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Annex A

Annex A is the reference of Chapter v

(Hydrological Analysis on Sg Perai Ba51n)

fjﬁhanges ofﬂl o : : LR
- {Back-+data: to obtain the base flow and relation S
R betwi

fffMultlple Regression Model & :
-_}Numerical Estimatlon of Water Balance

"*?Iwal Kadoya S Method
':”Klnematic Wave Method

_'fMonthly rainfall at each ralnfall gauglng statlon
‘-(1958 ~, 1987) Sl AN _

:Tichanges of dlscharge at ARA KUDA : 1_'
ygﬁﬂ(1978 ~. 1987) R . S

‘aily rainfall

_h_ERQ and ZR)

 “ ChangeS of Observed hourly dlscharge and estimated'
;:; base flow based on Annex A- 6 ' S

"'?Hourly fluctuation of dlscharge (Hydrograph)
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;‘hir@;lnternutional Sympoaiuu on, Stoehaatic Hydraulios
R Aupust 5-7. 1980,_Tokyo, Japan :

4 STATISTICAL APPROACH 70 RAINFALL RUNOFP
. PROCESS BY WULTYRLE REGRESSION ANALYSIS

By

CUH, Shiratoht

ﬁf fth ;a ;;l'ﬁ'  '?:. '1  :.Hfii~ £1;;T .‘=i R’ Ooniehi i

~]\; S R ' U3y Laboratory of Water Hanagement
. s ‘ Nat:onal Raaearch Inatitute of Agricultural Engineering,
Hiniatry of Agriculturs, Forsstry and Fishery”
DT ‘l‘sukuba, 1barak1 Japan ’

SYNOPSIS

Pl In order to identifv runoff kernels of penerallzed impulse response functxon
f;"-._based on the. theorv of nonlinear resﬁowse avstem, varlous techniques ‘have' been pro-
¢ . poded regéntly in-sur- country.ﬂ‘,
g ~Apultipls.regression analysis’ is preaented in thia paper dy a pouerful method.
In; ‘solving the integral aquation (i.0., the gensralized impulse resyonse funce
- tion) ‘shown by ¥iener fl?), this paper presents a méthod of atatistical system anal-
_ ysla utilizing tho nultiple ragression analyaia to inveatigate runoff mechanism,

..'

IHTRODUCTIOR

_ 60 far, the’ unit hydrograph procaduro haa been wide]y utilized to estimate the
rainfall runoff, oo
i T is veasonable to emplov this procedura in ¢aves- 1n which the runoff phenomEna
S are linear., However, in'general, cases;, the runoff phenomensa are considered to be
;.- monlineary; . COnaequentlv, the unit hydrograph procedure must beé improved so that
'it ean’ rspraaent the nenlinearity - of - runoff phénomena,

L ~How, &€ the ralatlonship between rainfall (input) and: runoff (output) can be
*~;“treatad as-& linear gysten,” the relatlonship can. be expressed by the folloving vell~
-;'known functional-series called the convolution lntegral. that is-

r

[g(f--r) x(:)dr Sl . (1)

;}'I}’}_=¥'-fw,fl_l_r"_l.'f;x,(',f'..;"r')\dr R (@

where y(t) {s the value of runofr at tile %5 ‘l‘he runoff kernel h( 2 which charac-

‘o terizes the system, 19 refered to as impulwse response, : The iaput X(¢) is. rainfalil.

] intensity arid the latter ¢ is a variable .showing. time-lag. . .
‘The nonlinedr ayatam can ba exprosgad: by ganeral functional: saries where the:

- “Yorm is the name as 'Eq, (1) or {2)'and the successive terws as simflar- equa~

?*“'tions of'higher_dagreee._ Thie functional serfea can be called Volterra (ll) seriea :

i ,and présented by usé of_the aamo'form qa Eq. (2) thuag, oo . _ :

. waf~ra-dr.d%u.; ..... gwa R f. - (3)j :

L y“)"% S“) S“_ '“‘,“n v .(

where X(t»f‘\ is the rainfall intensit; at ttma te r,(r* 33 time-lag in casge the
+ . present time ¢ is taken as, ths origin); p b, 1o the runoff kernel of
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tho nth degree. = i '
e From the end of 1960'3 to the begiuing of 1970’3. the variows solutions to this
fuilgtional aeriss were introduded by Amorocho and Brandstetter {3), Bidweil (4},
. 10hevaky (7) and Hino (5),
7" Taking the acourscy of observed dats inte conaideration, Eq. (3) is approximatad
- by using the: following formula obtained by truncdating the terms of higher order than
L the third degrea of mouant from practical viaw point. That pE-H

y(i)u?n S; h(:) x(!-«r)a‘rfﬁ; i FX (e 3% depdey, (4)

Hhon Eq. (4) 15 expressed by a diacreta forw, the muitiple regresaion analysis
.can be employed to solve the equation, By using the bYest unblased edtimate. of
- partial regression coefficionts Ag, Ay, Bij and expressing the estimation of y(t)

by Y(t). this: equation is changed: into tha followxng rorm

y(r)a,l.+§zt.x(e-n)+ EEBUX“"“)X(‘-:,J o T - (5)..

The parameters Ao, ﬁi' and Byy are datarmlned by the method of least squared,

Ih thig:céase,; %hough the coefl icients Ay of the linear term and Bjy of the non-
linear term can bE - simultaneously determined, two riethoda in which thé coefficients
Ay and Biy are identified soparately are propesed here because of the strong mutural
1elation atween the -variablos X(tq &) and’ YF*- ¢i) (e 0): ‘that ‘18, an optimum.

. linear runoff nodel havire the cosfficients Ay of the linear term is first deter-

“mingd ‘and thén the nonlirear effect is: laken into eonsideration. Two methods of
PR (Fixed Maximig Regnfall) and ®W.D, {Fixed ¥aximun Discharge), which are

S utilizod to extract the linear components from observed data, are proposed in this

paper té construct of ‘the o¢ptimum lincar model,’ A3 an evaluating index for esti-
mating optimum: parameters, the follouing multxple ‘correlation coeff101ent Rlog is
employod : Sl ; .

: .. ::;k‘ : ’::'( ’03 Hi.-- RIDS 71 )( fut Y"’"“ ’E. lug Y, i

g = T L (s
\/z‘( lou.w L'm: )' 2;( !os r.-;??.‘_osv ) T :

. :h:rﬂ 11 13 the estimattd value, yi 13 tho qbsarved valua. and n 13 the number of
‘.‘;aa.'. R

o Thua,”ﬁy uaing qlog- the linear modal for estxmntin? 1ow uater diacharge which
-;:shows strong 1inearitv. is d&varmiﬂﬂd as. accurately as posalhla.‘_f

HULTIPLE REGRESSION AﬁALYSIS

- Now, when tha observed value (discharge tine aerles, for example) ¥y o expreased
_:by ‘the variables (rainrall tine geries, for example} Xy Xaiy X3y o+s 1 Xpi, the
' multipla regression modal can be expreaaed by the followlng linear combinating aquUA-—

tion

' 31 & ao " alxli + 53121 + o t apxpi + ei

. .? B a0 + 5{ adxji * °1 (i=1 2 3! te .n) ‘j.: : | : _i.(&).

vhere & is. tha residuals (errors) thab 18 contained 41 the variationa ‘of Fi? which

cannot %c axprosaed by Xy; (3= 1,2,3, Jov 4p)i {j= 0,1,2, ... ,p).are called

; partial rogreaaion coefffcients, uhich are all unk 0w paramatere._ VY nnd in (3

RN 5" i ,p) ars actusl observed data, o

‘ In order to deternine the values of ag, al. ag. PR ap, the least square wethed
ia usod by the rollgwing procedure : _ _ _ _

Yi = ao £ 51111 + agxgi S RTPPOREY apxpl ‘:7_ L :7‘-- :'_:(8)
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' uhere 1 is the eatimated value . of ¥ )
B Tharefqre the differenoe betwean %he observed and the eatimated output ia

j. 01 & vi - Yi c o ) . : . | (9)

-ﬂrgand the' 1ntegra1 squarc error E, which is given by the sum of tho squares of these
“differencas, 1a C . .

SEPT AR |
{10} !

i i: { 'vi - _(-aO + alxli e+ 'Q?Ipi )}2 E— Miﬂ- N

) The aolution of thia equation ¢an be obtainad by aatisfying the folloving
_conditions;

'_:.a“"/eaj-o (s=.o-12.:....p)' o IR ST

: The above eonditions correapond to the following simultaneouu squations. of the
- arder of p+l, thu3° '

aou + allei + agLIQi Fovisnasenasees + ap_,)(pl = 2y

B );Xn + &1)4111 + a2leix2l + eas # ap._, Xuxpi zlﬂ xliyi .
o : N (12)

.-ooao;uccv-oolcoll!v

‘b‘@‘pi + alm nxpi + 52...321“;:1 e ta Expi ) )_. xpiyi }

Genarslly, the sinultanaous equations are nathematically called "Horﬂal Equation

m".'i Though’ thero are.agveral diffarent. methods. in solving thls axlultaneoua equa-
tiops, Eqs (12) is solved here by the method of Cavss-Jordan,

O in order to obtaln the. more physically significant partial regression coeffi-
cients: Ly (ja 0,1;2,. +us.,p); 4t 18 desirable that the predictor variables X3 (J=
‘ 1,23, vav. ,p) are. statiatically 1ndepondant of each othsr, . In eatimating runoff
: [hy ‘the use 6f the’ ‘Bultiple rsgresaion analysis, the predictor variables coineide
“with the.intensitiés of rainfall .with time variables (time-lag), Therefore, the
"followlng autocorrelation: coefficients r(k) can be enployed to oxamine the probabi-

“listie 1ndependency of ralnfall saquenca o S o .
r(k) «-—«1; { ,..(X1 =8 xi+k - Tz) / 3182 l SRR $3)

ol CL e S
- yha_re "‘i -vlg,: % / (n*k) v %o BT / (“"k)

er (1 VE ) / (n ) ff ~3 92 = if“gé(ri}x"'ié)a / (ﬁukYT9

xiand ’1+k ars the obaerved time series of ralnfall ii and X, are the sampla h
C Weans Sl and 32 are tha standard deviationa. n. is the' nunber of data, and k is tha

":'f timeslag,

Mo, fac;litate the analysis of the structure of time seriea. tho autocorrelation
dingram can bs drawn with r{k) as the ordinate and k ss the abscissa.

0 -Phis graphical . ropresentation 18 ¢alled a eorreloaram. If »(%) = O for all

X # 0, the observed valudd are independently distributed in time, and the time se=
-ries is aaid to be purely random one. In runoff analysis using daily dischsrge and

. A.. _9.,-‘.3
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 ubors ¥{ ia the eqtimited valwe of yy.
. Therdfore the difference betusen %ha observed and the setimated output 1s

(9)

‘hha;iﬁ§11h$§é?31,SQﬁgiﬁ qfﬁ@r.E;;ﬁhich‘is_inenfby:tﬁe_aqm of the squares of these

B AR ARt

-3

{ 1 - (ao + alxli LAEYT Y} 'i"apxpi)l. -——*-“--9 Min. G . {10) .

