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This paper aimed to evaluate the water balance and to analyze the water quality of a paddy 
field irrigation system in low lying area. The water balance and concerning components were 
analyzed using a complex tank model consisted of paddy tank and drainage tank. The unknown 
return flow parameters such as outflow terms from paddy fields and from drainage canal were 
ahle to be predicted using the tank model. The existence of the return flow in the system 
improves the efficiency of w"'d.ter use, but may have severe impacts on \vater quality in creek 
network. Therefore, the water quality is also necessary to be examined. The status of water 
quality was clarified by evaluating hoth the net substance concentration and the net effluent 
load in the paddy irrigation system. The paddy fields showed the function of purification for 
total nitrogen (Tl'l) except at periods of feItilizer application. Furthennore, the paddy fields 
had a tendency to follow the load form for electric conductivity (EG) and chemical oxygen 
demand (COD). The formulas for predicting the net effluent loads in the area were also 
proposer] in this paper. 

INTRODUCTION 

There are two objectives of agricultural water management i.e., (1) providing crop 
need to sustained high yield, and (2) reducing management loss of water operation in the 
system. Especially, the evaluation of efficiency of agricultural water management is 
important for anticipating water crisis on cropping development. The obtaining accurate 
informations of water balance are used for analyzing the efficiency of agricultural water 
management. In this study, the water balance and concerning components were clarified 
using a complex tank model consisted of two sub tank model Le., the paddy field sub tank 
model and the drainage canal sub tank model. The model was proved capable in 
simulating the dally water cyclic in the system, particularly in performing reuse 
mechanism of return flow for yielding the high efficiency of water operation. 

Although the return flow improves the efficiency of water use, it has severe impacts 
on water qUality. Therefore, this paper concerns also to the water quality condition in the 
system investigated by evaluating the net substance concentration in resource in creek 
network as well as in return flow in drainage canal for finding the purification or the 
pollution degree of water quality. This paper also discusses the water quality phenomena 
on the normal days and on the restricted days during application of fertilizer by evaluating 
the net effluent load in the paddy irrigation system. 
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228 H. Basri et. a1. 

DESCRIPTION OF STUDY AREA 

The research was c.anicd out on the area of 10.3 ha of the paddy irrigation system in 
Yarnato TOW11, Fukuoka Prefecture , Kyushu, Japan as shown in l" ig. L The Yamato Town 
is located in the side' of the gulf of Ariake. The yearly average temperature is 16 ·C and 

Creek net work 

Where. 

Ps : pump station 

W: weir 

Kyushu 

Drainage cansl 

pipeline for irrigation 

water flow in drainage canal and in creek network 

Fig. 1. Location of the study area and schematic representation of paddy irrigation system. 
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the arulUal rainfall is approximately 1800 mm. The latitude of the area is 33.08 "N. The 
geographical featu re of the area is low lying and very fl at . The altitude of the area is 
about 1 m above sea level. The area is, therefore , protected from sea tide by dike. The 
existence of creek ne twork, as temporary water storage, is characterized as a part of 
water system for paddy cul ture in the area. The water level in creek network is usually 
lower than the paddy field s. The refore, irrigation wate r to paddy fields from creek 
network is carried out using the pumping facility. The ouUl ow from paddy fields into 
drainage canal (return flow) will reach the creek again. And this phenomenon will be 
affecting the water quality in the creek. As in usual , rainfa ll is not enough to support the 
growth of paddy crops, it is important to clarify the phenomena of recycle water and to 
evaluate the quality of irrigation water in the system. Measuring pOints of water quality in 
the area were chosen at the Point P and at the Point D as shown in Fig. 1. Point P was 
located in the creek in which the irrigation water was supplied from the creck into paddy 
fields by pump. Point D was located in the drainage canal in which the water quality of 
return flow from paddy fields was monitored. 

MODEL APPROACH 

Water Balance in the System 
The "\\'ater balance in the paddy irrigation system was analyzed using a complex tank 

model as shown in Fig. 2. The lan .. i( model was consisted of two sub tank model i.e., the 
paddy field sub tank model (namely, paddy tank) and the drainage c.anal sub (.a1lk model 
(namely, drainage tank). From l<l.g. 2, the water balance is expressed as follmvs. 
Daddy tank: Sp, = SPj" + P j + Rpj - Qoutp, - F:vp, (1) 
drainage tank : Sdj= Sdj , + Qoutpj+ Rd,- Qoutd,-Evd, (2) 

Vi11Pre, j =present period; Sp, , Sd,=water storage in paddy fi elds and in drainage canal at 
period J, respectiveJr ; SpJ./) Sd:iI=\vater st.orage in paddy fields and in drainage cana] at 

