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Development of Real-time Runoff Forecasting System
During Floods for Shihmen Watershed
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ABSTRACT

Due to the influence of climate change over the world, the typhoons and violent

storms frequently invade Taiwan in recent years. The abundant rainfall often results in

considerable amount of runoff and sediment to flow into downstream reservoir, causing
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the raw water to be highly turbid and affecting the public water supply. In this study, a
real-time runoff forecasting system was developed to provide sufficient inflow information
for authorities to mitigate the potential flooding risk and optimize the utilization of water
resources.

The developed system uses grey theory GM(1,1) model cooperating with the
anterior rainfall records to predict the incoming rainfall in next 1-3 hrs. The effective
rainfall was determined by Horton's formula, in which the value of initial infiltration rate
was estimated according to a current precipitation index (CPI). The CPI was also utilized
to conclude the ratios of saturated and unsaturated zones in watershed where the surface
and subsurface flows yielded, respectively. Then the runoff in next 1-3 hrs was forecasted
using the kinematic-wave-based geomorphologic instantaneous unit hydrograph model
and was further corrected by adopting an updating algorithm based on the on-site flow
observation. As applying the developed system to Hsiayun watershed located upstream of
Shihmen Reservoir, the variation of rainfall in next 1-3 hrs was adequately predicted;
however the precision of longer lead-time results need further improving. The forecasted
peak discharge, rising and recession limbs of runoff hydrograph were quite satisfactory
after being corrected. In conclusion, a flowchart of the developed system was provided to

authorities for real-time operation in future.

Keywords: Real-time flood forecast, KW-GIUH model, current precipitation index, grey
theory.
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(Labadie et al., 1981; Burlando ef al., 1993) * fEEL
FEHTRERT T B (Markov chain) FHEERE
MR » JNHE HE R 25 S SR AU R RN TR AR =
(Klatt and Schultz, 1983; Bertoni et al., 1992) ° [fi]
ITEARHN RS E E ~ ERERHIEL R R B AR =
ZEER - KA L 5 DA R T 222
B 23 fii(Borga et al., 2000; Golding, 2000) ° —
LIS » FRERY TEI TR Y R A BE s 1
HIRIE - #T#EEH Deng (1989)ATHEHZ K (E5R
R T LA o Fas Ik EURHE - (RIEEIE S
AEEAT TR SRR IR R Bl o ME R Rt » 3%
Mm@ AR E AR - BICRNEARE R F
BRI E < FIREBR » 1998) - BRIIKEE R
BF 5% K 30T Bt A ks B 51 B8 (1) K T8 42 i (grey
generating) ~ (2) JK & B W 43 M7 (grey relational
analysis) * (3)JK 18 (grey model) ~ (4)JK A FEH]
(grey prediction) ~ (5)JK H1R R (grey decision)
(6)IK truf2tHl (grey control)ZFE(B25 > 1996)° Yu et al.
(2000, 2001) & IK e ARG S RRIEE B - 207
R0 A0 1y 8 RN TR AR X+ ST A v S = ke e it
BRE/KE T RIFHEM RS R - B (2007) EF K
oI A = BEEPUEL GM(1,1)IME T2
1V /KR TSR AT I R Y TH R - ER e RS 3%
HARTE R E Fotd: » AR ISR N
—fEl 1 FoR—REGST 5B 1 FoR—1EE A
Y - KKt R EE HEN AR &
R & - DUEH &R IMERL A7 » KL E
JA BB RS S PR » mT R B B RF a1 R A
$% o METTREAERFRYTHI TAE o ARUFFEEILUK TG
3w GM(1, DAY TR TEI - 36 RS TR
BB -

T 1 R RN B AR = DK i oz P B i Ry
LR - RS TR B AR K I S 22 8 - RERR
GH LK EETRFF M - Sherman (1932)FEH
Z BRI MR R E AR =
i FLDUSEK it AR S HE R B AR PR AR T - HESR
R SE TR < 1% Clark (1945)FTfgH
HA FRF ] - T S (time-area diagram) 52 Nash
(1957) A 7K EERE 2 (linear reservoir model) »
R B /K & o By 50 HERN A7 & - Wooding (1965)

