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2001-2005

1,593 (mm/

· ha) 1,381 (mm/ ·ha) 2,570 (mm/ ·ha)

2,227 (mm/ ·ha) 1.85 1 (

) 3.13 1 ( ) 293 mm (63%) 242 

mm (41%)

48.80%

20.45% 19.92%

10.83%  

 

ABSTRACT 

In the article, the water balance theorem was used for evaluating the consumptive 

characteristic of irrigation water on paddy fields, which in the condition of crop irrigated 

during the long-term period. The irrigation area of Huludum main canal was selected as 

an research region, and the each water records and hydrologic data in 2001-2005 was 
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used to analyze. The results show that water requirement (WR) of paddy fields in the first 

and second crop periods were 1,593 and 1,381 (mm/crop period·ha) respectively. With 

considering the conveyance loss, the irrigation water requirement was intake from rivers 

were raised to 2,570 and 2,227 (mm/crop period·ha) in the first and second crop periods.  

The 5 years average of effective rainfall was conducted to analyzed as 293 and 242 

mm in the first and second crop periods, and the usage ratio were respectively showed as 

63% and 41%. The result revel the significance that effective rainfall played a subsidiary 

for irrigation in the first crop period. The study used the water balance theorem was 

conducted to analyze evaluate the consumptive characteristic of irrigation water in a large 

scale paddy region, and the results show the main consumption of water is to recharge the 

groundwater in paddy field system, and the the ratio was 48.80%. Return flow, evapotran-

spiration and effective rainfall were the subsequent in order, and the contributions were 

respectively showed as 20.45%, 19.92%, and 10.83%. Return flow was consists of visible 

return flow and invisible return flow, and the ratio between them in the first crop period 

and second crop period were respectively 1.85:1, and 3.13:1. 

Keywords: Irrigation on paddy field, Water balance, Return flow, Effective rainfall, 

Crop requirement. 
 

 

 

 

1946 831,950 ha 1976

(919,680 ha)

2009 815,462 

ha 384,500 ha

1946 61% 2009

51%

 

1 1989-2008

(20 ) 1989

149.74 / 80.02%

2008

129.60 / 72.09%

20

(73.53%)

(17.23%) (9.24%) 2

( )

1989 2008

119.41

112.12

79.74% 86.51%

 

 



 

1  

 

 

2  

 

17

 

Guerra et al. (1998)

75%

7,900

50%

2020

1995 35%

(1999)

1
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1  

 (mm/ ) (mm/ ) 
 

    

 1,551 1,927 1,300 1,667 

 1,750 2,209 1,466 1,911 

 1,713 2,151 1,458 1,886 

 2,715 3,828 2,275 3,303 

1. 量(Consumptive use) 量

(Evapotranspiration, ET) 

2. 量(Water requirement, WR )

漏量 

3. 量(Field irrigation requirement, 

FIR) 量 量  

(1999)  

 

19.51-29.08% ( ) 22.02-31.12% 

( )

(

) 2001-2005

 

4. 量(Diversion requirement, DIR)

量 量(

)  

( )

(1)  

L

FIR
DIR




1
 ................................... (1) 

DIR 量 FIR

量 L (%)  
 

2.1   

2.2  

( )

1954

25%

 

( )

Bastiaanssen and Chandrapala (2003)

103

Xu et al. (1996)

NOPEX

12%

64% 36% ( 24%

12%) Kerkides et al. (1996)
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Odhiambo and Murty (1996a, 1996b)

Tsubo et al. (2007)

Mekong

( 45%)

Moret et al. (2007)

Aragon

3

64%

56% 44%  

3  

 

flow)  

dt

dS
OI   ................................... (2) 

Malek et al. (1992)

Palomo et al. (2002)

Andreu et al. (1997); Franco et al. (2000); 

Abrisqueta et al. (2001)

5 2 30

Arora 

and Gajri (1996)

SPAW WBM

Alavi (2002) 22

Panigrahi and Panda (2003)

1998-1999 ( )

 

I O

S t  

(2)

(Kerkides et al., 1996)

( 3)

(3) (Malek et al., 1992; Huang et al., 2003

2005)

( 3)

( visible return  

P 

(infiltration)

(seepage) Ph (percolation) Pv Cabangon 

et al. (2002)