[RP:l2--, 
r---~~ 

t;rJ:: 
P, I .. ~I 

Paddy tl!lnk --;:::= l.-, 

'" 
DTl!llina&8 tllnk 

IlmDatl\ 
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d3: 

d2: 

d1 : 

h : 

Fig. 2. A complex tank model. 
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period j-l, respectively; Pj=irrigation water by pumping facility from creek into paddy 
fields during the jth period; Rp" Rd,=rainfall into paddy fields and into drainage canal 
during the jth period, respectively; Qoutpj=water outflmv from paddy fields into drainage 
canal during the jth period; Evp,. End .. :::::evapotranspiration from paddy fields and evapo­
ration from drainage canal during thejth period, respectively; QoutdJ=water outtlO\ill from 
drainage canal during the jth period. 

Construction of Tank Model for Analysis 
As shmvn in Fig. 2, the terms of rainfall and irrigation ,vater were input parameters 

for the paddy tank. In this area, the creek level was lower than paddy fields, then, 
irrigation water was supplied onto paddy fields by pumping facility from creek network 
through pipeline. On the other hand, the ,vater flows from paddy fields into drainage 
canal and the evapotranspiration were considered as the output parameters from the 
paddy tank. The water flows from paddy fields into drainage canal and the rainfall in 
drainage canal were treated as the input parameters for the drainage tank. Furthermore, 
the water flows from drainage canal into creek net\vork and the evaporation from 
drainage canal were dealt as the output parameters for the drainage tank. 
Determination of narameter for height of tank holes 

The initial values of parameters \vere previously set up according to actual farming 
period. In this case, the parameter hp~ for the paddy tank was set up as high as the 
ponding depth of the paddy fields. Occasionally, the ponding depth was 50 mm. 
Furthermore, the levee seepage of the paddy fields hp, was adjusted at 10mm. 

The initial values of ,vater depth were set up according to the average actual water 
depth in the drainage canal. In this case, the drainage for emergency hdJ was set up as 
high as 350 nun, the water depth as the drainage through weir hdt was set up at 175 nun 
and the water depth as leakage through weir hdJ was set up at 75 ITUTI. 

Determination of hole parameter of tank 
The accuracy of predicted data was evaluated by finding the optimal combination of 

coefficients of the tank model The hole parameters were decided by minimizing the 
objective function Z as shown in equation (3). The procedure of optimization was taken 
by trial and error method. The obtained coefficients of the tank model are shov>'I1 in 
Table I. 

n 

Z = L(hOi _/u;,j2/ fwi 
10=1 

Table 1. Obtained Coefficients of Tank Model. 

Paddy tank Drainage tank 

d=O.0269, d,=O.3300, 
d,=O.6300, 

(3) 

aJ=O.0140, a,=O.2000, 
a,=O.6200, b,=D.OIDO, 
hp, = I 0 mm, hp2=50 mm, hd,=75 mm, hd~=175 mm, hd,=350 rnm 



Water balance eualuatim"l and vJater quality analysis, Basri et al 231 

\Vhere, n::numher of data, hn,::the oh.'lerverl water depth, hc,.::::thp calculaterl water 
depth. 

Using the tank model, the unknown values of Qov.tp, in eq. (I) and Qov.td, in eq. (2) 
were predicted. And the other components of water balance were obtained accurately for 
evaluating the reasonable water operation in the system. 

RESULTS AND DISCUSSION 

Water Balance and Concerning Components 
The obtained results of water balance and concerning components are presented in 

Table 2. It shows that the irrigation water applied from creek into paddy fields is based 
on the gruwing stages of paddy crops. Kuroda et al. (1992) reported that, generally in 
the south west of Japan, the daily irrigation water is carried out which taking into 
consideration the growing stages of paddy crops as shown in Table 3. From Table 2, it 
can be seen that the irrigation water (pumped up water) for puddling and transplanting 
stage was around 20rnmlday and for other stages were around 7.S0rnmlday in 1995. In 
t.his area, irrigation facilities are operated by Land Improvement District, which is an 

Table 2. Obtained Water Balance and Concerning Components in Paddy Irrigation System (19D5). 