P e 1E I BRI L TS SR S — D5
7R Ry — I8 £ & 18 M i R VOB
LAY SN S P G TR LSRR
Rodriguez-Iturbe and Valdes (1979)#&fK Horton-
Strahler 1) 115 F 2 2 1RF S /K 1t 31 53 Ry BRI AR [
IRV EL » M AR B R BRI /KIS 25 o B
ZSEATIRFIA £ H St 3 W R B R AR B B (geo-
morphic instantaneous unit hydrograph, GIUH) »
I8 3 L ol S8 DA T R P 41 o2 B B R SR 2
PRI PR 0 A AR M ~ £252) 73 i (Gupta
et al., 1980) s H N Z ErPf(Cheng, 1982)8HI3
PRES(Jin, 1992)5F 2 53 HTHRET - Lee and Yen (1997)
TRy 57, F 4] e 35 W ey B 7 PRE A 2R R FH 7k ST
O Bk B A1 B B R A E B 2 2 B R
(Rodriguez-Iturbe and Valdes, 1979; Agnese et al.,
1988) » Z RSP K EK @R — Vv JEiEi
FUARAING FR B+ TR DOE AT /72K - K
AEVET TR AR B R B S P - fRHE )
10 - 35 R R B3 PRR A P 38 (kinematic-wave-based
geomorphologic instantaneous unit hydrograph,
KW-GIUH) ° Yen and Lee (1997)3f LAfaflE LB 2
AV TR 2 SV MEL » (e g8 - S S Py B
RLPERRAE U I SR SO 8% B2 7K © Lee and
Chang (2005) 5 35 A 5543 82 7K HITE % 72 (Betson,
1964)  FRAEH FEHIF N IEFULET TR < EHEN
- Sty B R S - B U SR E T
JEE FH AT RN S0 5 (Shadeed et al., 2007 ; Cao et
al., 2010) > JL/KFEHI(Chen, et al., 2008) ~ BA7E
HRHER (Lee et al., 2009a) ~ JeibEHEfS(Arekhi and
Rostamizad, 2011; Arekhi et al., 20113 A48k
(Wang and Tung, 2006, Lee ef al., 2009b) » i IR
BAERGIR o KL - ARBTERER RO - I
& BRI AR S 5 B2 /K B MR 2 (Lee and Huang,
2013) » DIGEETT Ao FI7KEE b SR 7K [ RIIRFE s
$5E o ILAh - RIER /K IGHGE T S R 2 3 AE 7K
& a5 (Da Ros and Borga, 1997; Norbiato
et al., 2008; Berthet ef al., 2009) » BRI 5555
i B[ E % BN $5 AZ (current precipitation index,
CPI) » BALE/KEFZEGIRRE » I FH DA BEHEfG £
Y ABER - DS EA SN & -
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Iy i B )1 i B i B i B i B

ol A FHRE | REKRBFH @M | REKEGALE | BRATHRE | RAFHRAE

B Ni L, Ai Fou S,, S

(km) (k') (m/m) (m/m)
1 333 0.81 1.10 0.590 0.435 0.307
2 70 2.14 5.21 0.192 0.462 0.198
3 13 4.88 22.54 0.086 0.488 0.148
4 3 17.01 139.99 0.070 0.509 0.074
5 1 44.67 622.81 0.062 0.433 0.038
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FHRZRIE » T et RIS AR -

=~ REKERL
AGE 1 R - AP 7K EE SR K e A Z AR
POKITHIRAEER L - #IE IR 135 R
HIFFH 3499 AR - 2EMESE RILHPER
R - B2 —mdbrkR K - B EKE SN

HEEE - &% Kig - B - HE s R
EHIGEERG P K EE KA, - AP BE S R
B EE o o8 - RIE - FEE S Mg 2
WEHE ~ B~ BT A~ SEPSERELPE i LS5 15
RV RN - S/KEFEFIIRERNER 2200 A
2 2800 ~FEER > SRTIRF R 3 i EAN 2 2] » 3 80%
ZHEETRAHE+ A ZREEEERS -

Ry 00 P K R R T s K B B
HEREVE o SORWTZEA L BEE i it e s
ZEKHIE Ry o ATl - B 2 A A
15 = B 0 (0.97%) ~ Mk HE (95.63%) ~ £ ER 3
(3.08%) ~ 7K#8(0.30%) ~ ZEEEY) BIERS(0.02%) % ©
TR PR BEAT RS By 40 AR BUEERER -
23 1/25,000 HIHEAZE - FTHRAELZ )RS
MRS /KEHSCRF - 13 1 Fs - RIP AT
18 > F Ry P B - b S s B A7 A =R
FfREEF - HHRZR A BE L — ST
RE/KE: » HHE R 622.81 /A H » PR E
0.4405 » FURIZE 0.0329 » AFEBRHE T2
FEWRIF(EESE » 2009) » [RIHEEE FHE Bz - i IR iRE
AT AR ST TR I - FERF /K ER {6
FERRA -