'1" R _.5Thé:§blut16n_of'iﬁia”edudiibn can be obtalned by satisfying the following
FET The abvove conditions oorrespond to the following simultaneous equations of the
- order of ptl, thus; = . . - ' : : : '

:_ aon + 8.1;221.311 + 'aéf;}..XQi + sieesraneraes ¥ a'}-.,i‘_:;j‘)(pi = i>=.3v 5'1.
e e R T . o ..,‘ Ca ) .
904,'}-_;(1.1 + Qli):{.xli_ f__RQIF:IXIiin + see ¥ ap.'_i_,.xlilpi z‘);u. X117y .

S - : - (12)

L]

EL

T . aol%xpi +a1i§;‘xlixpi .,.azf)XEiXpi *oeeet .&pi';;}‘xgi = i};_“.l- Xpiyi

——

" Generally, the aiaulgaﬁeous equations are mathematically called "Normal Equation
M, Though there aré geveral differsat methods in solving this’ simultaneous equa~
tions, Bq. {12) i3 solved hers by:the method of Gauss-Jordan. :

. In order to obtain’the more physically significant partial regression coeffi..
eients ay (3= 0;1;2,.,.}3,p)f it 13 deajrable that the predictor variablea Xji (3=
©1y2,3, ale 4p) ave atatlstically independent ‘of-each other, : In estimating runoff
. by the use of ‘the aultiple regression analysis, the predictor variables coincide
_iith'tﬁpﬁ;@téﬁbiti&a“dtﬂfainfall:ﬁith-tinh’variablea (timbwlag). - Therefore, the
'fplléwing:iﬁtbedffalatidn'edefffc#entg;r(k) cari be smployed to examine the probabi-
lidtie inerendgncy'ijréinfall'sequence REER L '

;?°'f(k)f§eﬁ+%}§4:[_}gﬂiiﬂ;f?iji'?§+g:7{§é)/ $is§'f'_': ;f'  : -: :.:?.(ié)_. j.

B ) R e B sy / (k)

whers ¢ -
S I

G k.:_j”_y__.'.i S P

. i@néﬁii{§1§£§fﬁﬁ§f9§sgfiéd:tgﬁbjspriés'Of rainfall, %; and %, are the sample
weans, S5 and So are the standard deviations, n is the nimber of data, and k is the
Cbmeslage oo o v e e o R

" . To facilitate the analysis of thé atructure of time series, the autocorrelation
. diagram can.bve drawn with r(k) as the ordinate and k sa the abscissa,

This graphical:representation is called a correlogran, . If v(k) = o for 4111

Kk £ 0, :the obderved values are indopendently dlstrivuted in tise, and the time se -
rles ig said to baﬂpurg}y‘rqndom oné. 1p runoff analyéis using daily dischurgs and
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' ;‘rainfull, the aetual time series of rainfall en be conaidered to be independent.
. -The gensral pattern of the correlogram in our country is shown in Fig, 1.
Thevefore, tho inorcase in the predictor variables X4y (3= 2,2,3, .00 o p) makes

.:ﬁonlv slight changes in the valuea of the partial ragresaion coefficxents obtained
—_bv multiple regression analysia. This fact ia shown in Fig, 2. .

T ar Avkuoa Bhver Basin
i 63 - 70 (Joz, ~Nov.)
- : . & ' FM.0 = 260 m3/ sec
e . toL : L + ) .
L Abukurid Rivdr Hasin. E S e 3 G20
ﬁ.- ! o L ‘ . . g L i s mrnrmess 4 5
BN T g8 \“ i
. B : z : B — ey — :' N
g . 3 \ . PN
RS A - At oy
LR VASE T smmRIs g . K ——ee 1)
: o o ’ . . e A
e . Txnn Ing x (mn‘ gl U B
§:i. ’ E . e 33 b
s & : B . el £
!-3 =10 = 1 T 1
. ‘ sy
20 .

V2 05 s T 89 16 n.!_z_l) 14 1%
o S v L o 1 {oar}
Fig. 1 Pattern of the correlogram . Flg. 2 Example of the chénge of
in our countrv EIE . linear partial regression
: : : : : coefficients vnder ths

influence of the number of
predictor "ariables

AHﬁLY?IS 0? THB LINFAR RUNO?P KODEL. AHD THE HONLI?EKR RUNOFF HODEL R

The runoff la affacted bv rainfall intenaity and rainfall distr1bution. g0 the
: runoff is not linearly relatad to the rainfall, = Thersfore, it is sffective to emw
7. ploy the nonlinear runoff: modal shown by Eq. (5) including the nonlinear term.
o By replacing sach nonlinear variable of Bq, 5) by & newly_definad linear varia-
‘blo, a normai. equation as: shown by Bqv (12)-ig obtalned, .-However, if the normal
aequation (12) ia diréctly solved to obtain aimultaneouslv the coefficlents Ay of
linédr terp-and Byj of nonlinear term of Eq. (5), the obtained partial regression
coufficlents A} . seem to be insignificant from. physical view point as shown in Fig,
3, Xt ip. considered that such. a distortion is due to the presence of -strong corre~
lation: betwaen linear. and. nonlineur variablea, = ..
c O the other hand. whew the norwa) equation is. solyed by temporarilv neglsctlng
' *nonlinear term, the thained partial reg:esaion coefricients Ai beacore physicallv
significant a8, shown in Flg, 44 ©
. From this: reagon, tha desirable . procedure 15, at first “to determine the 1inear
“runoff eodel {callsd. the statistical wnit hydrograph) by separating the linear -
- gompgnient -Crom the. obaerved runeff data, nd then. to detsrmine the nohlinear run~
off model frem residual oomponent.‘
.. In more detail. An atteapt i3 mads to remove the linear conponent from the .
;obserVed runoff values in order to determine the.linear multiple regreasion modal,
" which lg axpressed by neglecting noplinear term of Eq. {5).
On the other hand, ‘nonlirsar part which ‘cannot be expressed by tha 1inear model
{i,8,, the residual differsices batween the observed values and the catimatsd values
by the linenr model) ‘is treated deparately by the uonlinear. tern of 8q. (5),

A.:. _9- ;..‘ .

A=K
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Fxg. 3 Linear partial regr8331on '

4

Llnear partial regresslon

doefficlents éalculated together

Fig, 4

[ owithilinedr sgnd nonlinear

-pred;ctor_Variables_

“soafficients calculated
only with 11“8&? predictor
: varxables

- Thereforo, the 1inear runoff model iu axpressed ‘as follova:

Yl(t) Ay Aix(t - r;)

‘HI

o3

;:uhara ¥ (t) is- the 1inoar runoff eomponant, and

figlents of the linsar rundaff.:

' “(14)

A dre the partial regression coef-

Then, -1t ‘1§ nepessary that the partial ‘regressicn

'3:003fficients Apand -Age 3

S 1,;2,3, vis yn) are positive, while

A, means base flow

'diecharge.u

And. timewlag .

(ioa.pﬂ

‘gabe given aa: long ag possible.-

{1-1)4t,

:»_-the caloulation has 1o ba. -discontinued,

" General:patterns of Ay and-Ay are shown in Fig. 5 and Fig. 6 in connactlon uith
-;tha ‘infiuende of the nimber. of predictor variables,

These’ figuros also present the effect of time-lag. .

”;Egllnear runoff modal is axpresaéd a8 follous;

t) = Bo 4

" A--§=5

g Bij X (t -:r:) ¥ (v -. n }

whare Yg(t) 1a the nonline
beiween the. obaarvad ‘and emtimated value by Bq. (

st= 1 {day) in this paper) should

Howaver, .if Ao or Ai chanpe into a negative value,

On tho othor hand, the non-

_(15)_

ar runoff component ‘and i the rosidual differance

14), Bo {s the mean value of fhe
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Sg‘hhai,ﬁé:ex}qusad aven by Eﬁ; (15}, In general, it 1 nearly -

¥o.the partial regression coefficlents, and they mean tho unit hydro-
ond degrees  An actual exemple is shown in Fig, 7.

o

3

" arrors, W
f_ graphiot‘p

00k

‘Fig., 5 Chango of constant partial Y Pig. 6 C ineai i
: NGO . >on3td D r- 38 hange of linear pariial
: ,-~_“,TT_E’P-’WS?’_?’-O“-_°°°ff1°_13“t-Ao A regresaion coefficients
- under the influence of the . " under the influence of the
. number of predictor. " pumber of predictor
.variables ‘ “*. yariables

Abuluma River Basin -
463 ~.110 (dun, = Sav.)

3 (oax)
o

Flgs 7 An oxapple of the quadratic .
11 pattda} regression coeffi-. |
S ekemba Byy o oo ol

e

-1’?1_1g113”¢6h516éf€&.inaiftiaivalqagjo:;thé.ﬁspg1$1"regressioﬁ"cBéffioiéhts By 4. for
i=) represent ths degreg of nonlinearity caused by the intensity of rainfall Q aelf,
‘and By, for 1) represeal the degree of nonlincarity caused by the distribution of

~ rafnfall, . Hencoe, the estimated total runoff Y(t) {9 expressed as followsj

C@enGw® e
: i . ":l ‘.= . "'”:‘ y . . <:- ".. ._ i Ve L “'- A .

