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III a Imv-lying paddy area \\iith creek networks, cyclic usc of irrigation return flow can be 
easily perforllled. Therefore, water supply in this system can he less than the sum of water 
requirement. of all paddy fields in t.he area. The deterministic dymullic programming model was 
llsed for optimizing the water supply for the syst.em. The model was first forrnuiatf'd \\iith the 
objective function of minimizing water demand from creek-fields system on the main canal 
system. Time series of the existing and the optimized water supply to creeks, .vater application 
for paddy fields and the change of creck \vater depth \vere analyzed as a basis for clarifying the 
possibilit.y of improving operation of water a.llucat.ioll in t.he irrigated area. It was shown that. the 
optimum operation yielded better results than the actual condition, in \·,hich the effective use of 
\'later could be increased significantly This paper also invest.igated lhc characteristics of 
content. ratio of toLal relurn flow in creeks ceTRO) as one of indicators for examining the 
impact of minimizifl..g irrigation ,O\'atcr supply to the change of 'water quality The results 
suggested that the further researeh is needed to Lake inlo account CTRO to maint.ain the quality 
of irrigatioTl \vater thaI. is suitahle for paddy rice cultivat.ion 

Key words: Ret'urnjluu; 'irrigal.ion systeIlt, Dyno,/ftu:c pmgramnling nwdel, ~ffecri'iJe 11.-8e qf 
water, Returnflow content ratio. J..Vater Q1wlity 

BACKGROUND OF STUDY 

Clarification of water demand and supply is required to est.ablish the appropriate 
control method of operation of an irrigation system. In a large-scale paddy fields 
irrigation system, water that has been consumed by percolat.ion, seepage and water that 
has been drained into canals can in some cases be reused inside the irrigated area. Thus 
the watcr requirement for the whole irrigation system is not simply the sum of water 
requirement of all paddy fields in the area. This phenomenon is commonly exists in a 
low-lying paddy area with creek networks. 

One of the vvell known artificially reclamation areas in .Japan is a low-lying paddy area 
of the Kase river irrigation system locat.ed in Saga plain facIng the Ariake bay as shmvn in 
Fig. 1. The system is characterized by the existence of cyclic m,e of return Dow for 
agricultural purposes, particularly for paddy rice cultivation. Irrigation water supply for 
the Kase river irrigation system is taken from the headwork of diversion through the main 
canal system in which the water flo\vs to the delivery gates to each block of creek 
networks. According to the results of previous study (Kuroda and eho: 1988), it was 
found the possibility of improving the performance of all operation of the irrigation 
system. The authors compared the actual and the simulated effective use of irrigated 
water obtained by the det.enninist.k dYllamic programming model. In this case, the ratio 
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of the effective usc of water in paddy fields by pumping system to the supplied water at 
the diversion headwork was employed for measuring the yield of operation of \vater 
supply. Even though the reused water irrigation system clearly yields the high efficiency 
of \vater use, but its severe impact on water quality has been 5ho,",,11 in the previous study 
(Jayadi et aJ, 1998). 

Fig. 1. Kasc river irrigat.ion system 

Based on the above results, a further detail study is needed to verify whether the 
optimization results of the "\-vater use workable in a real operational for each block of 
paddy field areas. The aim of the study is to look for the possibility of \-vater allocation 
optimization by minimizing irrigation ,vater supply from the main canal to each creek 
networks. Due to the existence of relationship bet\veen the amount of water supply from 
the main canal to creek networks and the content ratio of total return flow in creek 
storage, optimization results \vill be evaluated by taking into account return flov,' as one of 
indicators of water quality condition at creeks. This evaluation is required for 
determining an ideal operation TIlle of water allocation at the study area. 

