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[t a low-lying paddy area with creek norworks, éy(:li(: use of irrigation return flow can be
easily performed. Therefore, water supply in this system can be less than the sum of waler
requirement. of all paddy fields in the area. The deterministic dynamic programming model was
used for optimizing the water supply for the systerm. The model was first formulated with the
ohicetive function of minimizing water demand from creck-fields system on the main canal
systemn. Time series of the existing and the optimized water supply to crecks, water application
for paddy fields and the change of creck water depth were analyvzed as a basis for clarifying the
possibilily of improving operation of waler allocation in the irrigated arca. 1L was shown Lhat the
optimum operation yielded better results than the actual condition, in which the elfective use of
water could be increased significantly. This paper also investigated the characteristics of
conlent ratio of total return flow in creeks (CTR() as one of indicators for examining the

impact of minimizing irrigation water supply to the change of water quality, The resulis

suggested that the further rescarch is needed to Lake into account CTRO to maintain the quality
of irrigation water that is suitable for paddy rice cultivation,

Key words: Reiurn flow irrigotion systern, Dynanic programaing maodel, Effective use of
waotey, Roturn flow content ratio, Water quality
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Clarification of water demand and supply is required to establish the appropriate
control method of operation of an irrigation system. In a large—scale paddy fields
irrigation system, water that has been consumed by percolation, seepage and water that
has been drained info e¢anals can in some cases he reused inside the irrigated area. Thus
the water requirement for the whole irrigation system is not simply the sum of water
reguirement of all paddy fields in the area. This phenomenon is commonly exists in a
low-lying paddy area with creek networks.

One of the well known artificially reclamation areas it Japan is a low-lying paddy area
of the Kase river irrigation system located in Saga plain facing the Ariake bay as shown in
Fig. 1. The system is characterized by the existence of cyclic use of return flow 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 flows to the delivery gates to each block of creek
networks.  According to the results of previous study (Kuroda and Cho, 1988), it was
found the possibility of improving the performance of an operation of the irrigation
system. The authors compared the actuzl and the simulated effective use of irrigated
water obtained by the deterministic dymamic programming model. In this case, the ratio
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of the effective use 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 water
supply. Even though the reused water irrigation system clearly yields the high efficiency
of water use, but its severe impact on water quality has been shown in the previous study
(Jayadi et al, 1998).

Catchment area
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Fig. 1. Kasc river irrigation system

Based on the above results, a further detail study is needed to verify whether the
optimization results of the water 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 water allocation
optimization by minimizing irrigation water supply from the main canal to each creek
networks. Due to the existence of relationship between 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 will be evaluated by taking into account return flow as one of
indicators of water quality condition at creeks. This evaluation is required for
determiring an ideal operation rule of water allocation at the study area.

PROCEDURES FOR ANALYSES

Characteristics of the Irrigated Area
A low-lying paddy area situated at the Oide district, Saga plain was chosen as a case
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study. The system is being a part of the Kase river irrigation system that consists of five
blocks of area with creek networks namely block C, D, E, F, and G. The surveyed area is
characterized by the existence of return flow irrigation system in which the water
circulation between creeks and the cultivated areas occurs intensively as shown in Fig. 2,
particularly due to return flow from paddy fields. Therefore, unlike the conventional
irrigation system, the waler demand for paddy fields is not directly related to the water
supply from the main canals. In this system, creeks possess the bulfer function in water
demand that largely depends on the control of water level in creeks.
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Fig. 2. Schematic representation of
the water circulation in
creek-fields system

Water Balance in the Creek-Fields System

A suitable illustration of the general water balance for each block of creek-ficlds
system is shown 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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Fig. 3. General water balance in a block of creek-fields system

Since the water level in creeks is always lower than the level of the cultivated area,
pumping system is used for irrigating paddy fields (€,,,) and non-paddy fieids (@..). The
equation of water balance for paddy fields is given as [ollows.

. oh
ngl' :'Q"w + dew 7 Q.&Mg} + er}a"+AI) J‘(—aﬁ—' )dﬁ - Qwa (1)
Water balance in creeks:

j oH
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in which @,, is water supply from creeks to paddy fields by pumping, Q.. is
evapolranspiration of the fields, Q... is deep percolation from paddy fields, @..,. and Q..
are surface and seepage runoff return flow from paddy fields respectively, @... is
percolation from paddy fields in which its total amount is equivalent 10 Qu..+ @,
Aq(oh/ot)di is change in storage of paddy fields, @..., is effective rainfall to the fields, @.,.. is
water supply from the main canal to creeks, @,,. is water supply to greenhouses from
creeks by pumping, §... is evaporation from creeks, &, is runoff from creeks to out of the
system, | Ac(9H/ot)dt is change of water storage in crecks, @, is runoff from the upper
block of creek networks, Q... and €., are surface and scepage runoff return flow from
non-paddy fields respectively, and ... is rainfall to creeks.