Lo The 9§s§fyed_rpﬁpﬁf nydrograph 18 consldered to consist of surface, subsurface
and ground-vator. 14moff componenta, - The subsurface and roundeuater runoff compo-
“nents ocan be représenied by the linear. runoff wodel (Eq, (14)), and the surface
runoff, copponent can ve represented by the nonlinsar smadel:(Bq, (15}), = Therefore,

iﬂ‘b:ﬁ#r'to;s‘bgtaﬁéfaﬁad;hlf'and systematically the linear componont frow obaerved

" ‘yalues; the method of F,R,R.:(tﬁe'fixed,ﬁaximpﬁ Rainfall)_und the method.of F.M.D

' (}hg.f;ieﬁ‘Hailﬁ#ﬁ'DiaéharSQ) are devised,’ Thess methoda are detailed as follows:
CMBTHOD OF BMGE. | | |

A sreviously monticned, the nonlinearity of rinoff s influenced by rainfall
intensity,. ‘Tharefore, the rainfall data less than a fixed value of rainfall inten-

A

A7
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B sR.) are .ghoden. rrom the observed data and uged 1n obtaining the

o carreapoﬁding statistical onit. hydrcgraph. . In more detail, the proc-dure of ¥, ¥.R,
- are expounded by using actual Aata in Table 1,

";uw(L%

oATE °Is‘§1aﬂ' qo l " ntsra (lnfdu;)
! e - .
anfdng) 2t o i wi ) -
ia /;21; i Xt ‘x31 Ryl st Xed o vvit Kot
; 50, 1 ? .. (}, 3 ‘2; e ow o x B
. 2;‘5_‘.?._.,.-_“; . ' »
s TR 307 A RS Y TR PR
o1 250 1 Oy .
IR U RE SO, [ pCge .
ST Te T AT TR0 .
2503 o0 0 1 2 't
25 30 0 .0 1 . _ o
SRRSIRI SR, SUPU | SN, [ NP I : L
Sl 0 Qb WO Shp . R ] ; Table } Example of. the
L. A% 1%““"—.?59#-" -2-2— -"-3—%1 : : tipe series
ARREEAY Shbd-uohhe I T S SRS } . data

307" |
L Q..._k--.yl.é_ﬁl
é%' N R RO f_jgj_

For simplicity, i the predlctor variables X (Jz 1,2, vee o6) (L,e, K(t- 0l
(1 X2y e +6) AN B4a (14)} are used.in caléulating the value 6f ¥i, the time
aeries of xi ‘{3 expressed as shown in Tabls 1, . In case of P.M.R, =10 {mn/day), |

oA

“the statist 1. unxt hydrograph is obtained ror the data. satisfying the . following
o conditlon,

'“o<%:U12“”ﬁ) m=FHR-VUa2wnmJ:_.; (11}

- 'That 13 to: say. thé sets of adoptable data muat be limitad to Yi and Xy {j= 1,2,
,{-.....6) 1or. 1513,14, ‘ate, .da shown by the dotted. lime in Table 1. - And, éhe neta
J o of time serios .data of ¥y and Xy shown. i a ro¥ in Table 1 increasea according as .
-‘the ‘value of F.M:R. incroases by Antroducing the ‘effect of large rajnfall intensity.
. “Eagh of statistical ‘unit hy&rographs ohtalned by using various values of F.M.R.
7 is ‘shown’ tn Fig, 8, “Thesse, hydrographs anow the . characterlstics of the linear rui-
=?foff in tho basin' of . the: Abukuma River, . The abscissa shows the time-lsg of rainfall
(Ve thel predlctor variables) an¢ the. ordinate shows the partial regreasion co-
_ fefricienta ‘of -the predictor variables,  The rainfall with the intensity beyond the
?ffvalue of ‘¥R for the most: suitable. unit hvdrOgraph representing the linéar compo-
- nend causes the nonlinear runoff.,;,_ : : :

'-_.}__'.namaon OP ?.K.n. |

o It 13 aasumed, in geueral, that subaurface and ground—water runoff maxnly influ-~
"ence on’: Léw:or’ ordinary diacharge, .and; that surface runoff on high or fisod dis~
chargs.. - Conaequently, it miy bo. considered that the formers are linear and the
[ lattey id- nonlinear.; Therefore. in this analyaie, another procedure is devmaed as
‘follows.-. :
C i Phat 180 the: diaeharge data 1saa than &° fixed valua ‘of diacharge (1 ., F M.D. )
“aié ohosen from the observed data, - In case of #.4.0.25 (am/day or m?fssc) in Table

2y the statistical unit hydrograph is. obtained for the datn satlarying tho following
' _cond1t1on; G ) .

-,_;Q-f%-; yi g 5 mF‘H D.__ ‘,(i=1_‘,2_....,_n)_-'- T L (18)

AT
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That 1a to aay, a ot of. aets among the data can be adoptad a8 shown by the bro-
1ipe inTable 1 (1,007 y{ and X5y (3= 1,2, 440 ,6) of 4= 3,4,5,10,12,13,14,15th
- By 1ncreaaing the valiiesa of MiD. at suitable intervals, different statio-

g all unit hydrographe are computod. . Tha results of thia wothod applied to the
basin of the Abukuma River are ahown in Fig. 9.
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. at Moniwa of the. Abu:uua RN .- at Moniwa of the Abukuma .
- River Basin e TP River Basin

‘Por.practical uss, the method of F.M.D. is more convenient than the method of
? %.K, bacdiise the number of avallabla data in the: computation by the method of
Fil.D, 'is greater than. that by the method of F.M.R. as shown in Table 1. In par-~
ticular, whon the time-lag is extremelv long, in other words the number of the pre-

.,-;;‘ dictor variables increades, . the adoptablsidata tend to decraase 31fnxf1cantly.

" value of:partial ragression” ‘coaffiolants -

7080, the procedure of F.H.D, .1s generally
more exeellent than-that of F.M.R.. =~ The - _ .
runoff éyond: the value:of F.M,D, for the - . e
" mést suitable wnit hydrograph fepresenting :
- khe linear compnnent showa the . nonlinsq* .
-,runoff.~ And . taking nots of the -same” pesk - - -

Honlinear zonms .

ﬁdeterminad by. sach prouedure, the. relation.

oshown fmFigi 10, '/ B

FMO (mrﬁlda}f‘)

batween F.M.R: ‘and F. ¥, b, is obtained a8 - L

L N Linear 1

_APPLICABLL LIHIT OF LIHEAR RUNOFP MODP opl.zons b S )

. B ot 5‘3_%0 K00 . 7
. According an ‘thedata of highet' discmrgea--a. M ('“*“fffﬂv)
B praaenting stronger nonlinearity arg- utllized SRR C .
Uidn determining statistical unit hydrograph, piP‘ 10 Relation between P H.R,
©.the distortion &f approximation may arisé in ~ and F.H.D.

" the linear model, . ‘This distortion affeets ' .. = . .. :

. "\._.9...:8 R
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eorralatibn qoefficient of the 11near model. ; That is, the valuo
ition noeffiolent varies with the adopted F.M.D. or F.M(R value,
g ;H.Q qr BMLRG corresponding to the maximum value of. multiple
oéfricient ‘are chossn, ' Data which ave far greater than this F.M.D.
xRN GRy el Shows - the remarkable ronlinearity and give the strong destortioen
. 4o the @stizated linear runoff modsl, . Oonuequently, it 18 deairadble to employ the
T linead model of F.M.Dy or PN R which gives a maximus value of the multiple correw
: ‘lation doeff1¢iant ds the most suitable model for Mnespr runoff, Therefore, the
' 3 ,Iation aceificient as thé index of applicadle Mimit of linear runoff
yedi ¢ In geraral; thq miltiple correlation cqefficient R is expressed

B T TR (TR S S
R ek AT

R

(19)

o uhere k 13 the number of data less than aach F}V D. or F.M.R. used in ¢stimating .
the Yiveay Fohofl model, yi- the observed valuves, Yy the estimated values, and ¥ and -
-::‘-Y tha mean valuies ‘of 'k observed and estimated data,
- Particularly, in. otder to select a linear runoff model which glves better fitnesa
) especially for: louer Tunotf part, Rloz in Eq.. (6}, which emphasize the lower part
- wore than R, ‘can be adoptod, Some ‘actual axamplea of R and Ry,, for the river .
basing of our eountry are shown ‘i Figa. il and 12 respectively. Generally; the
. peak’ valuea of R tend to vary uith d¢ach of the river basin: ~ On the other hand,

—l,‘the poak’ valuea of Rlog tend. to show a valua of ®. H D. ranging from about 13 to 30
- (mm/da?). S _

. l: PR L . . +—-9- Crikuge Mrer- sl {2t aashu)
':3::::: g::f“5?.f§'§f.i:’?:.‘?i.f:§h°) '. bt Tone Miee Juain (ot Jrari)
CoeNmabr Todo River Baats (se ¥yoraide) -

L e L3nikers- 3h7er 2a9is (4t Horodnia)} o

D agetena SatoFL MTAr Hisia [u toicore

) 'nlori rar Tasia

—e=—a- Todo Hwer Jania {4t Yiormide)
gt [anliart -dirar 2aba (4t Yoroshia)
e~ ¥iteri Urer damip {n Colears) .
at Kagatusa)

e
B
o

at ;".ru“' -&—-«o- Fatori Mu.e !u'_ia.

[=3
o

- R R
g —

© MULTIPLE CORKELITION CORPFICTSRLE. . . °

',nﬁz:xi&a co3nzL4T:oi.éonrr:c:;ui;giat

R . B _ g
”mwm ”wmmmﬁmﬁmm@r L R P e .”mmm % umm o

Fivr()ff@ﬁn)) ‘. . ) . . - ’ F\}D(m.g,)

: . o . I i
Fi . 11 Exaa lea of the changc of B Fig. 12_ E:amp]es of the change -of 103
g L for gach of F.M,D. in the - - for each of F.M.D. in the :

:'_ river basin of our country e rivgr vasin of our couptry

PXAHPLES OF ANALYSIS

- In ordar to vcrify the affectivaness of the above mentioned procaduraa of runoff
canalyals, some roaults are, obtained: from adtual data in-our country, . Fig, 13 shows
the atatistical unit hydrographa (i &, , the Iinear runoff models by the mathod of
?P.M.D } for the Echl River basin, - The catchuent ares 3a.110 kma, and daily.data’
of ‘the diacharge and rainfall (mm/dav) from June to Novémber ¢f 1967, 1068 and 1969
. xhen thera 13 no 1nfluence of snowfall are used in the analy31a..' Fig. 12 shown -

A 99
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' PARTTAL RECRESSICN COEFFICIENT g ..

v 1d.th actual example ot‘ Rl o
':-“'ariaes in tho: case of F,MiDis9 (/. day3 ‘Tharefore, the model of F.M.D.xQ zmm/da;)
) clected a3 tha moat aultable statidtical unit hydrograph representing the linoar

| ii, runoff compouant.-;~-

PR :
-

+ and 10 thla figure, the peak of Rl

rvo taside

L
-
-3

Yodo River Baain _
53 '6T - '69 (Jun. - Hov,) =

© meih—
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Flg. 13 Oharacteristies of linear runoff for each of F. 3 D. at Ryoraldo of the

Yodo River Basin :;_5

_ Fig. 14 rbo&s the aatimated result for the eheckxng and drouehty year 1964 by .
' applying the abieve model, which - are identiriad vwaing the data from 1967 to 1969.
- Fig: 14 shows’ that the linear mode} conatrncted by this procedure ig very

R suitable for the low dxacharge. R

. Yodo River Basin __

e obaerved
discharge
-;+;-- estimated
- diascharge

'"'73‘* 16 RTRSTH
(Honth)

Flg. 14 Coapariaon botueen the cbserved diachargea and estimated ones by ‘the

”?llﬁiéﬂ. |
“Rive# baain, 39 kn2),  Fig. 15 shows the estimated reault by the linear runoff
.‘model, and Fig. 16 by the nonlinear runof £ mOdelf,]'- | | .

linear model at: Nyoraido of the Yodo River Baain e

15 and 16 are: the examplea for another river vasin (Egnwa, the Chikugo

A 9- 10
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‘ 'I‘he l.inear model !.e very suitable i‘or the obaewed low diacharga and the oG
linear ofg - for tha observed high diaoharge.
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CONCLUSTON AND suﬁMARY

Ly 3 paper, ‘an, analvtical method to obtain a solution to Bqs (4) containing a -
f :of ‘2nd-degreo ia- prosentéd by using 4 multiple regression anslysia.