PROCEDURES FOR ANALYSES 

Characteristics of the Irrigated Area 
A lmv-Iying paddy area situated at the Oide ciistrict, Saga plain was chosen as a case 
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study. The syst.em is being a part of the Kase river irrigation system that consists of five 
blocks of area with creek nehvorks namely block C, D, E, F, and G. The surveyed area is 
characterized by the existence of return flow irrigation system in \\-·hich the water 
circulation between ereeks and the cultivated areas occurs intensively as shown in Fig. 2, 
parricularly due to return flow from paddy fields. Therefore, unlike the conventional 
irrigation system, the waLer demand for paddy fi elds is not directly related to the water 
supply from the main canals. In this system, creeks possess the buffer flll1ction in water 
demand that largcly depends on the control of water level in creeks. 
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Fig. 2. Sdwlnatic represent.ation ()f 
the water circulatiun in 
creek- fields system 

Water Balance in the Creek-Fields System 
A suitable illust ration of the general water balance for each block of creek- field s 

system is sho\vn in Fig. 3. The irrigation water is first supplied from the main canal to 
creeks through intakes operated by the local irrigation association using delivery gates. 
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QjrII'C 

JAc(8H/8t)dt 

Fig. 3. General water balance in a block of cre~k-fielrls system 

Since the water level in creeks is ahvays 10\~'er than the level of the cultivated area, 
pumping system is used for irrigating paddy fields (Q",,) and non~paddy fields (Q"", ). The 
equation of water balance for paddy fields is given as follows. 

Q,."=Q .• , + Q.,,, + Q" •• , + Q, •• , +Ap I( ~~ )dt ~ Q .• , (1) 

Water balance in creeks: 

Q",· =Q",+ Qw. +Q"<+Q"",,. + I AC( ~~ )dt ~ Q,,,.". 
~ Q"'I ~ Q".p; ~ Q., ~ Q"", - Q,"" 

(2) 

in which Qp.'lf is water supply from creeks to paddy fie lds by pumping, QI!f~' is 
evapotranspiratjon of the fields, Q,;pr is deep percolation from paddy fields, Q~'lf and Q S:'!!f 

a re surface and seepage runoff re turn flow from paddy fie lds respectively. Q;.;,,' is 
percolation from paddy fields in which its total amount is equivalent to Q<1I'<' + Q Sj>l') 

A,(ahlat)dt is change in storage of paddy fields, Q",.} is effective rainfall to the fields, Q.~ is 
v .. 'ater supply from the main canal to creeks, Q'~II' is \vater supply to greenhouses from 
creeks by pumping, Q .. w· is evaporation from creeks, Qowc is runoff from creeks to out of the 
system, J AccaH/at)dt is change of water storage in crecks, Q ...... is runoff from the upper 
block of creek networks, Q ..... and Q.,.,. are surface and seepage runoff return now from 
non~paddy fields respectively, and Q, .... is rainIali to creeks. 

Simulation of Optimum Water Supply from the Main Canal to Creeks 
There is no djscharge measurement device installed at intake gates of the main canal. 

Therefore, it ie; difficult to evaluat.e accurately the exis ting amount of wdter supplied from 
t.he main canal 10 creeks. .Iayadi et al (J 998) applied complex Tank model to clarify the 
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reuse mechanism of irrigation return flow and to estimate the amount of irrigation water 
delivered from the main canal to each block of creek networks. The result showed that 
the complex Tank model proved the possibility of simulating t.he daily water allocation at. 
the "vhole system \Vithin the existing operat.ion. For this reason, it is necessar:y to extend 
the observation by optimizing the time series of water supply from the main canal to 
creeks. 

In order to improve the efficiency of water use, the accurate quantitative information 
on the optimum \~.rater demand is great of importance. In this invest.igation the 
deterministic dynamic programming eDDP) model was used for obtaining the optimum 
values of daily water allocation in each block of the cultivated area. Having the optimized 
values of Tank model paramet.ers, the DD? model was simply formulated as follows. 

The objective function (OF) is to minimize the total amount of water supply from the 
main canal to creeks during irrigation season. 