(3) (4)

110~150

d

ΔS1 (4)

(5)

Gi≒Go (5) (6)

I

Is Is

hP vP

81 



82 

aI

S

1S

hv PP 

hv PP 

hv PP 

vP

aI

)TR,I,

UR

I

ΔIa

( )

ΔIa

( ) (7)  sII 

ETGI i 

ETGI i 

ETGI i 

ETI crop 

as II 

PGRFTR ocrop v  .........(3) 

dPPGRFTR hvv ocrop   

 ............................. (4) 

ov GRFTR crop  ...... (5) 

vRFTR  .................... (6) 

vRFETTR crop  ........... (7) 

TR (total rainfall) I

(irrigation water) Gi

ETcrop RFv

Go P

(infiltration)

(percolation) Ph (seepage)

S ΔS1

d Is

ΔIa

 

( )

( ) (8)

( )

(<5 mm)

UR

2-6

ΔIa

UR

UR (9) (7)

(10)

( )

 

Gr

(11) Ph

RFi

(12) TR

(13)~(14)  

(11)~(14) (10) (15) (15)

 

(FfER d  ...................................(8) 

ERTR   ..............................(9) 

Pv 

rv G

iRF

RFETIIURER as crop  ..... (10) 

P  ............................ (11) 

vt RFRF   ............................ (12) 



2  

Kc ** Kc *** 
  

FAO 

Kc *     

1-30  -- -- -- -- -- 

31-45  0.6 1.0 0.92 1.01 

46-60  1.0 1.3 

61-75  

1.05 

1.3 1.6 
1.00 1.11 

76-90  1.5 1.7 

91-105  
1.20 

1.5 1.6 
1.13 1.23 

106-120  1.4 1.4 

121-135  1.1 1.0 

135-150  

0.6~0.9 

0.8 0.5 

0.89 0.93 

* FAO http://texaset.tamu.edu/cropcoe.php ** (1996) *** (2005)  

 

0;Δ  TRWhenPIRF hat ....................(13) 

0;Δ  TRWhenPURIRF hat ...........(14) 

rtcropas GRFETIIURER  Δ ....(15) 

83 

ER UR

Fd Gr

RFt

RFv RFi

 

 

2.3  

(Consumptive Use of Crops)

(Evapotranspiration)

(FAO) (ICID)

(ETcrop)

ETo

Kc

(16) ETcrop (Kassam, et 

al., 2001)  

ETo

(FAO)

Doorenbos et al. (1973) Blaney-Criddle Method

Radiation Method Penman Method Pan 

Evaporation Method (1990) (1995)

Modified Penman

(1995) 20

Radiation Method

Penman Method

(1996) Modified 

Penman Modified Blaney-Criddle Radiation Pan 

Evaporation Penman-Monteith 5

Penman-Monteith

Penman-Monteith

(1998)

 

oc ETKETcrop   ........................... (16) 

Penman Method

Penman Monteith Method

Penman Monteith Method 1944

(ICID)

1984 Modified Penman Method

CGS SI

(17)  (Kassam, 

et al., 2001) 2 3 Kc

http://texaset.tamu.edu/cropcoe.php


(2005)

Kc  

3  

)3401(

)(
273

900
)(4080

2

2

U.

eeU
T

SR.
ET

dan

o






  

 ........................... (17) 
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2)3237(

)3237(

2717
2504

.T

.T

T.
exp


















 

ETo (mm/day) Rn

(MJ/m2/day) γ (Kpa/

) U2 2 (m/s) T

( ) ea-ed

(Kpa) S (MJ/m2/day) Δ

(Kpa/ )  

 
(%) 

 
(I) (mm/day)

 1.6 1.0 150.00 

 5.0 1.1 43.70 

(S) 8.0 1.2 25.00 

(LS) 11.6 1.3 15.90 

(SL) 14.9 1.4 11.50 

(L) 18.2 1.5 8.80 

(CL) 21.9 1.6 6.85 

(LC) 27.0 1.7 5.24 

(C) 33.0 1.8 4.04 

 40.0 1.9 3.16 

(HC) 49.0 2.0 2.45 

1970  

 

Caro et al. (1981)

(1993 1994)

(1995)