Up to tha present the multiple regrsssion dnalyeis has ‘peen widely utilized in
14 Tield, -~ However, thore is a practical difficulty in treating the linear and
,actora siﬁultane ualy ‘becatse ‘6f * the, existance of the high correlation -

'] between thes,  As an analytical method contalning ‘the term of 2nd-dégrae, thia
-1 paper pregents a iethod i which a linedr prediction is firat. performed and then

:-'the reaiduala betwaen its values and the obsarved. values are explained by the non-
1:‘11near aetors (X.e., the term of- 2nd-degree) ‘Phe 1imit of adopting.-the linear

" prediction is. investigated by taking account of the Pized Maximum Rainfall (F.K.R.)
and tha Fifed Ma¥iotm Discharge {F.M.D, ). And, in order to determine a suitable
linear runoff model, the multiple corralation coefficient ¢alculated from Eq. (6)

- or Bq,. (19) ars propoaed 85 applicable lirft of the linear runoff model, For all
_;practicai PUrposes,. it {s heeful to employ ‘the method of F.M.D. and the multiple
‘gorrélaticn cosfficient of K., (6} AS thé résulta of this procedure, it is pre-
~sented that the run>{f ¢an Ye, estlmated more accurately using tne nonlinear model
~-showh by Bq,. {15) than the simple linear one shown by Eq, {14)..

o By uaing this analytical methiod, authors have heen investigating many basins in

. our gcountryiand have obtained satisf&ctorv resul*s for not only daily data hut 3130“
' hourly onea,_'__-. - '
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B ORIGIN’AL-:PAP_EH

.-{'-Hajlme T‘a'nju,. '. Ryoschl Oomshl. |
- :and Kazuml Iwasak'“ 5 |

“Thir Watcr :Walfaqtmﬂrl Unit,’ i-Va(er e L e e B
.Managemem Depm{menr Naiaona! Researeh Imhrure qf ' o
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*r - Second I{m’mufﬁ Researeh’ Unii
o Departinent of Hydraulic Pngmem g (.NR!A!L)
- (M'muscrlp{ Rcccwcd \farch 13, 198 )

i SUWWARY

g A multiple regmssaon amiysns, one of thc stausuca! numcrlcal estimation methods of water’
‘balange in a basin, is introduced with an example basin in this paper, This method can be used

“ . casily by means ofa digital corriputer The mathematical bases of the method are given here.

- wcll

- Asfor the rnnoﬂ‘ model by this method, the whole basin consists of two kinds ofareas. Oncisa
. non-irrigated area, ‘the: other is 4n nrngated area.-An cxamplc of an estimation of water
" balance of multipte rcgrcssmnal models is given for. the Yashlro river basin in Pukushiina
- prefecture. The prominent character of this method is that the models simulate very welt the -
. ow flow and the retuin Now of the river at the checking points. Sorie fesultsof the simulition
“are shown in scvcnl fgurcs, From lhcsc rcsults, tlns method simulates :otally water balance.

o I FORI‘WORD

g l{cccnll)' thc effc | uulwauon of water resources has bccome an 1mponant theme not only :
* 1 for’ doméstic and: industrial use but also’ for irrigation. The -démand for water has been.
: __changtng and spreading. Water usqgc has extended with the advance of urbanization and
lntluslnaluq(mn ‘The dcm'md for, water for irrigation’ is' not. dccrrasmg bemusa. of the

. expansion of irvigation and’ ch’mgcs in farm: managcmem ‘
-7 With the development of dams and the gxpansion of i ferigation and wa!crsupply F1cnht1cs, R
: \_the amownt'of water controlled b:, such Facilities in eatchment basins has been increasing. To +

. sum uip, whnle the, water man'\gcmcm problcm, the’ cﬁ"cclwe un]ualton o!'w'ucr in a'whole -

- ‘.'_catchmcm lnsm, Inslqng been' prescn( thereare mc:easmgnumbers of facilities which can I)c :
. wsed for water-control. ‘T herbore it is nedessary t0 clar;l‘y by what mcl!lod and on what data
: -:lhe walcr balasnce of a basin ¢an be- controlled, T RPN

- Dataon’ swater nn]:muon have been: obnmcd l‘mm thc varmus po:ms in & elver basm o
Kancko® & studicd:the water balance of a whole catchinient basin on the Basis of data olnamcd o

: .by (hﬂ‘c:cm methods anel sy (laiTcrcnt periods. 1he anthors have fipr ovcd on Kfmckos mcthod
o of arrangmg dsspamte chm, ‘angd established ‘4 mcthod of a numcraml amlysls of lhc water .

!mgnﬂan Lngmemng and’ h'nra! Planmnq J\'o s‘, I 933
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‘ }- balance ina basin, by usmgamu]uple regrcssnon analysns to butldamodci macompulcr “This
Ty mc!hod clanﬁes the total water balance situalion in a basin up to the present and will estimnate
the water balam;t; in_the néar. future. A muliple rcgrcssxonal model wilt facilitate the
s cyaluauon of the amoum of water, recycled through irrigation. Appropnale evaluation of

S recyclcd water makes it poss:ble to adequately control the water in a basin,
. The dulho_xjs“ have. béen putting such a systematic analys:s ‘method of water balance to
~ practical ise widely and have made proposals for better water control methods injqpqn This
analysis method ititizes a multlp!c regression analysis, the principle of which is based an a
solution-of mtcgral u;uatlons given by Weiner, The authorshave applicd this analysis method -
to many irvigated and noti-ir ngalcd areas in Japan. After making :mprovemcnts, they have
. confirmed that the mcthod can be used at low water lével, and that it permits dn accurate
“estimaie of the dlscharge of returned o from irrigation. [n this paper, {irst the method of
_water balance in.a river basm is roughly explained; then the characteristics of this numcrical
estiination method are T cscnlcd in'detail, with examples of'a water bal'mcc analysis in some.
arcas whcrc lhe mclhods were rcccnlly appllcd ‘ : : '

_I ML[‘HOD OF ANAI YSIS

' ': 1_.  Bas:c Equatmn

If the relauonsh:p bctween ramfal] 'm{l mnoﬂ“coniorms © Wcmcr s nonlincar system theor s
-7 the relationship can be gencrally cxpncsscd by: the Vollcrra series in wh:ch the prcscm time ‘2
s taken as thc or igm ' : :

Y(J)-—_i f f!r.(n.n.'-.n) II X(l n)dndr;.-dr, o S '_(l):_

HIDI

where XU n) Ar Jf(l n)

;R(!-rk) mtensuyoframfal i anarea, Y(r) thc valuc ofthe
I noiT kcmel ol‘ the nth dcgrcc r,, mtcgralvarnblcshowmg :

:A, acrcage of lhea eaina I)a51
“watershed ranoftat the time /.- Ig
- time-lag-of. mnoﬂ ' K
’ nmc’ ; o : IR oo . .
o Approxnmaung equauon (l) by takmg thc lerms up 0] lhc second dcgrcc ol‘momenl (: e,

b 1“2) and using the multiple regression analysis (onc ofthe disérete forts), the equation can be
solved. Thc f'ollowmg equation is obtained by expressing the best objéctive estimates of the'
- pattiat regression coefficients. of* thc ultiple rcgrcssmnal model as Ao, As,. and B,, and the
fesumatd runoﬂ' (lisch‘\rge as. Y{r) S : :

Y(i) mz;n. xu .—.)+L2:3., Xte) X(t'r;) R '__'(2) .

‘ 'l‘hc par'unetem AO, .‘l:. and B., are dctcrmmcd by the mcthod of leasL squares If the hnmr
wernits g and the’ nonhnear ierms’ By of the equation (2) are solved sinultaneously, the -
' mdependehce of prcdmtor variablés cannot be maintained. Therefore, the authors first extract
< the linear components from the obscrvcd values, Y(1), and then g multiple regressional modet
- as shows it linear terms 4, aloni is applicd to the linear componems and a nonlinearmultipl
regressional model as shown iy the nonlineat. terins By is applied to the residual difference
bow (nonlmear compm\ents) between the observed values and the Sstimated values by thc linear’
-model. It is considered that the value of the paitial regression cocflicients 8. for i=f upl €35CS.
hc clcgrce of nanlmcamy to bc caused by thc distribution_ of mniall '

lrngauon !-u_gmarmg and Rural memmg No. 4, 1983

.
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S e WATER BALANCE IN A RIVER BASIN 47
2, ‘Runoff model for a paddy-fietd avea .~~~ .
- In the muluplé regression Analysis for rainfall-cunoff velations, as the fivst step, characteristics

o vof rimofl in.a basin can-beé expréssed by one of two models. One is a mountaid area model -

~ which takes info consideration rainfall alone, and the other is a paddy-field area model which

< .. takes:into.consideration lioth raivfall and divérsion of water, as shown in Figure 1.

T mosntain area

Do paddyficld area

S Figuire ¥ Oudine of a river basin

" In'gther 3.\__(?:_'__(‘1;,7:;!1.&: griojgi:_it,a,ingt_j_ca iode} can apply toa non-irrigated area and the paddy-
. field arga model can apply o an irrigated ‘area, For the mountainarea model, the basic
- equation'can be used directly. But for the paddy-field area model, the basic equation mustbe -

- corrected as follows, < /-

et thﬁ"cqu;it_iq_h (2):'is.appl__ié-'d'td;:th_e 'fr.'li:nqﬂ‘ of _a-paddf-ﬁéld 5re_a w_hich coniains a cycling
.1 process of :r:cp'czig_cd"".vat_qr"use-,:-ih_c"cquatiqri(_}:é:h‘be_exp‘res_s_cd as (3) and () below:

:.Y'm%h(tj};i,.:.ggy,.'j&ﬁ:l‘)33,;;.3,..2,'_ L e ey
RN ER RN L e R AL e e e S

{ (f-)":_E&:@.‘{’PZ-R;&.’}:(‘l(rmp)_ - ARSI R DI A
- whete Zys=X(Ea)Ha( e # ' (5) = ()X ) = AP RELx)
i PN e

. 4

C T Zjand X{i=1) is tie same asin @) o

Y(1): estimated runefl rate ai the base point of the pa'dd'y-ﬁeld. area,

Q)i the vate of flow of tributaries: ¢{(,: diversion from rivers in an area. Au: regression
- coelficicnt. Ai: partial regtession cocllicients for lineae runoff. By: partial regression coeflicients. - -