= BRERBEERIER
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R Ik B g rh - WA — R B4 pGE R
(accumulated generating operation, AGO) * %
RO (t) ZFEMEME - WA RO (1) B Fr
AL - B

Hrf
FO (k) = ir“’) (i)

)=z RV (1) IMUEBERERNERE P - Bl &Ik
TEEEFR - GM(1,1)Z—FEH s e =0A]
#F7R Fy(Deng, 1989)

dRV(1) o
T T ARVWZb @)

i a~ b By IK (028 (grey parameter) * KB IK {0
RARE AR R OB E 7 - E R
RIRFFIREER(Ar =1)RF - Al(4) iz B L@ TR

RO(k)+a-z"(k)=b

k=2 3 g e 5)
Hrp
1 1 1 1
O L O G ®
k=2,3,..,n
Bk (6) A5 HAL LR R » WTeET R,
Y=BO0 e 7
r?(2) -z02) 1
v r<°>.(3) B —z(l.) 3) 1 e H
: : 1 b
r(o)(n) —z(l)(n) 1
.......................... (8a,b, c)

®)A AR E o~ b R/ NGTRERG WA
UNCF:westi) ks

FOk+1)= (r(o’(l) —ﬁje'“’f P )
a a

O (ke +1) Fo RAERERYFME - IR — R
kA il (inverse accumulated generating operation,
TAGO) UG TRl /NRFIRERY & 7 (k +1) » Bl

FOUh+1) =7k +1) -7 (k)
k=2,3,..,n

FHP 2 Sk e RN R 1% P RERR 2 R 2K R RN o 12
{LHEES - BCARHTE 5 ER S (2007) 2 - %
—EWEE R LIRS T I R
BRI TAF - K E T RN ERH R - 2
B a~ b AIRNRFSERT 5 X5 mRERTREL & PRI A8
{LH =R RER Y - SECE THHIR AL R - it
FEIR Z HEREMERE < I S92 h S5 208 Yu et al.
(2000) T H oz B — R R FE THHE R I (a single
time-step forecasting technique) * DASHEF AR 2A7
3Ar ISR TTR -

3.2 HREMKIUEEER

HJA Horton-Strahler 1) I [#fFER: - —H Q
WPz S K mT 3 Ry B R P B - IR RS
HNEEKE R - B EFRE R St R T iR
IR AAE BRI A =l e
T NHESE © Ak 2 Firs B IS R PR flms
TR BEA -3 - K DUt R B AR 248
SN - RSB SRR T 5 1 RS R
HIETAT I o R B 138+ IR A T DA R 38
T JiEAJI » R N T -

surface-flow paths
Xol > X] > X2 > X3
Xol —> X1 > X3

Xo2 —> X2 —> X3

Xo3 —> X3

subsurface-flow paths
Xsubl —> X1 —> X2 —> X3
Xsubl —> X1 —> X3

Xsub2 —> X2 —> X3

W surface-flow region Xsub3 —> X3

2 BRIDEKEBEZEKBERBERSE
(Lee and Chang, 2005)
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Filhx, FoR i i) 0 x,, TR i SRR
7K A M RS BRI TR A [ P o e -
=123~ Q HIEKEZBER A
## u(H) "] FR By (Lee and Chang, 2005)

u(t)=u,(t)+u,,(t)

= X[ £, 0%, @ £, 0] Pov)+

el

Y [ OF L () n 0] POW,)

W
Weub €Wty

o, (6) Bl u,, (1) 53 BIZoRIE B2 R85
W ELALFERR oW, :<x0,, X Xjperes xﬂ> ki
Wi = (X Yoo X, X ) BB BT TS
A £ () FRETER x s PSR VEST 2 I
353t » HHIIER T, (Gupta et al., 1980) 5 *%&
TRIBETESY 3 P(w,) B2 P(w,,,) 53RN ERIN
e EERRREE R w, Bow,, 2 AR AEFR

P(WS)ZRPCA(t)'POA, 'R()[x, 'Px[x/ "'Rw

P(wsub):[l_RpCA(l)]'POA’~P» ... P

Xuy X; XX XpXg

FH Ry (1) o o IRFZ i BEANTRIAE LA S0 o il
43 £ 7K THi 7 LL 1 (ratio of partial contributing
area) 5 B, Ko i shFHIKE AN B isgk
2Bl s P RN @ P EHIRE R
WP L ERHR 5 P RS @ fR etk
ETESCE | RTIEEEREE P AR
MY @ BRI j 8RN j > )L R

% -

Lee and Yen (1997):E A EB M iRl & %
R [HEESAERE . V TS @ R A » 80
A & B 2 3#H 1T I [ %8 7R By (Henderson and
Wooding, 1964)