Odhiambo and Murty (1996a)

Mercer and Faust 

(1980)

 

 

2.4  

(1996)

8

(1997) SAWAH

30

15.483 m3

 

Shan et 

al. (1992) Philip (1957, 1958)

 

1957~1964 433

(

1964)

(18) (18)

( 3) (1993)

I (19)

Saxton et al. (1986)

Saxton

Saxton 314.4 mm/day

(1964) 10.32 mm/day



8.8 mm/day

(18)~(19)  

P = 240/(C×I)  ........................... (18) 
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P

I = 0.932039 + 0.0362642C ‒ 0.000296759C2 

 ........................... (19) 

P (mm/day) C

(%) I ( )  

(18)~(19)

( ) (20)  

PG vr   ........................... (20) 

Gr α

(0~1) Pv  

( )

20-40 cm

(Hardpan) (Plow sole) (

1999) (1998)

(Puddled layer)

(Sharman and De Datta, 1985; Wopereis 

et al., 1992, 1994; Bounman et al., 1994

1999 1999) Sharma and De Datta 

(1985) Tuong et al. (1994)

(Puddled rice field)

(Hydraulic conductivity) 100- 

200 Ferguson, (1970); Sanchez (1973); Wickham 

and Singh (1978) (1998) Kukal and 

Aggarwal (2002)

(2000)

(1999)

3.68

(2003) 3.6  

α

α

Bouwer (1978)

(1962) 1955~1957

<1% 0.06

1~3% 3~8% 8~15%

0.08 0.1 0.12

(1997) SAWAH

71.2~77% 23~28.8

(1998)

5:1 (1999)

0% 2% 3.75%

1:9 1:6 1:4

(1999)

20 cm

( 1999) (2000)

2-10

(1999)

α

0% 2% 3.75% α 0.90

0.86 0.80 (1999)
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90.

1

P

TRs 

(21)

( 0-3.75%)

(22)

 

015400030 2 S.S.  ...................(21) 

  ..................................(22) 

α β S

(%)  

 

2.5  

Zulu et al. 

(1996)

Kaliyada Jayatilaka 

et al. (2003) Itakura (1995)

Anuradhapura (Thirappane 

Tank Cascade system, TCS)

 

 

 

(13)~(14)

(23) (12)

 

PPPRF vhi  ...................... (23) 

RFi Ph

 

 

2.6  

1 11

(1988)

5 mm

 

(1989) Tsai et al. (2005)

TR 

(mm) Y ER

Y ds

(24) 4  

dYER   ................................. (24) 

ER TR ds

Y  



4 ( ) 

 TR (mm) Y (day) ER (mm) 

TR ≤ 5  0 

5 < TR ≤ 9 1 6 

9 < TR ≤ 30 1 + (TR ‒ 9)/6 (1 + (TR ‒ 9)/6) × ds ≤ TR 
1  

30 < TR 1 + (30 ‒ 9)/6 (1 + (30 ‒ 9)/6) × ds ≤ TR 

ƩTR ≤ 5  0 

5 < ƩTR ≤ 9 1 6 

9 < ƩTR ≤ 30 1 + (ƩTR ‒ 9)/6 (1 + (ƩTR ‒ 9)/6) × ds /N ≤ TR 
N  

30 < ƩTR 1 + [(30 ‒ 9)/6] + N (1 + [(30 ‒ 9)/6] + N) ×ds /N ≤ TR 
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4 -  

 
 

2.7  

(

4)

6,207.96 ha

5

(De Datta, 1981; Pandey and Velasco, 

1999)

2006

4,133.32 ha 2,074.64 ha

5 L 38%

0.6135%

110 95  

2001~2005

(ha) 5 6

20.44 mm/day

20.70 mm/day

20.44 mm/day 7

5

2,041~2,314 (mm/ ·ha) 2,145 

(mm/ ·ha) 1,864~2,036 (mm/

·ha) 1,942 (mm/ ·ha)

15 7

(1999) ( 1)

 

 

3.2  

3.2.1  

(2008) 20

 



5  

(%) 
  

   
 (ha) 

 50.52 37.12 12.36  87.00 
 

 48.03 43.31 8.66  595.00 

 60.63 33.47 5.90  164.86 

 55.93 37.62 6.45  377.08 

 52.64 38.95 8.41  316.17 

 54.72 37.71 7.57  353.91 

 