~for nonlincar runofl. R{i--7): intensity of rainfall in an area. g(t=—r}: lotal amount:of
.. diversion in an area, ¢(--r): water supplicd by areas. ¢”{t=—r}): component runofl from the .-
oo area lo-the owside (including evapo-transpiration). 4 acréage of ‘the area. Af: time

increment. {2 time.
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L F(:) ini c:quahon (4) isa functlon whlch exprcssas the water balanve systein, takmg into
S 'considerauon the repeatcd uul:zatmn ol‘waler, and indicatés the rcsuiual flow rate of the river,
-+ That s, the river water decreases in flow rate as it jirigates and supphcs water to the paddy- . .
. :ﬁetd aréa; biit ata certain pomt the amount of possiblé diversion on the basis of water rights
~mhay ‘exceed the amount of river dlscharge. In this case, the actual diversion is total and the
¢ deficit is considered 1o he madc up by sccpagc 'md return ﬂow 'I‘lus rchuonshlp is expressed
o _by lhc followmg equauon' ; SRR D SRR :

{5y,

o 'whcrc Q lhe 1ate of rivep ﬁow q: the rate of' dwcrston autho] nzccl undcr water nghts ¥
S ._rcsulual daschargf; of river.
v g possible: dwe,rs:on ('\pma} arnount of dwcrsmn) : :
T An Equatiott such as (5) calculaies the water balance at various lnbulancs and main
" . streams, and the rcssdual flow rate (1) at the base’ pomt(l ¢., the downstream end of a paddy-
o fiekd area)cmalso beobtained. When #(¢) of the equation ('}) is obtained, the unknown runoff
'knrnel parameters- Aos Aaand B,, ¢an be deiermined as a-lunction of eqnatlon (2).
In addluo_ ,-'the rctummg ratio oi Imear runofl is cxpressed by E Aii this is utilized as

i Dl/Dg, and means the ratio ol" rcturn runoﬂ' amount D to the outsule ~compared with
o amount of water “of diversion D, it the aréa, A% feturping runofl ¢aused by water taken in a
o paddy field generally shows an intense lmeamy, it- may be said that the returning ratio is

cGnSJdcrcd as, 2 A Fudher, if: lhns returnmg ratio is expressed by (= }..Al). the average
i number rcpcats o of waler uullnnon inan arca can be cxpressed hy the i‘ollowmg formula:

e

@’ Discharge Obsérvation point -
"o Riinfall Observation point
p. dam i

> "l( L
SRR N TR SR e
0 i mIrﬁrrn“""*‘ﬂ—""““"l .

" D;-*"- _,..Arayaehlkl ' :
Kanayalm .

" lerigation Engineering and Rural Pln.nm'_n;g No. 4, 1983
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7 bukoma River 4 Avayashiki

: 0 "ﬁilasu River
: 26.8?_knf
- =23 'J (g

o Yauw River >

: L a0 A
W e Y ggﬁ&_\: -
& L . _:7 . < SN .P\ .

41.63%n? i AT g2

oo Tono River\ - o

TS 9%k /S 1,527 S Ry -
R 1V (OASHTINT A / S0y S BRSO ST \_\\\\L

- Flsurt3 "}:\.'_éatér_ba.laﬁcé "r:ﬁQ:,d.clhf the Y_a"sh'iro R_ivcf basin- in the Abukuma rivér basin
pent - “(conceptional figaré) .« e I : :

I, RESULTS OF ANALYSIS 0.

[ Figu_i‘é 4showsihc walcrba!"mccsystem of ihe _Yas_h.i'rd'.ri:\jrer basin in the-Abukumiia viver -
- “basin (Figures Zand 3). An example of the analytical iethod of water balance follows using -
“the r__hu_!_tiple:',_rcgréssi_ona‘l__‘ahglys_is‘ in the Yashiro river basin. - . :

-7 T this basing there are two periodic ‘incasuring points,of the flow volumes, Bobata-and

. Atayashiki. The basin’can be divided into mountain aréas with no water intake and paddy-
- field areas with some water intakes. The interface poinis of mountain and paddy-field areas are
" the base points of the nountain areas, These basé points aré shown by " sin Figure 4. Thus
s of the water balance system between the paddy-ficld dreasand

T Pigure 4 shows the boundarie
. (he mountain areas. . il 0 sl ST L S o
- The lincar runofl medel was maide up-of only the first two tevims of equation (2), adopting -
- Bobata as a base point for the mountain areas. When coeflicients of equation (2) ave determined,
- the valug called F.-M.D. {the Fixed Maximum Hnear Discharge} is introduced, and data class
7 Yand model class are divided in linearity. That is to say, when the intensity of rainfall is high, the.
" nonlincarity of ranoff is strong. And when the Intensity of rainfall is low, the lincarity of vunoll™-
s strong, T'his principle can be applied to the flow.. [Lis assumed, in general, that subsurface
*. - and ground-water runoff mainly influence lowor ordinary discharge, and that surface runofl
-« influences high or Nlood discharge. Conscquently, it may be considered that the former are.
- tinéar and the latier are nonlincar; Therefore, in tils analysis, another procedure is devised as
S follows, o e D I S ok
L Tvis proposed (6 separate the discharge data within an F.M.D. from the observed data. 1f -

F.MUD.5 mn/d (or m'/s), in Tahle 1, is taken, the following condition must be satisfied:.
CedmeseRMb Gelasew @
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That is to say, a numbcr of sets amOng thc data canbe adopted asshown by the broken lme,

-'| €5, among i=l, 2,00 for i=3,4, 5, 10, 12, 13, 14, 15, cic, By making values of F.M.D.
i mcrease at suitable imcrvals,

‘different slaustzcal unit hydrographs ate computccl
- Various yinie-lags are exarnined for cach F.M. D. The maxinum time-lag is. adopted for';

.IICVC?}’ F:M,Di under the coridition that the partial regression coefficients are not negative,

o “Tlien, models-can be obtained for every F.M.D, The number of models is as many as the

Sr ___numbea K. M D Tlie model with thie Jargest : amosorrclauon coefﬂcsem is adopled asthe most
. suitable among the models. Here, in orderio estimate low water discharge, not the model with

the hrgesq autocorrelation but that withi the-largest logarithmic awtocorrelation is adopted.

- Figuie 8 shows the relation between the estimated runoff. by the mountain avea. model

- (Figure 5) of the basin with Bobatd as the base point and the actual runoff. When the intensity
Cof the painfall is high, uonlmcal ity of thic runof¥ is strong. Hence the estimated value does not
. ~coincide with the actual value at the: peak of the runof‘l But, lhe estimated runoff COlnCldCS with

" -the actual valug at a low Mow rate.

‘Next; a runoff inodel for a pwddy -field area is rmdc with the b"tse pomt of runoff at

S -A:ayqsluku T'¢ build the model, it is necessary to have Full data on the runoff rate at the point
o Twhieh s exprcssed as the mark % in F:gure 4. But the observed runall value was obtained
~only at Bobata in this sludy Thus for points other than Bobata, the runofl flow rites are

estimatd by using the hountain: arga: modcl at Bobala and cmploymg the estimated values

- H), & runoft, maodel fora paddy field area which'ls expressed by the lincai terms of equatioiis
L (3)and ('}) l‘hc data on water initake for agricultural use are utilized after mqkmg a pattern
bas&d ot the data obtained fromn four actual obiservations, ‘

“Figure 7 shows a stahslicai uml hydrograph of a imear runoff. model by the above

5 _‘menuoned mclhod

Figure 8 shows a companson ol' th& est:mated runol‘F obtamcd by the model w*th the

" abserved vunoff. Figure 8 shows: that thc esnmaled runoﬂ" by the ob!amcd modcl coincides
- ;wcll wuh thc obscrvcd runoﬂ" : S

.

‘r" Lo
0030—..:1---.; ' :
BTN R P :‘F\‘i".l):-:f.jﬂl:laafdz.w
"--.0-0?0' Sl Al de
PP R r.F==22 1
00| 030 -
R LR 19621972 1 Mﬂ\“‘@ﬂa\iov ST
A wfﬂ;]l ]12‘8'5\.1[}63 1968, 1910}
S 1 X1 ST “ rainfal] Ishikawa -
i GRS 2 =0 855210,
0,00 NN
00%
'L.'ifq.o'éﬂl :
0.0

o Figuyq 5 S(auca! umc hydrc)gmph ;u Bobam in she Almkuma river hasin
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e a YASHIROGAWA BLOCK PADDY-FIRLD MODEL ESTIMATION
A # R ARAVASIIKE () - INTAKE + RAINPALL®)
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“Figure 3 _Es'lliah’;_i;ioix of j'i"'.rc_f flow at Arayashiki {linear modci) '

" As mentioned above, a model is prepared based on data obtained [rom actual obscrvations.

fll‘-is;ilcS‘ir’ﬁf_blc that thiese obscrvations should be made as often as possible over a long

continisoits period of time. Atpresentthe number of regula robservaion points is limited due to

‘the costs involved. To make up for the ‘deficiency, of data, simultancous observations of flow

o river basin four timesa yeat qnjuly?*}th,':_*.ugusn 5thand

J1th {in peviads of irrigation); and on Octobier 3rd (in a non-irrigation period) in 1981, The

. simultanchioiis dbservation of flow rates was condhicted regarding the flow rate of rivers and
© the diversions, - RS S o _

" As previously mentioned, the periodic pattern of the diversions is determined based on the

" data; The data ot the river flow rates are utilized in checking models — thatistosay, the daily
~flow raié at the point €an be estimated by fitting the. point of the simultaneous flow rate
observation to the rundflpoint of the basia in the model, and an examination of the water
“balance model can be conducted: ST S o
E f_'l'hc'jc}camim’lic‘)‘r_)s"\?iil'bp done as {ollows, In th‘c:cas'c of the moumain area of theriver basin
- whicre the model cannot be made independently, and where two or rhore moidlels of mountain
- avea are given near this area; the choicg of the betier model of the wountain area should be
- made by comparison between the simulated runolf and the simultaneous observed runoff.
.7 However, in the obgcj__w;\iion' under discussion, only oné mountain. area model is obtained in
. the ai¢as of the basin, dnd there '

is 1o chance to make 2 choice among models. Instead, a choice

of rainfall ‘datum locations is made. The jpaddy-field arca model utilizes the data_from 3

Ishikawa at ibe lower reaches of the Yashiro river and Kanayama in the upper reaches of the

Yashira viver. But the estimated ranoff value of the paddy-field area did not coincide well with -

. the obseived runoff values as itdid with the mountain arca runofl. Judging from the resitltjthe
~ rainfall at Kanayama has the character not of a paddy-ticld area but of a mountain area,

hﬁ'ga:ion_ Eﬂgiﬁ?é}fng' and Rural Plaaning No. 4, 1983 -



‘irisiead of the da ofKana ima. Tn addition; the. ﬂow daia allnug'umd'\m was utilized, Asa
csuh lhc cstimated runofl values of paddy-field arca ninoft coingided with, mmultancous
' ﬁﬂow r'uc observauon A hlghcr degree than beflore. .
- Figare 9 shows thc csumatcd amoum ofthe return; ﬂow ofmlakc wfucr by the lmcar runoﬂ

: rcgressmh model “The: ﬂuatmtlon of u:pﬁ'ncd water is less than that of rainfall, and the

e ‘ould bc utilizéd as a siitablé witer source for the lower reaches.