Date Paddy Tank Drainage Tank 
Month Avg .. ') -------

days (mnVday) (mm/day) 

p Rpi Evp Qoutp, Rd, Evd, Qoutd j 

6 3 19.68 3.30 4.46 19,64 3.;lO 2.0S 19.62 
4 13.;]6 5.70 4.04 14.60 5.70 2.08 14.64 
5 S.W 6.50 4.44 11.36 6.GO 2.04 11.38 
6 7.35 14.25 4.75 14.78 14.25 2.18 14.68 

7 1 0.00 69.00 2.84 64.92 69.00 1.28 65.18 
2 5.S0 17.40 5.76 20.S4 17.40 2.54 21.08 
3 7.84 22.00 5.64 23.80 22.00 2.74 23.90 
4 11.84 0.00 5.55 6.20 0.00 2.68 6.20 
5 5.88 1.60 5.84 4.12 1.60 2.90 4.12 
6 483 0.42 7.93 1.97 0.42 1.60 2.90 

8 1 10.72 0.00 8.36 2.10 0.00 3.84 2.06 
2 8.72 14.:JO 7.88 11.78 14.9() 3.38 11.66 
3 9.35 2.00 5.10 8.58 2.00 2.38 8.74 
4 10.12 1.30 6.60 5.7D 1.30 3.08 5.70 
5 10.04 0.10 7.22 4.62 0.10 3.10 4.60 
6 9.80 10.50 4.55 11.65 10.50 1.95 11.62 

9 5.62 16.60 4.08 19.18 16.60 1.74 1(\()() 
.101.,-"'.' 

2 7.58 2.90 4.54 6.12 2.90 1.94 6.14 
3 980 0.0{) 5.44 5.84 0.00 2.12 5.84 
4 9.80 0.00 6.80 3.84 0.00 2.60 3.82 
5 1.96 24.50 3.58 20.70 24.50 1.30 20.80 
6 5.62 2.70 4.38 4.38 2.70 1.56 4.38 

10 1 0.00 4.80 2.90 4.10 4.80 1.18 4.16 
2 3.84 0.0{) 3.28 1.34 0.00 1.34 1.32 

Avg. 7.85 9.19 5.25 12.17 9.19 2.34 12.20 
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Table 3. Gro,\\,ing stages of paddy crops. 

Grov.ing stage 

la: Puddling and transplanting 
IIa: Tillering 

IlIa: Mid summer drainage 
TVa: Growing 
Va: l<'lowering 

Vlw Mat.ming 
VIIb: Ripening 

a : irrigation period b : no irrigation period 

Period 

June I5-.June 25 
,hme 26-July 24 
,July 25-Aug.l0 
Aug.l1-Aug.31 
Sep.l-Sep.lO 
Sep.l1-0et.6 
Oct.7-0ct.31 

association of farmers for operating and maintaining the irrigation system. In usual, when 
there is rainfall, the irrigation water is not supplied onto paddy crops. However) in a 
certain stage such as the growing and the flowering stages, even though there is rainfall, 
the irrigation water is also applied for anticipating the adequate water due to the 
sensitivity of paddy crops for the shortage water on this condition. 

June 

b c 
1.08 1.08 

July 

abc 
1.08 1.03 1.01 

Table 4. Evaporation Ratio. 

August 

abc 
1.09 1.07 1.16 

\Vhere, a: the first ten days of the month 

>. • 
j 
ci. 
Jj 

b : the second ten days of the month 
c : the third ten days of the month 

15.0 

12.0 

'.0 

'.0 

3.0 

0.0 

September 

abc 
1.1 7 1.30 140 

Fig. 3. Evapotranspiration from paddy fields (1995). 

October 

a 
1.22 



IVnter haw.ncR- (!'1}a1.uaJ-imt an.d water qua/.ity analysis, Basri-et a l. 233 

m IllIY IllID W _llIIllIIlIlIlIli IUIDIlllUlIlIIII un mu if ,:: 1 
j ~O . O L. _____________________________ --' 

n :::: ,--I _@. '_~r_i ___ .. 0_111 _' _~ _"' _---' 

1000. 0 

" I ' m:",,:~~~ .... ~ .... ~::: ...... ~ ....... ... ~ ........... ~ .......... ~ ....... ~~mm 'm",~'1 
,. , 

Jun Jul Au, 
deep eeeplllllG 
weepale from levee 
8urface runoff 

Fig. 4. Dischargp from patidy fields into drainage canal (1995). 

Oct 

The daily evapotranspiration was obtained from daily evaporation data calculated by 
Pe.unan Method using the eomputer program multiplying by the evaporation rat.io. Sat.o 
(1960) proposed the evaporation ratio as ShOV.'ll in Tahle 4. Fig. 3 presents the calculated 
evapot.ranspiration. It can be seen that the value of evapotranspiration fluctuat.ed during 
an irrigation period. In the case of no rainfall between the third ten days of July anrl t.he 
first ten days of August , the values of evapotranpiration tended to increase up to 
8.06nun/day. It is suggested the irrigation water had to he com:erned in this condition. 
The average of evapotranspiration \V~S (J rOl)nrl !) .2!) mm/rl.1.y through parlrly planting 
season. 