OF=rnin t Q r .. yU 

i = 1 
(3) 

Water supply to creeks (Q:",J has been defined in Eq. (2) for the i" day of the 
irr.igaLion periuu en day::;). The depth of water in creeks (H') and water pond at paddy 
fields (h') were treated as the state variables in which the decision variables of water 
supply from the main canal to creeks CQi:"c) and water supply to paddy fields from creek 
by pumping (Q'",,,) have 10 be calculated through the algorithm of the f)f)P model. The 
limiting conditions were capacity of pumps, minimum and maximum water depths at 
creeks, minimum and maximwn depths of flooding water at paddy fields. The minimwn 
flooding dept.h at paddy fields was given as the normal panning depth. Table 1 shows t.he 
parameters and limiting conditions for applying the DDP model. 

Block 

C 

D 
E 
F 
G 

Notes: 

Table 1. Pararnetf'rs and limiting conditions for applying the DDP model 

PadelY fields Creeks H (ern; h (nun) MinQ"" MaxQ"l'i 
(ha) (ha) min max min max (rnmJday) (rnmJday) 

301 16.6 130 21(1 41"'> 60 2.G GO.O 
357 38.4 100 175 45 60 2.5 50.0 
174 ID.5 75 175 45 60 2.5 50.0 
26;3 24.0 80 180 45 60 2.5 F.iO.O 

277 25.6 100 185 45 60 2.5 50.0 

1) Tlw unit of mm/day was derived with respect to the area of paddy fields at each 
block. 

2) I<'easiblc values of H and h were selected by the increment of 1 cm and 1 mm, 
respectively. 

According to the standard algorithm of the f)f)P method (Mays and Tung, 1992), the 
solution began v.-ith t.he backward recursive calculation by finding the optimal decision for 
each possible state in the last stage. The next step was forward run of simulation on the 
optimwn values of daily water supply to creeks based on the constraints involved in the 
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fommlation of the model. The recursive equation of the backward calculation for stage i 
can be expressed as follows. 

F' (H', h')= min lQ :~+F " (W', fl." )) 
Q; ... .Q~ 

(4) 

in which F i (HI, II}) is the minimum value of water supply from the main canal to creeks 
by the optimum operation of the system over last i days associated with H ' and fl.' . For the 
beginning backward calculation. i.e. at stage 1. the recursive equation become: 

F' (H ', h')= min lQ ,""J 
Q' .• Q;." 

(5) 

To solve Eq. (4) and (5), the statc transformation function of Eq. (2) was applicable 
for evaluating tile feasibility of the selected value of Q' .. v . In line to the objecUve function 
of the optimization, Q 'rnf was given as a certain arn01Ult. of water supply to paddy fie lds from 
creeks required for keeping the ponding dept.h that not less than the normal depth (fl. ... ... ). 

RESULTS AND DISCUSS ION 

The formulated optimization of DDP model was sequentially applied from the upper 
block to the lower block of t.he irrigated areas. Based on the exis ting operation of 1998, 
thc hydrological data and the observed data of creek water depths were used for 
simulating the daily water supply from the main canal to ereeks. These data were then 
used for running the model and making analysis on the possibility of minimizing lhe water 
demand from creck- fields system. 

Optimum Time Series of Water Supply and Creek Water Depth 
Fig. 4 depicts examples of the results for block C, E, and G. The observed and the 

optimum time series of ,vater depth in creeks and those of the water supply from the 
main canal to creeks are drawn for the paddy sea,on of 1998. The results show that the 
opt.imum water depth in creeks is slightly lower tJ,an the observed onc. The difference 
between tile optimum and the observed water depths tends to decrease for the lower or 
downstream block. The observed wat er depth is highly responsive to high rainfall; 
otherwise t.he fluctuation of optimom water depth is relatively smalL 

At the end of paddy season, t.he observed water dept.h t.ends to increase especially at 
block C. fn this period, however. an ac:tual water demand fo r paddy fields is relatively 
small. The increaSing \-vater depth occurs due to substantive amount. of rainfall that could 
not be an ticipated in advance by gate operators. Besicle r.hat, in order to maintain the 
suitable wat.er quality , the gate operators ,vant to keep the "'.rater depth in creeks at a 
certain level by continuing \vater supply to creeks. This occurrence is due to the fact that 
continuing watcr supply from the main canal will red uce the concentration of water 
pollutant in creeks as a result of reused water mechanism. 