AS i IsGY bietiween esumat:on and actual observaicn, it becomes clear
“that both - in the. "-:cldy ['cl(l arcas and in the mountain areas of this carchinent basin,
consnderablc iionlinear componcnls are contained in the actual runolT Accordmgly, a model
< which’ contains horlinear teenis: was- prcparcd {Figures 10 and 11). In (hese ﬁgurcs the '
numbcls oftltc days of the tlmt:ahgs are taken as axes: For every partial cocfficient i is taken as
T Xaxis andJ 15-(aken as Y-axis here Figures 11 and 12 show the' companson between
gstimation and actial runofT These i estimations were done by the mountain area model based
oni the nonlincar ranofl model and by the’paddy-field arca model based on the linear runofl
modc[ The ﬂgures comculcd Wcll with the actial ol)scwanons by adclmg fonlincar terms 1o

"‘_‘ lhc csnmauon cvcn m lhc casu of mtcnswc ramfall
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Figure 9 Lsumalmn ol‘ rcmrn llow Al Araywslnka (!mmr modcl)
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IV CONC[ USION

T hts p'nper has prcscnl!'d an. analyucal mclhod for dctr-rmmmg W"lttl alancc of river basin
_wsing a multiple. regression-analysis. |

By this methody if data on rainfall, water |f|aake and discharge at the basc pomt of' thc river

- are avaaiablc, a model can be made without determining scpamlcl)f the physical parameter
“values . which™ represents” complicaied. topographlcai geoguaphical and. ‘geological
- charactetistics of a catchment basin: Further, the returnig water from a paddy ficld arca can

be estimated cﬂ'cc:ively ‘The miost scrious problem is that the number of discharge observation

- points are few. But in this modcl data on snmultanwus flow rate obscrvation are used and can'

miake up for the dcﬁcnency :
s stated above, mulnple régression analys:s is a statistic mcthod wlnch is unhzcd more

“effectively in an area where data are scarce. A large number of calculations are necessary to
- m'llcc a todel, but OI\LC the selection of a model is complctcd very simple-caleulations in the
: complctcd todel will give the estimation of runoff. Consequently, and in contrast with the
‘,_cwlcuiauon by a phys:cal model, smaller computers will be sufficient for caleulation.of water

control in a small river basin by thls mclhod At p;cscnl, pmcucal apphcatlons o Llns aspect .

- ave being carried out.

- The numcmal estimation- me!lmd 0[' water balancc mnoduced in this paper Ims been
wrdcly utilized in representative river basing mjapan ‘Necedless to say, the '\ccuncy of data

i ,lnﬂucnccs the rcsulls cher;hc[ess, satisfactory results have heen obtained in m'my types of
' I‘IVCl basms. : o - , _

Imgnl'wn X ngmemng m:ri Rural Piannme Na, 4 1983
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oo In conchusion, the tole of the multiple regressional model was made clear in this paper, The

- ultimaie purpose of the authors is the appropriate ulilization of water in a river basin, ie.,
; ribution of water, For this purpose, it is necessaty to analyze

low oW and to estiniiide retrned flow, - e o : ‘

- With regarded (o individual water management and drainage; the authors have applied

. separately mathematical methods based on hydraulics; But for the overall and appropriate

manageinent of these individual facilities, it is necessary o determiine the correct water

- balanee iR a river bashn. The miultiplé regression analysis method has been impioved in order

| managing wailgr in'a viver basin. - .

- to determine the approptiate scale of dams and canals as well as to ascertain the best way of

I

s "Aékn'qw_l:ed'geﬁ_iéﬂt'. Gl
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:':'}.f.._'f'f__:Iwo\s | KacJO)/as method ‘for “the Cﬂ!cuia’b‘?” "f F”’b“b’e

‘m most cases. thc i’req ency eurvc for the maximum daily rain{all per year. Endlcales
: aﬁ Mymmetrlc dlstributlon. o .'v,;

‘:tenslve uudles have been made on applicauon of this dia- .
Selbuiion ln ordur to Hnd 2 metiod wlth justmed rdllance, which may roughly be classitiod
L into the (ollowing categoriea lhe me:hod to' utilt:e the cha.ractsriatics of "Normai Dish-ibu-

] than'> (Logar!thl Normal Dist ribution) a.nd the method to dlrcctty app!y "Asymmetnc Dig-

,!rihution Funclicn” {Dlstrihutlon ol’ Extreme Valuos). In order to 1denti£y whather these rain- ‘
. ,_l'ella arFe (orrnlng the log . normal distribution c-r not, the Hazcn 8 probahillty paper {3 used,

_ ..m lhép;y'o[' _'-'Ldgd‘{or:_-‘iial Dlst_i-ibutldn Fun'clicn“ is’ ét_s fol!ow's:

“lOglox +,,, (- <z<oo)

Where a, b ancl J"o au conatants._ Thcre are various typas of mcthod to determlne these

o tonstanu based on empkrkcal dlstributlon fum:tions. que. Iwat's method may be. adopted.
which ls wldely uaed in J’apa.n. IR

-icncie )lq

:Cg H log,ox, N E logmx; :..'

i,(bnr.r»:+1)

4o

- Where N is_'ﬂumpel'_mcj(:s__a."mp:lozg'-\_.." ‘i s R

logm(xo+b) Nﬁj _logm(x;+b) by
H = }/ N=1 1 ;ﬁg('Ogm J’;i:ll:g f\ . o

5 1/ nE uog.ocmm*-t!og.o(mb)}*'

" For (!;_m_e_s.fuﬁat:ioh ot probabls dally r‘éir’l’f_al_]. the fotlowing formula ia wsed;

.

Iogm(-’: H') -«':logm(-?-‘o H’)+ é ‘

: .Whgré tls the_ n’oiyﬁ;l.'va_:{!_a&ld in :ul,a'tl'on t'o_ret_u'm period T, .
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. a,-:;iﬂ '. ANAL\'SIS or RMNFALL-RUNOFF

. The mothod of tracing the rainfall runarr rrom' a
._.oertain dralnage basin to a drainage c¢anal, which ars
Corequired . in corder to. carry. out dpainage apalysis during. &
- storm,. 18 -prasented -in this gection. . . Hourly "data on

rainfell, Tlow ratés ond athérs are assumed to be avallable
“for this analysis, This analysis tan be dlvided inbo four
-jmajor cnmpohants of runoff, as hext: =
: “(1) effective ralnfall- S
“(2) wase flowy i SUE AR
2:(3) subsurlacs runorf. and "
(4) surface runoff,’ : c T .
Hore “explanations  on aach of  these ‘are given in
_followtng subsectLOns,. but 1t is. specially noted that the
Tdirect  runeff i3, treated wlth a form of a' hydrograph,
_ because 1t consists. of- surface runofr and. subsurfaoe one and
”'.;Zas it changes hourly‘

'~.(a) Efrective rainrall D : S ‘
o Tho, authors have used the meahod ‘to meparate . the
‘..surface runotf: and subaurface runoff plus - base flow by

'7;connecting ‘two points of interssction on a runofl curve as""

o ahowe In Fig, 1, Afker. sattlng the suriface runoffl (the area
~-above the dotted. line on Fig: 1), tha errective ralnfall ds
given by the folluing equation.: RN _ :

CERe s (ZQat)Al o o

'_f whera. Q, discharge to the drnlnage cana!.
Dot so AL arvea of. the’ basin'- :
At: “time ‘increment” and
Rt “total rainfall, "

The totai 'iosé- pf"[rﬁihfall.'_ﬁl..fls'_epréssed  s
follows: =~ | . N i R ) |

r.»u .za -£Rr S @

- where. : ralnrall. o

: (b) Baae [low s :
. FAB " ahows the eurves or the dimin;ghing runoff after.
,uiﬁa rainfall, ‘The. bage flow ig defined . as the constant. -
" 'discharge arter the diminution, . Thé' two. values of base flow.

“apre shown on Fig.2. One 15 for-an: irrigation period, ~and

. ‘the other 15 ror & non-irrigatlon perlod.‘- It 13 consldered_

“that ‘the two values revealad are due to the 1nf1uencs of
;lrrigation. o Vo L s

:{o) Subsurfaco Runorf ' : o .
R The .~ aubsuriace -flow passcs usually through pervious
“lgtratp. COnsequently. the  ‘subsurface [low tends to have

T atrong: llnearity.; Therefore, it is posaible to employ the
“oundb . hydrograph analysis Cor examination of this part of
Cpunoff, . The ‘aubsurface runolf shiown In Filg, 1 is defined to

13 the -discharge. betwaen surface rundff and base flow. %




‘j:mpthods o aolv the'préblém of surface.

Fig‘

_equattan of the low {8 ‘expressed in
Manning,rormula, whan one: ccnsidera tha
s'followa: .

The  momentum:
ag ordunce with thq

B T U B

Yerage vclocity or rlow on the slope*
opa | i
‘Al cross~seehiona1 area’ of flow (for unit

 (4>;

"=_partia1 tifererice. "by "t than putting the result inte  the

,f,'equatlon iR
=solVed as tollow’

.",(Q) (1 2, .) }:t.it-uf_;  - i .

i iWwN;” K= fWN ;. ”~&W(2+ML~. ri; L
o 4= 2/(2*@ﬂh i tuﬂ?(t*[) i“7n=
- {-tun T Q,,x, disch&rge at & -]f

‘-—:

quatlons _{5

: _.(Bflare aalculated wlth a t;me
of about 10 minu : L S

by @ computer. :

; nto d‘mode "slther of a4 flow on the
3): or or a tlow over & notch -

After getting ths;iogarithm or “the equation (3) and the" -

characteriatio curve ls obtained fand-,'

_--:.Qj--{:(;r_l_jo)_r K(%)“*‘“s“ﬂ)f ™ '.df’rQ:".}“" P

(5)



the rlow in a dva;nage canal 13 orten arfected by
. backuncer alffeat, . the ‘equations of gontinuilby and 'of the
momentum t¢r nonsteady flow are used for solutlon.

s R O :

‘(a!)l-g a"( )+ +3’1 —J——L”RE’,,” ol e

dlope of canal._, C

jepth of watde (d)y

i bydraylic. radius (m), .

i Manning!s Foughriess: coefficlent'

! ‘grogg«~sectional drea of Llow (m™} 'i

¢ digchargha. passes through (m'/sec) RS
1.3ida. Anflow (m’lsec) per unit wldth'-
dlstance. and T _

tlme. j' :

&xbd>3ﬁ¢+

oren

In -thls method of analyais,- ‘the equation (7) and (8)
" have baén onds tranaformed into squation of difference style
“and solved by nurerical " integiration. The . . difference
o .1nCrement A%, exprosses tha' ;ength of a mesh in :‘the model,
.. IThe time inorement, ‘- shéiild be ghdsdn 0 as ko sablsfy the
Trequiremanta of the tollowlng fbrmula.- . )
at. < LA T
V-u :[’J Ehm {9)

,whara. an .maxlmum of velocity v, and
) hhw .maxlmum of uabor depth hi

e

vavtous bypos of ilow from paddy ftalds. “dry tlalds and
o mountainous parvs of - the Yasin are . analyzéd’ by combined use
- of “modals of ralntallnrunoff ﬂE oubltned in thas' . paragrnph
';jabova. R Ll ; S

agl

b&;:_“

”Diséhé&gé'l.”:ff-_:fi?”'ﬁ

T, }éf
2 (W geq)

. oal

Baaa rlow

o *ﬂ_d-_b_l?fib.go 24 4 3[|§ iﬁ;ﬁo.é;QJ é e 5o .Hou?
RS § B — 22.-._ 2 Day . .