Fig. 4 shows that the water discharge from paddy fi elds into drainage canal as retllrn 
fio\\·' has large fluctuation. If there was no a rainfal l, the re t.urn flow \vould decrease about 
less than lOmm/day, hut if there was much rainfall , the return flow would reach to 
100 mmlday or so. The averages of simulated discharge of surface runoff, levee seepage 
and deep seepage from paddy field s into drainage can al were around 4.54 mm/day, 
6. 73 mrn/day and O.52 rrun1day~ respectively. The return flo\\: in the drainage canal was 
around 11 .79 mm/day as the total of those discharges during paddy irrigation season. The 
similar phenomenon wa.'.; pOinted in the previous report (fkushi.ma and Kuroda, 1973). 
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Analysis of Water Quality 
Net substance concentration 

H Basri et al. 

The measuring items of water quality were total nitrogen (Tlv), electric conductivity 
CEC) and chemical oxygen demand (COD). The net substance concentration analysis 
,vas implemented for evaluating the status of water quality in the paddy irrigation system. 
The analyses was conducted by examining the water quality in resource at the Point P in 
the creek as well as in return flow at the Point D in the drainage canal as given in 
equation (4). 

tJ.C=Cout - Cin (4) 

LlC(TN) 

0.5 - - - - - - - - - - - - - - - - - " 

0.0 
'::: e-o.s 

-1.0 

-1.5 

-2.0 ~ ---'-' ---.-.~-- ---~.---

06/19 07/10 07131 08/10 08/21 09/13 10/05 

LlC(EC) 
400 --~--'- ~ 

350 

E 300 
u 

Ul 250 

:t200 

150 

100 
06/19 07110 07131 08/10 08/21 09/13 10/05 

LlC(COD) 

06/19 07/10 07131 08/10 08/21 09/13 10/05 

Fig. 5. Observed values of net substance concentration (1985). 
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·Where !.'1C, Gin and COLd are the net substance concentration, the input substance 
concentration at the Point P and the output subst.ance concentration at the Point D, 
respectively. The dimension of measu ring items are C(TN) ( rn-gll), C(EG) (MSlcm) and 
C(COr;) (mgll). 

The observed values of /lC(TN), /lC(FX) and /lC(COD) are shown in Fig. 5. 
Usually, the purification process of total nitrogen occurs in the system except just after 
the period of fe rtilizer application. As nitrates are held under the condition of poor 
aerat ion due to' flooding water, denit rification process (nitrates can be changed to 
gase ous nitrogen) accelerates the action of vanishing nitrogen from the flooded soil 
(Loehr, 1977). Such phenomenon always occurs in paddy fi elds. These fact.s do not 
conflict with the negative values of /lC(TN) in paddy irrigation season (for example on 
0611 1,07/ 10, 0812 1 and so on) as shown in Fig. 5. 

In this area: t.he first period of fertilizer application was around July 31 st and the 
'econd period of fertitizer application was around August 10th. The observed valuc of 
/lC(TN) was posil.ive just after the first period of fertilizer application (July 31st). It 
would relate to the process of nitrogen adsorption in soil \\ithin few days after fertilizer 
application. At such time: the nitrogen cuncentration in return flow was increased. The 
observed value of /lC(TN) at the second period of fertilizer app li cation (August 10th) in 
Fig. 5 tended to decrease due to the abWldance of rainfall around 74.5rnm/day as shown 
ill Fig. 4. But this phenomenon was not caused by the purification case. It related to 
process of r.he excess water in drifting out nitrogen into the drainage canal This fact. will 
be discussed ill t.he fOlio-wing part. on the analysis of net effluent load. 

The positive values of /lC(EC) and /lC(COIJ) in Fig. 5 mean that the polluted ac tion 
occurred in the paddy irrigation system. The observed values /lC(EC) and /lC(COD) in 
the beginning of irrigation season were rather higher than other period. These values 
were also higher than the restricted index for irrigation water (300MS!cm for C(EC) , 6 
mgll for C(COD). Abundant rainfall as shown in Fig. 4 caused the /lC(EC) to decrease, 
for example on August 10th, >ice versa for /lCrCOD) in Fig. 5. The same phenomena 
were found in the previous report r rabuchi, 1977). 