 56.28 33.19 10.53  138.15 

 49.99 42.98 7.03  648.33 

 59.02 37.34 3.64  259.45  

 50.38 44.21 5.41  312.61 

 54.05 37.97 7.98  557.00 

 52.25 43.36 4.39  165.00 

 60.53 34.27 5.20  29.00 

 50.76 42.73 6.51  346.00 

 56.06 41.75 2.19  78.00 

 45.01 47.72 7.27  611.00 

 

 50.21 40.85 8.94  542.00 

 51.53 41.58 6.89  297.30 

 55.38 40.68 3.94  97.50 

 48.03 41.60 10.37  24.00 
 

 55.97 39.97 4.06  208.60 

 

6 (2001-2005 ) 

 
2001 2002 2003 2004 2005 5

 18.56 19.34 19.34 19.25 21.03 19.50 
 

 23.38 16.92 16.70 15.52 20.55 18.61 

 19.62 20.88 20.10 20.17 21.43 20.44 
 

 23.45 22.00 19.67 17.48 20.93 20.70 

110 95 mm/ ·ha  

 

 

5 (mm/day) 
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7 (2001-2005 ) 

 
2001 2002 2003 2004 2005 5

 2,041 2,127 2,127 2,118 2,314 2,145 
 

 2,572 1,861 1,837 1,707 2,260 2,047 

 1,864 1,984 1,910 1,916 2,036 1,942 
 

 2,227 2,090 1,868 1,660 1,989 1,967 

110 95 mm/ ·ha  

 

8  

  P (mm/day) Pv (mm/day) Ph (mm/day)

 8.80 7.83 0.97 
 

 8.80 7.83 0.97 

 11.50 10.23 1.27 

 11.50 10.23 1.27 

 8.80 7.83 0.97 

 8.80 7.83 0.97 

 

 11.50 10.23 1.27 

 8.80 7.83 0.97 

 11.50 10.23 1.27  

 8.80 7.83 0.97 

 11.50 10.23 1.27 

 11.50 10.23 1.27 

 11.50 10.23 1.27 

 8.80 7.83 0.97 

 11.50 10.23 1.27 

 8.80 7.83 0.97 

 

 8.80 7.83 0.97 

 8.80 7.83 0.97 

 11.50 10.23 1.27 

 8.80 7.83 0.97 
 

 11.50 10.23 1.27 

 

( 467490) 1999-2003

2

(16) ~(17)

2 1~12 ETo

3.26 3.67 4.33 4.60 4.83 5.08 4.95 4.52

4.20 3.84 3.76 3.42 mm/day 1~12

ETcrop 3.03 3.38

4.33 4.60 5.46 5.74 5.00 5.02 4.66 4.72

4.63 3.18 mm/day ETcrop

526 (mm/ ·ha) 459 (mm/ ·ha)  

3.2.2  

5 (18)~(19)

3

9.70 mm/day

S = 0.6135% (21) (22)

α = 0.8894 β = 

0.1106 Pv = 8.63 

mm/day Ph = 1.07 mm/day

1,067 (mm/ ·ha) 922 (mm/ · 

ha) 8  

3.2.3  

量

WR ETcrop 8 P  



12.73 

13.08 

14.03 

14.30 

15.16 

15.44 

14.70 

14.72 

14.36 

14.42 

14.33 

12.88 

0

5

10

15

20

1 2 3 4 5 6 7 8 9 10 11 12

Month

W
at

er
 re

qu
ire

m
en

t, 
W

R
 (m

m
/d

ay
)

 

6 量 WR  

 

量 WR 6 WR

6 1 WRmax = 15.44 mm/day

WRmin =12.73 mm/day

WR

1,593 (mm/ ·ha) 1,381 

(mm/ ·ha)

量 DIR

L = 38% WR

(1) DIR

2,570 (mm/ ·ha) 2,227 (mm/

·ha) 1 7
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3.2.4  

2001~2005 4

ER

UR

9 5

1,785 mm/yr 791 

mm/yr 10 ~4

76~92% (5 ~9 )

42~68% 10

TR 463 (mm/ ·ha)

593 (mm/ ·ha)