"_f Fig laseparatlon of surface runoff Subaurfaoe runoff
- _ and baqa flow o



B e e b e :

' o -«Irrlgatlon period
“..u".Non irrigation pariod

5 in

R

Fig 2 The curva of dimlnishing runorf

IO ‘Y-,.s..:".
f Timo lag

LAAE San

) Pay. -

‘after a rainfall { an example

Tt the Ishikari River basxn ).

Qf'ﬁr

: ”g.qguotchmodel i

[ : "I' ' :u o ! oot

'11 Fla.G:Unlform slope model Y

B B ¢

-:f'! HIRE ot,rainfall &nd runorf
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:I'._-;LROII or AT, mucm, o SIHUIATION ldn mmcmnw AND DEALNAGE
s s NNALYSTS |

Irripation ahd drn;ndgc syqtcmq plqnning involvc nnny complcx

-‘:'conditions, and.a- V1r|ety of - ,chcmcq is prc%enteﬁ fol cnnsidcranon

‘ ithony them the moqt sultahic one: is to be chﬂeon. ln this couxsc,
'fspecu]ntlon of tho vitul role of 1ctuai hydlnullc phenomena is tﬂkon up. .

.ffFor this purpose,.a hydraulic modol with similaritlcq to :a prototypo is

'fjconventionally prcp1red. and w1tor is nllowcd to flnh thronph it Lo

'_iobservc tho f}ow phcn0m¢n1 undcr V1riouq conditinnq S In tho cirein-

S stanccq whcre the: ‘area cnncerncd covers: the whole hn%ln or a falrl)

‘" fextcns1Ve rOgion. 1t is. oftcn difflcult to roproqcnt a prototype by

jgusiny phyﬁic1l modei made of hood and cement In rocont yoare, the
. adencomont of computer tcchnolony has stlmulntcd the devclopmunt of

'tcomputcr qoftwa;c for roprescntlng n prototrpe. Th:q t}po of medel: s

‘:;;]callcd a- mathomatica! modcl whith is put togethor by Incorporattng

f,ﬁjphyﬁiqu ian and othor goomc(rlc candatxon% hh!Ch gnvvnn tho h)dr1u110
: -uphcnomena,f;:5f*?3 -=~

!n tho desiﬁn of irrigation and drnlndpn qystem%, iv is }mpoxtdnt
[ IR . . ca :
to rcmemhcr th1t lhv cnmponcntq of fncil;tlcs are not to bc tacnted as

:jndcpcudent ot l“ a %)thm, and thc functnnnq of each compnneut ave

'5;7t0 bo consldvrcd qq a kholt-. Acco:dinpl),_tho h)dlnulxc phonnmonq in-

' .f§r1ipﬂt10n und drnin1go qutemq turns nnt nn un:toad) ilcw, d"d 50 the*'

1ﬂynamxcs of flow are takcn inlo full cous1d010tton. rhv phyqscql laus'

';_fwhich govctn an unstond) fiow ave. tho fulinwtnp tkﬂ' thqt lQ,'onc is

. thc oquntion or molinn hh)ch coutrolq thc mntion of rlnw, and 1nolher is

B



the_cqu1tion of continuuty hhlch |eprcsonls tho change nf waler level

duo to thc iufiow and nutflow.. These two cqtint Lons hrc hotﬁ partially

fzdifferential exproqgiong_.f"

For given initla! and bnundﬂry conditlonﬁ tha oquwtiou are intc-_
o "g:qted numerically wlth roepcct to timc nnd dietwnce bv means of - a

m athomatical modol. ln thls courec¢ ChﬂTﬁCl”IIQlIC‘ %ugh as dlschnxge,-

 stago, velocity and 50 forth at. nrhltrar) po1nt\ nnd t:mcs nre Ohtdlﬂﬂd
rhcqc computer orlcntcd s:mu]1t|un tochnlqueq ﬂtc capdh]c of hanﬁllng

Eproblom of hydrqullc phenomon1 ln 1rr|g1t|on and dra:nnfc syqtomr in an

::cxtrcmely short timo nnd of chGOqtng an optimum scheme from various

1alternatives._

1n the devolopmonl of a numoricnl solutrun tho method of anal)"ls
' wa9 f:rst testcd, us:ng L) systrm nf phyq;cql UhdlnttoriﬁtlLS F01 whach
";thc h)drnullc bchavieur wuc Lnoun tn Iip. 1, thc pnl)poual llneq of

:._Rtﬂge and veluc1tv worc ohtd1ucd h) m1thomnf1lﬂl modn! Slmnidtlpni whilc

'hc solid circlcs are - by nctu1] mcaqurenvnt al thc slte Considoring

u'thc acauracy of thc moaquromcnt\, Lho mnthen|l)¢1l mudLl xccms to well

r -

';repleqcnt lhc hydraulic bchav:out of thc protot\po

o ';hiﬁi-"l"_'*‘i-"f.f:‘.‘*'_-".?-*7“9'_"’5'.':_;;.‘

Tho fnudamculnl pru;cduro of mwth mdtllJl nndol Qimnintion'isj
7fdoscr1hod Fnr u onc dunonaxonﬂl un%tondy l;vv sirfoce {low foy rcusous_‘

;70{ simpliclt)




*

‘ Pundaiental Tquations

SR

H)draulic charwctoristicq of I unstoady fluw nrc ‘plven b)

'f'rsimulfﬂ oou% solution of hoth tho equntion of motlon and that of

;‘icontinuxtyj

Thc fundamcntﬁ] cquntion of a nne dimon%innnl flow are

"*fexprossed 1q fo]lows W1th thc dowustrcam end ‘as the oripnn. s

'dexstance in

ffveloc:ty (poJ
: rbottom s}ope,

;[‘w1tcr vath. r~:‘?uf.3¢u-afff

'u plane,

-};elapaod ttmc,

(A
(2)

FAowe

j;fneceleratxon of grav;ty-\.;

:tzve for the upqtrcnm dnrcctlon).

ongitudtn11 dlrcctxuns on a ho:tyontal datum

,:fHanninp 5 roughncss cncfflcicnt, “{;;; 

.G'cross ecctlonal aroa,,j,;- '

f°4dlqchdtrc throuph a ecction,

lnterql JanOh pcr untt length (poﬂitivc for influw, ncgativ

for uutfhm)Ti._
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R W



Yo

’Optirﬁt'id.{ é_;fj_a ssrétgmsi_ |

';expresinne‘“ Then, fnr the ngcn initial bounda

.fditions, thc numerxcdl 1ntcgrntxon is performod

-;.constitute the cffrcxcnt nnd cconomic grid syqtcm

- ciégof computc: perfarmance.. 1hc ca]culnt:on prococd

”J';Shown in Ilg 2 whcre i and n. indicntc diqtanco

Tho initlal valucs of watcr depth are. thuq s

B nﬁl and BVOh i 8. The 1n1tial vw!ucs of vcloc:ty

| LJ3points of n 2 which lS At/! in progreea to =1,

'ifmeans that thc water depth and thc vclocity nro s

':'i'by At/? in txme and Ax/? in dzstancc f:om onc to

-}:obtained aq fo!lonq-z lhc equat;on of contlnust)

o p01nts of na? or tlmc t by ugxng the va!uoq nt n

ln reprcscnt1tion of hydrnu!ic bohaviour in a m1thbmdt1ca] model

;;the fundamenta] equnt:ons (I) and (2) are convortod into d1chrvncc

ry -and gcomctric con~
it 1e'dc§irable to
f:om the standpalnt

s from the downstrcam

B Jto thc upqtroam wlth distanco lnterval hx and- t;mo intcrvnl At as

and time, respcctively,.

ct at tho ponnt% of

are alqo set at thc
nmloddi' Thxs..
et nt scp1r1te po:nts

lhe othcr :,ﬁ;rst,

ﬁ -ffrom thc%e inltxal valuoq, the wqtcr dcpth at’, *he polntq on n 3 is

is solved at thc

l and n= 2 ,[n-thls"

&': _aqe, howc»or, ir 1¢ fﬂkon thnt thc vclnc1tv ut n~2 kcopq f01 ime _N

.-flintczval (t ¥ ét/2) (t - At/?) & nt, and thc vquutron of conllnuity;

to ohtain tho velocil) 1t the points of n~4, the

'ﬂtrontcd Jt n'

*”%;in(orval At‘ nnd thc cquufion of mutian is inlcr)

: iq intcgratod for hx and thc hﬂtrr dopth connornod ts Uhtdincd Thcn

cqunlion ol moliﬂn 15

'f;Tho hntvr dop!h at n 3 is Huu ma}nta}n(d fur tlme

alcd-alonp'aw to

S alculnte thc Velocity at H 4 hy u%;np ths valueq of nt 2 and n 3.

f :'order to rotnin the computer mcmory the hﬂto! dc;

[

g

!th at nx and Lhe



-.ivelocily ﬂt n=4 thus derivcd are’ thfted to nﬂi nnd n-z, ro%pcutively
'-fThe%t va]uos 1ro sct to bc the inltinl valucs for the follnhing time,

- and the proccdunc 15 rcponted on..