Net effluent load 
The effluent load analysis was used for evaluating the status of water quality. The net 

effluent load (61.) is given in equation (5). 
61. ~Lout ~ Lin (5) 

in which, Lout~(q()ut ' Cout)iA (6) 
Lin ~(qin . Cin)/A (7) 

\Vl1e re, qin and qO"Ul are the irrigalion water (Vs) and the ret.urn flow from paddy fi elds 
(Us), respectively. SymbolA is the area of paddy fields (hectwre). Lin is the inflow load, 
Lout is the outflow load and the dinlension of measuring items are /lL(TN) (rn-glS!ha), 
61.(EC) (1JSlcm . lIs!ha) and 61.(COD)(rngls!ha). 

Fig. 6 shows the obtained values of 61.(TNJ, 61.(EC) and IlL(COIJ) . From Fig. 6, it 
can be seen that the obtained values of 61.( TN) are generally negative except at the lirst 
period of fertilizer application (around July 3 1st) and at the second period of fertilizer 
application (around August 10th) . These negative evidences show that the purification 
case occurring in the system was reasonable except f~ rtilize r application periods as 
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Fig. 6. OlJt.ainC'd values of net. efn uent load (1 095) , 

mentioned before. The value of f!.C(TN) on July 31st in Fig. 5 was so high due to the 
polluting action in the paddy lITigation system. But the value of f!.L(TN) in Fig. 6 tended 
( 0 decrease due to t.he small amount of Qoutd because of no rainfall on July 3 1st as 
shown in Fig. 4. On the contral1·, the value of f!.L( TN) on August 10th in Fig 6 was 
increased due to the abundant rainfall as shown in Fig. 4. The values of f!.L for concern­
ing items of TN, EC and COD were low on the other measuring dates except on August 
10th, because of the lack rainfall in these dates. The values of f!.L for EC and COD were 
positive during the irrigation period. It means that in this period the polluting action 
occurred in the paddy irrigation system. Furthermore, the abundant rainfall on August 
l ath caused also increasing of f!.L(EC) and i!.L(COD). 

The study area of 10.3 ha was consisted of many paddy plots (more than 40 plots). 
Farmers individually applied the fertilizer for their plots. Each period was, therefore , 
spread for several days. The total dates were around 14 days in this area. Table 5 shows 
the formulated values of each item on f!.L( TN), f!.L(EC) and f!.L(COD) in the normal days 
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Table 5. Formulated valuE:'s of tJ.L OIl the nurmal days ami on the rps1.rictE:'d (iays durillg 
fertilizer apIJlication. 

It.ems 

M"(TN) 
M"(EC) 
I1L(COD) 

Normal days Hestricled days during fertilizer ajJplication 
(around .Iul:,· :n 51 and around August 10th) 

-----

- 1.4 (mg/s/ha) 
l:n .:3 (Ji})'/cm '//slha) 

3.1 (mg/S/ha) 

OJ)737X +0.49 (;ng/.<:;/hu) 

27.4GX + lS4 (ll/)'lcrn 'lis/ha) 
O.69:3X +4.64 (mg/slho) 

237 

----

x : rainfall(mm/day) 

and in the restricted days during the period of fertilizer application. Each item \vas 
strongly Clffecteo hy rainfClll during fertilizer application periods. The values of 8L \vere 
decreased for example on July ;31 st in spite of fertilizer application period, because of no 
rainfall on t.hat day. But in rainy day during fertilizer application period, ~ increased 
linearly with respect to the amount of rainfall for example on August 10th in Fig. 6. 

CONCLUSI()t"~'S 

The \vater balance and the concen)ing components were clarified using a complex 
tank model as shmvn in Table 2. The model was very useful [or simulating the water 
cyclic, especially in performing the unknown parameters of return flow. The return flow 
had severe impacts on water quality, although it improved the efficiency of water use. 

The net subst.ance concentration analysis showed that the purification process of 
total nitrogen (TN) occurred in the paddy irrigation system, except during the periods of 
fertilizer aplllication. The electric conducti'vity (EC) and the chernical oxygen demand 
(COD) increased in the system. These phenomena were also proven by the net effluent 
load analysis. Relationship between net effluent load and rainfall in periods both of 
normal days and restricted days during fertilizer application in the paddy irrigation 
system could be formulated 3,.., shO\vn in Table 5. Generally, the water condition in this 
area was suitable for paddy eulLivatioIl. Hmvevcr, iL \va~ lIllporlanl Lo lIlonilor Ute values 
of TN", EC and COD, because in certain days the values were higher than the restrict.ed 
indexes for paddy crops. 
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