293 (mm/ ·ha) 242 (mm/

·ha)

63%

41%

( )

 

3.2.5  

L = 

38%

WR

ETo

ETo 0.3037

0.6927 Pv Ph

0.6234 0.0693

11 454 (mm/

·ha) 586 (mm/ ·ha)  

3.2.6  
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9 (2001-2005 ) 

  1 2  3  4 5 6 7 8 9 10 11  12  

 TR 87   5  51 236 221 181 612 257 565  10   2   8 2,233

2001 ER 60   4  49 162 144 119 167  53 140  10   2   5 914

 ER/TR 69  80  96  69  65  66  27  21  25 100 100  63 65

 TR 11   2  18   7 161  86 336 136 109  20   5  47 936

2002 ER  9   2  11   8 110  74 195 115  84  20   2  45 673

 ER/TR 81 100  61 121  68  85  58  84  77 100  44  96 81

 TR 19  18  41 149 113 244  93 179  16   1   0   0 871

2003 ER 15  18  39 114  73 129  79 119  15   0   0   0 600

 ER/TR 81 100  95  77  65  53  85  66  97   0 N N 72

 TR 14  77  83  94 177  69 1005 448  74  21   0  48 2,107

2004 ER 14  72  85  77  95  48 171 152  74  21   0  42 849

 ER/TR 96  94 103  82  54  70  17  34 100 100 N  88 76

 TR 13 189 258  38 375 870 476 399 108  13  12  29 2,778

2005 ER 10 107 152  43  75 168  99 173  44  13  10  29 922

 ER/TR 80  56  59 113  20  19  21  43  40 100  83 100 61

 TR 28  58  90 105 209 290 504 284 174  13   4  26 1,785

 ER 21  40  67  81  99 108 142 122  71  13   3  24 791

 ER/TR 82  86  83  92  54  59  42  50  68  80  76  87 71

1 110 95  

2 TR ER mm/ ·ha  

3 ER/TR %  

 

10 (2001-2005 ) 

 
2001 2002 2003 2004 2005 5

TR 538 205 357 353 861 463 

ER 384 164 304 257 359 293 

UR 155 41 54 97 502 169 
 

ER/TR 71 80 85 73 42 63 

TR 1231 311 227 642 556 593 

ER 266 257 165 295 228 242 

UR 965 53 62 347 328 351 
 

ER/TR 22 83 73 46 41 41 

1 110 95  

2 TR ER UR mm/ ·ha  

3 ER/TR %  

 

9.70 mm/day

α = 0.8894 Pv = 8.63 

mm/day Pv = 8.63 

mm/day ( 110

95 ) 12

949 (mm/ ·ha)

820 (mm/ ·ha)

278 (mm/ ·ha) 365 (mm/ ·ha)

1,227 (mm/ ·ha)

1,185 (mm/ ·ha)

Xu and Mermoud (2003)

3  
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11 (2001-2005 ) 

 

 
2001 2002 2003 2004 2005 5

ETo 313 86 78 37 213 145 

Pv 599 164 149 70 408 278 

Ph 67 18 17 8 45 31 P 

 665 182 166 78 453 309 

 

L 978 268 243 114 667 454 

ETo 260 218 150 86 187 180 

Pv 528 442 304 174 379 365 

Ph 59 49 34 19 42 41 P 

 586 491 338 194 421 406 

 

L 847 709 487 280 608 586 

ETo L mm/ ·ha  

 

12 (2001-2005 ) 

 

 
2001 2002 2003 2004 2005 5

Pv 949 949 949 949 949 949 

Pv 599 164 149 70 408 278  

 1,548 1,113 1,098 1,019 1,357 1,227 

Pv 820 820 820 820 820 820 

Pv 528 442 304 174 379 365  

 1,348 1,262 1,124 994 1,199 1,185 

mm/ ·ha  

 

13 (2001-2005 ) 

 

 
2001 2002 2003 2004 2005 5

ΔIa 530 0 0 0 0 106 

UR 155 41 54 97 502 169  

 685 41 54 97 502 276 

ΔIa 363 106 0 0 0 94 

UR 965 53 62 347 328 351  

 1328 159 62 347 328 445 

註：UR 為無效雨量：ΔIa為超量引灌部分；單位為 mm/期作·ha。 

 