The ﬂclectinn of the timc interval to be uqed ls fot nrb:trnry
*lt is well-known thnt salving by’ finitc diffczences methud will not
. produce a stqbie solution unlcsq thc distance lntcrvwl #%, and thc timo
'Aintcrval, At, arc relatcd to the vclocit) of the . long knve, snch that
'rst<|-—~%~4-—~| I &

l'nmx t‘g])mgw(

 ,!£ the value af At excoods thnt givcn‘abovc. thc tranqmlqﬁion of
3jhydraulic phcnomona gocs beyond tho tracing qpoed in the mqthcmaticnl
3.model 1nd thc qolutxon iq lcd tn uucovuragenne. fho vnlucs of At 1nd

T”Ak must thua he dcterminvd to 5ntiqu thc expresalnn [3) hv speculat—

3_ing 1n advanco th . atimum possible Vclocaty and hatcr dopth ;

ln computor programmxng,_xt is cnnvenlen: to use a tkn d:nen51onal

;]arrny of J and noto” c\pross the hatcr dcpth and vcloc:tv'qt gr:d po:nts

;'thxc n ;‘ f: In thiq cn<c, thc rcmalninp memory nF tho pornts or n*i onr

I3

}-n 3 and odd 1'@, nnd thoco of ns ? ﬁr n: 4 and gven. i's mn) bo uscd fnr

”_othe: in[ormation such aq of tho gcometr:c cond:tions and 50 On.

f~3 Coomclra Condltionq

rhe gcnmvtric condxt:ons rcqu{rcd !n a mnthomatinu! mode] are thg

;"f:?m‘?q scctional nrca and the bouum slopc : rhc Lross- scction.il au-a at



pdiﬁffi}fﬁi}t{suéiﬁfdﬁsdd“nﬁff "_“_'1_ o e ;

8y h'iﬁ the water dcpth over the bottom The crnqs qoctionnl area
 'cxprcsqi0n (4) is sat nt the pninf of cvon l s, 1ho Tog - 1og
”?i‘plotting of Ai and hi in Fq (d) is usua}l} in a. strﬂipht linc, and

3 ﬁexpressed as

?Thorefore, thc cross eectionnl arcas alcrroﬁréeonted by al and mj .?ln
-ftho case of A compouna cro#e scctxnn, it is thon reprcsontcd approwimatelg
_;by tWO st11lght linos whlch are connccted together at a bcnding p01nt
 An oxample of this for Ino on the Ishlqu{ Rlver io shnun in. Ilg 3.
9g1f the above proccdure i@ not cffcctivn, thc Ldgrange s :ntcrpolatlon

'ffmcthod is avail1blc to rcpreﬂcnt tho ro]1tnonshnp bClhctn nater delh

7jfqu-'ﬂcross scctio”al arc1._ Another goomctrlc cond:t:on ie the battcm R
;:§10601  from thlﬂ ﬂnd the watcr dcpth thc h)drnulrc gtﬁdxcnt can he
chaICUIntcd uhlch 15 uqu to solvv thn cquatlon of motnon In thcr
::cquatlon oF mot:cn; thL.VQIOCIt) conccrncd tq ohtalnod on the baq13‘of”[
f;the hydraul;c grad:eut hotween thc ad}onning C\CH poanlt ;Lth tho pUlnt
;;of thc odd i 1t tho ccnler. 1hc hotton alt:tudv {bgrcrurg,.is ;qt at_

e

::thc points of Oven i'q--‘fj{::_“*

B [Di?fcréhcd.ﬁ;prb$sinﬁ'of_Fundnmcdﬁaitﬁquufi5u§_

Thc accurqcy of a malhcmaticnl mcdcl is dvte:mlncd h) tho d:ftotcuce'

faxpressions of the fundmmontn} cquntions In chboslng the dlffCtnnCe

B9



:;jexpressions, the soalo of the prototypo and the cumputen perforinance
f”must bo t1kcn inta considcrntion. In tho prosont caqo, tho central

“11d1fforcncc exprcqsion with rcqpect to dist1nce X, and tlmc t, is ompiuyed,

ﬁ;which posaeﬁs aclatavv}y high qccuracy dcspitc thc S)mpl1c1ty in trent«

'afmcnt 10 show the diffcrchce exprcssion, sufri\ i is tsed- for distance
:fnnd n for txme. The dlffe:ence centcr is- tnkcn at the: pnunt (i, n«l).

Tfhnd the un!nown values at thc po:nt (," n) are ohtninod fron the initial
'sfand bound1ry condltinns.' Gy
1y n_if:ferén‘c}e _e&prdss'i'aﬁs_'oﬂ tim' _ equntion rotion

In thc equation of motxon (l), the central diEferenccq for tespcctxve

fzterm% are cxpressed. as followq. !f

P L e A | G ot W

R T



:.-jnprq?_;;!s'thé\bottom Altitude.

In the nbove differencc expressions, thc va!uo of sz/ﬂx is

:-?_bﬂckward in time. Sincc thik torm {s mainly die to tho change of tho

'i'cross-5c0t10n1l aren with respect to dlSt1HCﬂ, its central value for |
‘fﬂfdx has a suffiéient accuracy. Tho value of |v] ts also hﬂckwﬂrd
"f?Theorcticnlly,, Ivf must be - cxpresch in differcncc fnrm which inciludes
ﬁFthe unknown VGlue f nVi" lt 1s, howovcr hjgh}y compl]catcd in caleu--
latin? the unanWn nvi. The term of v- js thus Anciuded in the value of

“inVi, and for the Value of IVI the known value of ln 2V l is used 1nqtend.

The value nf nVi is obtanned by subqtitutinp the d1ffnrance-
 expressions (6) in:o the equation of motnon (l) This procedure is

"~shown in rig. 4. The value of nV1 is thus dorivcd from two vqlucs of

S ;water depth at time n-1 and three values of vcloc:ty 1t n-2,

'ﬂ:*;Qyilniff¢fcn¢e.éﬁpqugioﬁé;cf;the'equafioﬁgbf continuity’

The following trcﬁtment ls madc to 1nc1¢nso the 1ccuracy in

'ff?ﬁcontinuity condltxon bctwcen tho dxstance 1ntervnl e of an opcn channel_

lizof irrcgu ar shape aq shown in iig S Tn obtann thc wnter dcpth ut-

”"distnncc grid 1 and time t, the CFGQS scctlonnl arcas at- thc pn:nts 1, 2

.and 3 1rc first obtaincd hherc thc w1ter dopth at time t‘- at 15 nlrendv

assxgnod.”._}'%;"i-'"‘

'¥ .3"117'



“fi fmf{j'1Txodtmcnt of aA/at

faA A ah 3h

aT- at & (channc width) X ET:.; : (N

Horu, the wldth of o open channc] s the averape over. the interval Ax,
': Tha crosq qectionai area cxprcqqed hy'Fq. (5] is anéipncd at points ¥y
_2 and 3 in Flg S The channel width,_w, betwocn 1 nnd m, is thus

averaged as follows, at ‘the poxnts l, 2 aud 3.
-“"?“-“._‘5‘:““.“’ T B T T RS N 7

T Substituting Eq. (5) inte (8);.

:'nji':';iégl = agaghmi= RER R RE R IS

and hence W&, and tm are kiven.:

Bl K2 o wg

BT R R o),

1hfleforc, thc surfaco 1r;n,.AQ, at tho lntovvnl.bclhocn p01nt<£ and
m, is’ givcn by '7 ' ._ W

;ﬂ Theié??rdgojChnnncirhldlh, ,.hclhcon po;niq i dgd W, is ;!\on as
W AT;“-"“'(. ; | ‘11.' 3 ) N : ."(Iij'

: Upon substi1ﬂLiOn7of'this'bxprQSSinn-inlo Ea. (7), -

| g?} Sl 3y “L~“—1} € “}" .'At“"hL) (‘13_)

12



-7}:_{11) Treatment of SQIax

In Iig. 5. the £ro§s- sectional area at polnt m fs given by (Ap 3 A3)/
' ;2. and that at point Lds (Af Ag)/? The veloc1ty at points m and 1
~{Vm aud Vi, rcspectively, are’ nlready obtained from the: equatidu of
";motion.; Hence the. discharge through point m Isigiven by (A, + A3)Vm/2
" and that through polne i s {A) + A vzfz ' |
'iThorcforo s "-_' - '_“ _ ;f T

_g% ( "z__*J Vi - —~32 Ve ) - (1&)
To obtaln tha cross sect:onal area: iu the above differenco

{exprossions (13) and (14). the bsckward watcr d0pth is uscd Thc

"frcason for it is that }f a Forwnrd unknown value is used, tho calculatlon

':bcuomes fairly complicated Horcovor, thc ccnrr1! dlffercncc expres51on
'; with rc4pcct to distance glves sufficicnt accur1cy because the ch1npc

::‘*in cross sectional area wlth reqpcct to di@tance is far lnrgcx.thnn-that.

e ,thh respect to time._'

‘ '(iii)i'Treatmenﬁ of q
The inflow to and outflow from the opon channel concernod are

",treated hy thc torm q. Thc inflow or. outflow by pumplng are the

;'fexamples_ot this;
10 obtaln thc V11uc of nhi! the eqution of cqnt:nuity 13 converted

-;into differcnce exprosslons, !ncorpurating thc dlfferencc terms (13),_

(M) and q

B3



i $i'fRQ02ﬁﬁ§§s_ggcffibiéﬁ;_5}ﬁa .

. " the m1thematical modcl hydrqullc behauiour ie stmu11tcd without

“[;[reducing thc scale °f the prntotype and invo!ving the tau of ﬁiwmlitudc unlike

-V_‘tho hydraulic modcl tht . In thc fundamcntﬁl equﬂtionq, hONeVer, the const1nt:

f;:s“Ch as Han"ina s’ roughnoss coefficlent, wh1ch is inhcrent to thc prototype,

T;iS 1nClUded ihe trcntment of thl% constant, determineq the. simx!writy of

':1th° mathcmat1cal WOdQI te the PTO%OKYPE A procedure for determxning Manning's

"f' ”roughneas coefficlent i% described bvlow.

ln the %ect{on nf an open chwnnel where thc rnughnc%s coeffie;cnt

' :3is to be determxned, thc water stﬂge, ho, 1% meaqured aronnd the midp01ht

tfhhen the bouudary condxtxgns are actuqily observed By mﬁthcm1titﬂl modcl
u:joxmulation undcr the same houndary Conditionq as the protot)pe, thc stage
rf_fhd, at the time and distwnce concerncd is obtaincd ln this procedure, R
:;_several diffcrent vaiucw of the rnnghnc%s coefficient arc glven and followed:
‘:fby sxmulation | The relationship betuecn the givan roughneus cooffxcient ﬁnd_
{?ffhcfho is shnwn in Flg 7 in the figure, %imulation is’ mndc for twn valucs,
ififn =0, 025 and o Odﬁ ‘ The value uf n of the prototype and” that of the mﬂlhc»:

RE atical model ?groc wlth ench othcr when hc/ha 15 cqual to unity. The tough-_”

:"inoss pgcﬁfzc;entuinLthis-pase_cgn_be‘dotermincd‘tokbe_nnq,g3g_;
i m_n'i‘m; cﬁ:ﬁmﬁ‘r_"rx__dn_'s .

fhe procedure for qottlng the lnitia! cnnditionq iq descr]hod as:
follons.: Whon the dxﬁchnxge~t]mc re!ationqhip ie rclatlve}y constant
tﬁc initinl stor1gc in a channcl is uot much of a p:oll(m, nnd thc f =

avcrage watcr dcpth may bc taken._ Thc veicgity in th;q case lq !aLen

Bl
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