_ 1/m
n, L,
T;” = #} ................................. (14)
CoSe "
L L (15)
o Ko Ssub,

KT, BT, SRRATR BRI E
o DI G Bt sk NS 2l S T
5 n, BiSHITRERE(REL 5 Lo, B i SRR IB MR
SR 5 S, B i SIS | A
SUIERYIREE 5 m Ry R B MBS A - HAE
By 535 BFUBRER Loy B i PR TEHF
VRETRE ; K, RRE HHUK I ;S By
i AR BT SRE © SOKFRRY § B IRIT
W& B o PP L A T R AT R AT HERS By (Lee and
Yen, 1997)

ef BBy { PRI L, By | SRR
B 5 S, B | RN 5, B BUEK
SOKEMEA | RIS I - a2
B KR RS O, (1) HTATE
ST 7 T L B L R A 2 H 4
530 B

0 () = [ i,(0) 4l =) T e (17)
A o Rl o8 -

3.3 ENRFRE/KISIREIEE D EOKEFERAR 2 1L

FHZKSCREER 53 BT PRI » SR &R kBl
SEHEBORR - K R (12) X B (13) Kb
Ry (1) XIS FE » Lee and Huang (2013)2A—%8
BeRB - E FRBIRF R FEARELES /> B2 /K TR HL B
ZBATR Ry
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i _CPI(1)
Ry, (t)=1 exp{ —CPI(, } ...................... (18)
Hrp
CPI(t)=CPI(t—1)-K, + R(t) ccoveereeencns (19)

o CPI By 7k $E45 (characteristic value of
CPI) ;5 CPI(t) Ky t BiZlIS /K RIRFREK R 5
R(1) Ry t RFRIZ BERREREE + K, Rk 80 ot
Kl LR - #1JP (Beschta, 1998) B 7K %
(Choudhury and Blanchard, 19832 &% » —fi%FE
ZHfT $(Brocea et al., 2005) HAEAHL 0.85~0.98
ZMHE o REBEM L HEIUEEEEE
(Linsley et al., 1975; Fedora and Beschta, 1989;
Heggen, 2001; Zhou et al., 2000; McHale et al.,
2002) °

CPI Ry /KW - IEINIRE B 2 S ALk
s KR (18) 2 B2 (19) 2 A% » & CPI At »
FORTIEE/KETA » PURFS/KE A - & aaA
TR 73 EI RS B » 0058 R0 40 MR LA
MFSEMIP=GEIT - ) & CPI &R - +
UM TR 1 7> EEAHE AR - RSN R A2
EHIRT » DIER N &5 2UEE -

3.4 BNEFPEKISIZERER AR 28I

— TR R IR Y R &
o AB - EEEERNNIEI T LI - DU
AN E - ARMERIREE Z BRERER T - &
R HE DI REHEN, - B R ATIRENH T - #
Ui~ EEE MR RCFEIH AR - FE LI
W - BRI TS EE A B Ry F 2 RN ER »
FRRITEA = (Horton, 1939)IFHEA B & - fAfilH
AR B HEA TRy

FO=f 4+ = )€™ e (20)

H £ ko 5 A 38 3 (equilibrium infiltration
rate) 5 f, By fl4E ABHK (initial infiltration rate) ; k
Ry NBHE B f, B k— 1] 2% Rawls et al. (1993)
& TIEFFIESRMASH 110 £, RIBESR /K& WIAGHZ5E
NEAIE

RIRIEF SR FEEI - ABRAZ S EREE
Db SRR R L+ [KIEE YTRT AL N A iy 1
ZHAABZER » iR S TE B RG R 2 1E
HEME Byl » ARIHE4R Lee and Huang (2013) 2 72
i S, BRI KRR DA — B BAR R R By

S, =aIn[CPI0)]+ S ccvvvoeveerricerice. 21

A o Bl g R llEREREL 5 CPI(0) Fo SRS A2
Z BIRFRERHEAE - 1)z HRBATR - TREIZIE
FHT 2388 i B B B Sk & - NS RiF 25
FfESR(ZESE > 2009 ; Lee and Huang, 2013) °

MM - FER AR

4.1 REBRBIERPERHER

Ry TR ET TR 21 53 8 B G f Bk R FHE 2 T A7
T - WFgERE SRR AR EEPE TR &
BEA 1996 HE2E 2008 -2 9 S RIATER » FIFTH
HIARA 1 2 3 /NP ERN - MBI EL EACSRELES -
o LERR TS SR 2 1855 » WF5eh DANE SARE RN S
7= (error of total cumulative rainfall, ETCR) ~ 33
% B (coefficient of efficiency, CE, Nash and
Sutcliffe, 1970) DA & #H BH £ B (coefficient of
correlation, CO)MEARALERAE » Hrp » AR
HIRAER R