On thc other hand, the optimum \vater supply from the maill canal to creeks is more 
responsive to rainfall. ft implies that in the high rainfall, it is enough to supply watcr at 
the minimum requirement. At the top block C, the simulation and that observed of wdter 
supply are relatively highe r than those at the lower blocks. This phenomenon occurs 
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sinep water supply for the t.op block C C()nH-~S [rom the main canal on ly, \vherea1:i at the 
lower hlocks comes from the main canal and return flow from the upper block. In this 
case, supplied \vater to block C includes for the lowe r block. Therefore, the optimum 
water supply allocated 1.0 creeks at the lower blocks is more efficient. [( is indicated by 
the significant diffe rence between the optimuIII and the observed water supply. 

Those phenomena can be explained as follows. Since retunl flow at the upper block 
will be accumulated in sequence at the lmver blocks, as a result water supply from the 
main canal Lends to decrease at the lower blocks. 
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Optimum Water Application to Paddy Fields 
In order to elucidate the performance of water use in paddy fields, the opt.imurn water 

supply from creeks to paddy fields was compared to the existing value obtained by the 
simulated operation of water supply by pumping. Fig. 5 describes the daily changing of 
those factors for both the exist.ing and the optimization results. 

1998 

~: I II~' I' 1"11 l ' I' ,. I 

100.0-1 

1500"-----------------' 

25. 0 ~-------------.___---, 

20.0 
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: existing value 

: optimized value 

Fig. 5. Change of water supply to paddy fields and the depth of 
water pond 

The figure shows that the difference between the observed and the optimized results 
is not sigmificantly. Variation and fluctuation patterns between the observed and 
optimum of water pond and water supply are similar. Both of them are responsive to 
rainfall. The difference of ponding depth is about 3 mrn ,"vhere the optimum results are 
slightly lower than the observed value. This result proves t.hat. the actual operation of 
water supply from creek t.o paddy fields llsing pumping in the study area is well enough. 

Analysis on the Ratio of Effective Use of Water 
To evaluate more deeply, a quantitative study of the performance of \~.rater supply 

operation is needed. The ratio of effective use of ,"vat.er in paddy fields by pumping QPPj to 



Determii1islic OptimIzation of' {rr"if/arion f'VlIle,. Allocution 4L7 

the irrigation water supplied from the intake gates of the main canal Q,,,, for each block of 
area was clarified as show in Table 2. The efficiency of \vater use is thcn called as ratio 
of vvater use (RLVLl-). The amount of v,rater supply from the main canal and water applied 
t.o paddy fields by pumping during the irrigation period of 1988 is also given in the table. 

The results show that the water supply [rom the main canal could be op1.lmizeo. The 
optimized "W·ater supply reduced as compared \,,'11.h the obsenTed one with a range of 
]6.5% -- 40.39,() from the upper block to the Im-ver block. The \-vater supply from creeks to 
paddy tlelds by pumping could be saved around 9.5%. These data can also be used to 
measure the increasing efficienc.y in water use by comparing the Rvnl of the optimum and 
the observed value. The table shows clearly that application of DDP modPl will irwrease 
the Rum value. The maximum value of Rwu obtained by the actual v,rater operation at 
block E is ;3.0G, whereas the optimization gives the maximum value of :3.74 at block C; 

\vhich is slightl.y greater than at. block E of :3.63. This results mat.ch with the optimlll1 
value of vvater supply' [rom the main canal to creeks in w·hich supply of 'vater for the 
lowest block lIlay be saved due to the accumulation of return tlmy at this block. 

Table 2. Observed and optimized ratio of \yater usc 

IQ,,,. (HUll) "'Q .. IQ, (lInll) L'-.QJ'.' Rwu 
Rlock 

(9'iJ ) Obs. Opt. Obs. Opt. (%l Obs. Opt. 