Simulation of Optimum Water Supply from the Main Canal to Creeks

There is no discharge measurement device installed at intake gates of the main canal.
Therefore, it is difficult to evaluate accurately the existing amount of water supplied from
the main canal to creeks. Jayadi et al (1398) applied complex Tank model to clarify the
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reusc mechanism of irrigation return flow and to cstimate the amount of irrigation water
delivered from the main canal to cach block of creek networks. The result showed that
the complex Tank model proved the possibility of simulating the daily water allocation at
the whole system within the exisling operation. For this reason, it is necessary to extend
the observation by optimizing the time series of water supply from the main canal to
creeks.

In order to improve the cfficiency of water use, the accurate guantitative information
on the optimum water demand is great of importance. In this investigation the
deterministic dynamic programining (2DP) model was used for obtaining the oplimum
values of daily water allocation in each block of the cultivated area. Having the optimized
values of Tank mode] parameters, the DDF model was simply formulated as follows.

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

OF=min ZQ,’W (3
i=1

Water supply to creeks (@) has been defined in Eq. (2) for the i* day of the
irrigation period {re days). The depth of water in creeks (H9) and water pond at paddy
fields (k") were treated as the state variables in which the decision variables of water
supply from the main canal to creeks (Q:‘,,,C) and water supply to paddy fields from creek
by pumping (&,.) have to be calculated through the algorithm of the DDP model. The
limiting conditions were capacily of pumps, minimum and maximum water depths at
creeks, minimuin and maximum depths of flooding water at paddy fields. The minimum
flooding depth at paddy fields was given as the normal ponding depth. Table 1 shows the
parameters and limiting conditions for applying the DDFP model.

Table 1. Parameters and limiting conditions for applying the DDP model

Block Paddy ficlds  Creeks H (cm) f () Min @.... Max Q...
’ (ha) (ha) min  max  min  max (mm/day) (mm/day)
C 301 16.6 130 210 45 60 25 50.0
D 367 384 100 175 45 60 25 50,0
E 174 19.5 H 175 45 60 25 B0.0
" 263 24.0 80 180 45 60 25 50.0
G 277 256 100 185 45 60 25 50.0
Notes: 1) The unit of mnvday was derived with respect to the area of paddy fields at each
bleck, .
2) Feasible values of H and h were selected by the increment of 1em and 1mm,
respectively.

According to the standard algorithm of the DDP method {Mays and Tung, 1992), the
solution began with the 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
optimum values of daily water supply to creeks based on the constraints involved in the
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formulation of the model. The recursive equation of the backward calculation for stage ¢
can be expressed as follows.

Fr{H, h')zqmml QintFr (H, R} (4)
in which F'* (H?, 1t') is the minimum value of water supply from the main canal to creeks
by the optimum operation of the system over last ¢ days associated with H* and /#°. For the
beginning backward calculation, i.e, at stage 1, the recursive equation become:

FH, k)= min Q4] (5)

Qe Q
To solve Eq. (4) and (5), the state transformation function of Eq. (2) was applicable
for evaluating the feasibility of the selected value of ¢¥,... In line to the objective function
of the optimization, &, was given as a certain amount of water supply to paddy fields from
creeks required for keeping the ponding depth that not less than the normal depth (#....).

RESULTS AND DISCUSSION

The formulated optimization of DDP model was sequentially applied from the upper
block to the lower block of the irrigated areas. Based on the existing operation of 1998,
the hydrological data and the observed data of creek waler depths were used for
simulating the daily water supply from the main canal to creeks. These data were then
used for running the model and making analysis on the possibility of minimizing the water
demand from creek-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 water depth in creeks and those of the water supply from the
main canal to creeks are drawn for the paddy season of 1998. The results show that the
optimum water depth in creeks is slightly lower than the observed one. The difference
between the optimum and the observed water depths tends to decrease for the lower or
downstream block. The observed water depth is highly responsive to high rainfall;
otherwise the fluctuation of optimom water depth is relatively small.

At the end of paddy season, the observed water depth tends to increase especially at
block C. In this pericd, however, an actual water demand for paddy fields is relatively
small. The increasing water depth occurs due to substantive amount of rainfall that could
not be anticipated in advance by gate operators. Beside that, in order to maintain the
suitable water quality, the gate operators want to keep the water depth in creeks at a
certain level by continuing water supply to creeks. This occurrence is due to the fact that
continuing water supply from the main canal will reduce the concentration of water
pollutant in creeks as a result of reused water mechanism.

On the other hand, the optimur: water supply from the main canal to creeks is more
responsive to rainfall. It implies that in the high rainfall, it is enough to supply water at
the minimum requirement. At the top block C, the sirmnulation and that observed of water
supply are relatively higher than those at the lower blocks. This phenomenon occurs
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Fig. 4. Time series of creek water depth and water supply from the main canal in
block C, E and G for the paddy season of 1998

since water supply for the top block C comes [rom the main canal only, whereas at the
lower blocks comes from the main canal and return flow from the upper block. In this
case, supplied water to block C includes for the lower block. Therelore, the optimum
water supply allecated to creeks at the lower blocks is more efficient. [t is indicated by
the significant difference between the optimum and the observed water supply.

