, WSfEe] Batoldd o dlSids Hatol
FE ST ARE a, ISHEE Fatoldol opdt] ASfigo] Batol ol o
= b, TS Foroldl §HH 52 ool ofd H9-E ¢, W& A

= Hotolito] ofd -5 defal A} ‘%W E(Hit rate)% a/(a+c) 2 AAFE =Y,

i

Observed flow Observed flow FBI = atb
above normal below normal a+c
FAR —b
Prbedlcted fIO\n\I.r a b - a+b
abovenorma (hit) (false alarm) a
POD =
a-+c
Predicted flow
below normal C D L.
(miss) (correct rejection) cS| = —
a+b+c

Figure 36  Contingency tables used to define categorical measures for observed flow condition
and predicted flow condition comparisons (quoted from Y& (2013)).
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Figure 37  Ranked probability skill score [RPSS) of ESP (upper panel) and Drip (lower panel) for
each month with three lead times
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Figure 39  Cross validation process for detecting domains that have significant predictability to
Soyang dam’s precipitation forecast
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CWB SLP - June (3month lead) GDAPS_F SLP - June (3month lead)

HMC SLP - June (3month lead)

= Y

Figure 40  Selected domains for forecasting Soyang dam'’s precipitation using SLP
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Figure 41 Selected domains for forecasting Soyang dam'’s precipitation using T2M
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CWB T850 - June (3month lead)

GDAPS_F T850 - June (3month lead)

Figure 42  Selected domains for forecasting Soyang dam’s precipitation using T850
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CWB U850 - June (3month lead) GDAPS_F U850 - June (3month lead)

MC U850 - June (3month lead)

Figure 43  Selected domains for forecasting Soyang dam'’s precipitation using U850
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CWB V850 - June (3month lead)

Figure 44  Selected domains for forecasting Soyang dam’s precipitation using V850
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CWB Z500 - June (3month lead) GDAPS_F Z500 - June (3month lead)

Figure 45  Selected domains for forecasting Soyang dam'’s precipitation using Z500
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Table 11 Selected climate variables with predictability that are located near Soyang dam basin
Month
tead | el
time January February March April May June
u850(3)
CWB 4
il prec(4)
prec(é)
slp(8) z500(3)
GDAPS_F u8b0(6)
- 850 t850(2
u850(3) 50(2) 185002)
u850(3) prec(5)
HMC slp(2) prec(1) u850(2) v850(2)
v850(1)
prec(3)
JMA u8s0(5) V850(2)
u850(9)
NASA slp(3)
prec(3)
z500(2)
t850(3)
Tm slpl8) prec(4)
NCEP 1 850(2
prec(3) v850(3) precl1) u850(2!
prec(1]
MSC t2m(1) t2m(2)
- lpl1 t850(2
cancwg | S prec(1) 2 850(2)
t850(6) v850(3)
MSC u8b0(5) z500(3)
- 850(2
CANCMA4 slpl3) vBS0EL et
t2m(1) u850(1)
slp(9)
z500(8)
t850(2
PNU prec(é) ° [[1]]
u850(3) pree
t850(1)
u850(6) u850(8)
POAMA 850(7
prec(1) t2m(4) v830(7
z500(9)
slp(3) u850(6)
2m CWB u850(5) t2m(2) slplo)
v850(1) v850(3)
t2m(2)
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Lead Month
. Model
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u850(8)
GDAPS_F 2500(5) slpl1] 85014
o3 prec(1]
u850(9)
slpl4)
u850(5)
prec(1) t850(2)
AMC | uBsol) ugs0(1] tégg[[z]] v850(2)
! 2500(2)
t2m(1)
t850(9)
prec(5) z500(8)
JMA t2m(3) prec(3) t2m(5)
u850(1) u850(3)
prec(1)
z500(7) prec(6)
slp(3) v850(6) slp(1)
NASA orecl?) spld) | ussoll)
t2m(1) v850(1)
prec(1)
NCEP prec(2) prec(2) olpl1]
u8b0(8)
MSC_ rec(1) V850l :ggg[[;]]
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