 

3.2.7  

ΔIa (

) UR

13 14  
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14  

 
2001 2002 2003 2004 2005 5

Ph 118 118 118 118 118 118 

Ph 67 18 17 8 45 31  

 184 136 134 125 163 149 

Ph 102 102 102 102 102 102 

Ph 59 49 34 19 42 41  

 160 151 135 121 144 142 

mm/ ·ha  

 

15  

 
2001 2002 2003 2004 2005 5

 685 41 54 97 502 276 

 184 136 134 125 163 149  

 869 177 188 222 665 424 

 1,328 159 62 347 328 445 

 160 151 135 121 144 142  

 1,489 310 197 468 472 587 

mm/ ha  

 

276 (mm/ ·ha) 445 

(mm/ ·ha) 142 (mm/

·ha) 142 (mm/ ·ha)

3

15 424 (mm/

·ha) 587(mm/ ·ha)  

 

3.3  

2001-2005

16

TR Is ± ΔIa

ETcrop Gr

ER RFt 4

2,510 (mm/ ·ha) 2,470 (mm/ ·ha)

40 (mm/ ·ha) 4.67%

2,560 (mm/ ·ha) 2,473 (mm/

·ha) 87 (mm/ ·ha)

5.18%

17

5,070 (mm/ ·ha) 4,944 

(mm/ ·ha) 126 (mm/

·ha) 4.91%  

18

48.80% Ji et al. 

(2007)  
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16  

   2001 2002 2003 2004 2005  

ER 384 164 304 257 359 293 
TR 

UR 155 41 54 97 502 169 

Is ± ΔIa 2,572 1,861 1,837 1,707 2,260 2,047 
 

I 3,110 2,066 2,194 2,060 3,121 2,510 

ETcrop 526 526 526 526 526 526 

Gr 1,548 1,113 1,098 1,019 1,357 1,227 

ER 384 164 304 257 359 293 

RFt 869 177 188 222 665 424 

 

O 3,326 1,980 2,115 2,023 2,907 2,470 

I-O (217) 86 78 37 214 40 

 

 
I-O % 6.97 4.17 3.57 1.79 6.85 4.67 

ER 266 257 165 295 228 242 
TR 

UR 965 53 62 347 328 351 

Is ± ΔIa 2,227 2,090 1,868 1,660 1,989 1,967 
 

I 3,458 2,400 2,095 2,302 2,544 2,560 

ETcrop 459 459 459 459 459 459 

Gr 1,348 1,262 1,124 994 1,199 1,185 

ER 266 257 165 295 228 242 

RFt 1,489 310 197 468 472 587 

 

O 3,561 2,288 1,945 2,216 2,357 2,473 

I-O (103) 112 150 86 187 87 

 

 
I-O % 2.98 4.67 7.17 3.74 7.36 5.18 

mm/ ·ha  

 
17  

 2001 2002 2003 2004 2005 5

ER 650 421 469 551 586 535 
TR 

UR 1,120 94 115 444 830 520 

Is ± ΔIa 4,799 3,951 3,705 3,368 4,249 4,014 
 

I 6,568 4,466 4,288 4,362 5,665 5,070 

ETcrop 985 985 985 985 985 985 

Gr 2,896 2,375 2,222 2,013 2,556 2,412 

ER 650 421 469 551 586 535 

RFt 2,358 487 385 690 1,137 1,011 

 

O 6,888 4,268 4,060 4,239 5,264 4,944 

I-O (320) 198 228 123 401 126 

I-O % 4.87 4.44 5.32 2.82 7.08 4.91 

mm/ ·ha  

 

2004

43% (840 mm)

20.45%

19.92%

10.83%
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18  

    

ETcrop 21.29 18.56 19.92 

Gr 49.67 47.92 48.80 

ER 11.87 9.79 10.83 

RFt 17.17 23.74 20.45 

 

   

1. 

1,593 (mm/ ·ha) 1,381 (mm/ ·ha)

2,570 (mm/ ·ha)

2,227 (mm/ ·ha)  

2. 

1.85:1 3.13:1

(293 mm)

(63%) 242 mm (41%)

 

3. 

48.80%

20.45%

19.92%

10.83%  
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