300 -3 0 0)

ETCR(%) == =

ir“”(t)

x100%

A n BN E RS - & ETCR @HIR 0 1
PO RN © SRR BUEE Ry

n

S[0-r0]

CE=1-1L

Z[rtl)(t) _70 T

t=1

A 7 R AC sk BN <M - & CE HE
BT 1R - FORTHBEIBLRC SR & 2RI T HH AR 2
Bl —5k - MAHRR FREIE & T
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x2 DUkeRHERRIBOMUNSBRAFRMBMD - KRR 1 E 3 /NMFERKIR

—— ETCR (%) CE cc
1-hr 2-hr 3-hr 1-hr 2-hr 3-hr 1-hr 2-hr 3-hr
1996-07-30 8.06 12.67 16.31 0.99 0.99 0.98 1.00 1.00 1.00
1997-08-17 5.01 8.74 13.28 0.99 0.99 0.99 1.00 1.00 1.00
1997-08-27 11.56 17.08 21.32 0.99 0.98 0.96 1.00 1.00 1.00
2000-08-22 13.90 16.04 18.95 0.99 0.98 0.97 1.00 1.00 1.00
2000-10-31 8.49 13.27 17.80 0.99 0.99 0.97 1.00 1.00 1.00
2001-09-15 11.05 15.32 19.04 0.99 0.98 0.97 1.00 1.00 1.00
2002-07-03 14.73 16.41 23.03 0.98 0.98 0.96 1.00 1.00 1.00
2004-08-23 5.21 8.07 11.30 0.99 0.99 0.99 1.00 1.00 1.00
2008-07-27 6.56 8.41 10.27 0.99 0.99 0.99 1.00 1.00 1.00
STrow-r ] w-7"0] SRR SR IAT « AU A
CC=—tt RIRER L - MR IITEEIR R < ANHEE M -

1=
n

\/Z[V“)([) _ 7(1)]2 ) Zn:[;a)(t) _F0 T

t=1 t=1

Forb 7 T SRR I - % CC A
S 1 BB AT SR R R IE AR R M
B -

PG e LT Bh A 0 45 BT S 0
ORGSR - MIRELAIER 2 0 TE 3 R 2001 4
9 15 HiZ/INFFFERRIRERR B B e AL A - 7
% 2 ¥R + ETCR BETERIN I & ZE R -
QRS 3 /NIFTEIEIMERT .2 ETCR » HAB AR
KNSR % AR CE> 0.9 K CC=1.0
CHSHTTH - SFEIASKE | T 3 /NI R
AL BERHRIE - b P BT R - IR B
MR - RN o R - FLIER
S RTINS Z BRI R R
B, - BVEE IR A BRI e R
[R5 TEI S SRHE IR R, s K2
SEFRE s BRI R R + FTEEIE %S
BRI & VA% - SR 5 R n /N (n =
1~ 2 3)THBEIRERN BRI+ A SRS
FE#% n /NRE BB+ I 3 TR+ LTS
BRATIERE - & - EAh . TR - b - 25

42 BEXSEIRE S

WFgErR Al TR THENE - FFeE 28
HFRKHEB K, ~ FRERIKIEEE CPI, ~ (83T
BERE LRI n, ~ IRUTRE BRI n, Ko 130K TR
K, o Hrp o SRKE K, FRESH— AR
R - IR K EH L - IR E
T8k EREEGERZEER - CPI FHE(18): iz
HHAR A1 - AR o Sk & Lel P, (1) 2 HE
fifi o TS SHTRBE I (RIS n, BLIRRERE (RS i, » —
]2 Chow (1959) 5 EEFEE L THE(HEC,
1990)S 1A AN Rl 2 7 2 BT M CAEEE 138K 7
5 K HIAJ4k Smedema and Rycroft (1983)f2
A T EREERE IR B E A SR E
o

WFgEHLIZR 2 |l 8 B mAACERIL S TR A%
B EHE R 22 M RENN - R ACE TR B
B DbeE Bt 28 o R MR BRI E i
FEA - o iR T it s Sk @ e HH B AR
M B—280H o R A A R < Al 5
J& - WS R DU B AL Rk & DRI SRR 72 (error
of peak discharge, EQ,) * RIENFZIFRZ (error of
time to peak, ET,)RACRIREE =IERE T LI&
b » BT RIEFRATT
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