C G7S.1 G66.1 Hi.52 IG69.6 1420.8 D.48 2.315 2.510 
D 801.2 556.8 ~·W.50 1.569.6 1420.8 H.4K Uj5D 2,f)<''i2 
E :315.;:;' 391.6 24.03 1369.6 )420.8 9.48 :3.045 3.628 
p t::J8.1 6UD.~: 27.30 15G'J.6 1420.S 9,48 1.873 2.576 
C 637.2 380.2 40.:n 1569.6 1420.8 D.4R 2.46:3 :3.7:37 

Kotcs: J) "'Q .. =(IQ ... •. ",. -IQ,.,,)!(IQ, ,-" ) 
2) I',Q", =(IQ,." -LQNf "1" )/(LQn) " ) 

Performance of the Content Ratio of Return Flow 
QUantitatIve analysis of return now has been carried out by Jayadl et. al (l~)98). The 

amount. of ret.urn flow in creeks ,"vas measured in t.erm of the content ratio of total return 
flmv ceTRO) \vhich \vas defined as a ratio of total amoun.t of surface and seepage runoff 
return flow to total (lmount of vvater storage in creeks. The CTRO value could be used as 
an indicator for determining waLer quality condition. The relationship bet.ween the 
chmtge of vvater quality and CTRO \vas quite significant in usual fine days for the index of 
chemical oxygen demand (COD) and electrical conductivity (EC). A critical value of 
CTRO \vas about 0.55 in vvhich if the value is greater than the critical value, there is a high 
possibility that \'vater quality exceeds the restricted value for paddy rice cultivation. 

Based on the above study, the CTRO value resulted from optimization using nDP 
model need to be considered. By t,he definition, minimizing water supply from the main 
canal to creeks Q,,"," \-v:ill increase the CTRO value. The CTRO will be evaluated for fme 
da:ys simulation only, since the previous study (Jayadi eL aI, 1998) shmved that on the 
rainy days, if CTRO is ~reater than 0.7 the water qualit.y index is decreasing. Fig. 6 
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compares the CTRO value of exist.ing and simulation based 0 11 Q f1llt: optimum condition. 
This figure depicts tltaL at. the early a.l\d the end of .July period; the optimized CTRO value 
is greater than the existing one. This phenomenon also occurred at the mid of August. In 
the fin e days, it shows that there is a tendency of reducing the difference between the 
existing and the simulated value of CTRO. At block C and E, the simulation gives the 
better CTRO value than the existing. However. at block G there is a little increase in 
CTRO value and the restricted value of water quality seems cannot. ce sat.isfied. 

As a whole, the simulation results may reduce the performance CTRO as an indicator 
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for ... vater qualilY condi t ion. The increasing CTnO value at the lower block tends to be 
greater tharl its upper block. The results sho\· ... that. t.he irrigation waLer supply call be 
opt.imized, however it will gives a possibili ty or negat ive impact to wat.er quality especially 
at the lower bluck. For t.his reason, t.he model ap)J lic8tion needs to be improved by 
considering the water quali ty constraint 

CON CLus rON 

Thi~ paper has discussed the applicat.ion of the deten nilli stic dynamic programming 
model in optimizing irrigat.ion \vater supply at low- lying paddy area \vit.h erepk networks. 
The characte ri stics of optimal valups of \vate r supply and wat.er use to paddy fiPlds as well 
as , ... aler df pth at creeks have been clarified . Wat.er supply from the main canal to creeks 
might he optimized : whereas irrigation watf' r supply from creek t.o paddy fie lds by 
pumpillg is quite efficien t. 

As a wholf> the effective use of water can sti ll be optiInized . Hmvcvcr, the negative 
impacts to deteriora l.ion of waler quality must be considered. It can Iw seen frolll rhe 
inr..reasing of GTRO in the fi ne days that indicates the decrease i ll waLer qualit.y for t.he 
indices of COD and EC. 

A further study is needed by considering water quality constr aint.s, so t.hat. the 
op tim um result can be achieved not. only water qllantj t.y but also quality. 
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