Those phencmena can be explained as follows. Since return flow at the upper block
will be accumulated in sequence at the lower blocks, as a result water supply from the
main canal tends to decrease at the lower blocks.



426 R. Jayadi et al.

Optimum Water Application to Paddy Fields

In order to elucidate the performance of water use in paddy fields, the optimum water
supply from creeks to paddy fields was compared (o the existing value obtained by the
simulated operation of water supply by pumping. Fig. 5 describes the daily changing of
those factors for hoth the existing and the optimization results.
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Fig. 5. Change of water supply to paddy fields and the depth of
water pond

The figure shows that the difference hetween the ohserved 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 3mm where the optimum results are
slightly lower than the observed value. This result proves that the actual operation of
water supply from creek to paddy fields using pumping in the study area is well enough.

Amnalysis on the Ratio of Effective Use of Water
To evaluate more deeply, a quantitative study of the performance of water supply
operation is needed. The ratio of effective use of water in paddy fields by pumping @, to
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the irrigalion water supplied from the intake gates of the main canal @.,. for each block of
area was clarified as show in Table 2. The efficiency of water usc is then called as ratio
of water use {Rwun). The amount of water supply from the main canal and water applied
to 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 optimized. The
optimized water supply reduced as compared with the observed one with a range of
16.5% - 40.3% [rom the upper block to the lower block., The water supply from creeks to
paddy fields by punmping could be saved around 9.5%. These data can also be uscd to
measure the increasing efficiency in water use by comparing the R of the optimum and
the observed value. The table shows clearly that application of DDP model will increase
the Rwu value. The maximum value of Rwe obtained by the actual water operation at
block E is 3.05, whereas the oplimization gives the maximum value of 3.74 at block G
which is slightly greater than at block E of 3.63. This resulls malch with the optimum
value of water supply from the main canal to creeks in which supply of water for the
lowest block may be saved due to the accumulation of return flow at this block.

Table 2. Observed and oplimized ratio of water use

Bk 6. {nm) A . () AG R
] Obs. Opt. (%) Obs. Opt. (%) Obs. Opt.
C 678.1 5661 16.52 15696 14208 §.48 2315 2510
D 801.2 5368 30.50 1569.6  1420.8 9.48 1.959 2552
E 5165 3916 24.03 1569.6 14208 9.48 3045  3.628
F U e el 1888 Maps Q.48 1575 o5
G 637.2 3802 40.33 1560.6  1420.8 9.48 2463 2737

Notes: 1) AQ . =( Zn =2 Qi H(ZQimss )
2] AQM‘-J :(EQ!'L‘ b ’ZQJ-U Jl-)”“(.EQM-J et

Performance of the Content Ratio of Return Flow

Fuantitative analysis of return flow has been carried out by Javadi et. al (1998). The
arnount of return flow in creeks was measured in term of Lthe content ratio of tetal return
flow (CTRO) which was defined as a ratio of total amount of surface and secpage runoll
return flow to total amount of water storage in creeks. The CTRO value could be used as
an indicator for determining water quality condition. The relationship between the
change of water quality and CTRO was guite significant in usual fine days for the index of
chemical oxygen demand (COD) and electrical conductivity (ECY. A critical value of
CTRO was about 0.55 in which if the value is greater than the critical value, there is 2 high
possibility that water quality exceeds the restricted value for paddy rice cultivation.

Based on the above study, the CTRO value resulted from optimization using DDP
model need o he considered. By the definition, minimizing water supply from the main
canal to creeks Q.. will increase the CTRO vajue. The CTREO will be evaluated for fine
days simulatien only, since the previous study (Jayadi el al, 1998) showed that on the
rainy days, if CTRO is greater than 0.7 the waler qualily index is decreasing. Fig. 6
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compares the CTRO value of existing and simulation based on @, optimum condition.
This figure depicts that at the early and 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 fine 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, al block G there is a little increase in
CTRO value and the restricted value of water quality seems cannot be satisfied.

As a whole, the simulation results may reduce the performance CTRO as an indicator
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Fig. 6. Existing and simulated value of CTRO
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for water quality condition. The increasing CTRO value at the lower block tends to be
greater than its upper block. The results show that the rrigation water supply can be
optimized, however it will gives a possibility of negative iimpact Lo water quality especially
at the lower block. For this reason, the model application necds to be improved by
considering the water quality constraint.

CONCLUSION

This paper has discussed the application of the deterministic dynamic programming
moedel in optimizing irrigation water supply at low-lying paddy area with creek networks.
The characteristics of oplimeal values of water supply and water use to paddy fields as well
as waler depth at crecks have been clarified. Waler supply [rom the main canal to creeks
might be optimized, whereas irrigation water supply from creek to paddy fields by
pumping is quite efficient.

As a whole the cffective use of water can slill be optimized. However, the negative
impacts to deterioration of water guality must be considered. It can be seen from the
increasing of CTRO in the fine days that indicates the decrease in water quality [or the
indices of COD and EC.

A further study is needed by considering water quality constraints, so that the
oplimum result can be achieved not only water quantity but also qualily.
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