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Table 4.32 Seasonal irrigation allocation quantities and yield reduction for 
55 percent reduction in CAP capacity 

Field Crop Demand.·(mm) Allocation Yield reduction 
(mm)· (%) 

27 Cotton 1234 1218 1 

30 Barley 720 701 3 

32E Wheat 972 945 3 

32W Wheat 940 876 8 

33 Barley 722 708 2 

34 Barley 747 713 5 

35 Barley 744 721 4 

37 Barley 730 725 1 

38 Grapes 920 900 2 

39 Barley 741 736 1 

4.4 Relaxation of the FAD crop response model assumption 

The water allocation model evaluated above was developed using FAD crop 

response models to compute the actual yield of the crops. FAD crop response 

models are valid for water deficits of up to about 50 percent. However, Howell et 

al. (1990) reported a linear relationship between relative yield, (Y,,/Y m), and relative 

evapotranspiration, (ET"/ET m), for dry matter and grain production of wheat for 

greater water deficits. The actual field data showed a linear relationship up to 

about 55 percent water deficit for wheat. Bhuiyan and Undan (1990) reported a 

linear relationship between the amount of irrigation water applied at or before 
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flowering and yield of mungbeans for a wide range of irrigation application 

quantities. They reported similar results for cowpeas, peanuts and soybeans when 

crop dry matter quantities were related to the amounts of applied water. Relaxation 

of the FAD crop response model limitation assumption is considered reasonable for 

small grains and some other crops. 

The allocation model was rerun without the minimum crop irrigation 

limitation but with the 50 percent reduction in CAP capacity. An optimal solution 

was found at the 236th iteration. A new basis with different water allocation 

quantities was found in comparison with previous results. The estimated seasonal 

net benefit was found to be 441,770 dollars, 42 dollars more than previously 

obtained results with the minimum irrigation water limitation and 50 percent CAP 

capacity reduction. 

Thus, relaxation of the FAD crop response model increased the estimated 

net benefit very slightly. In addition, there is a concern about the linearity of the 

crop response model when water deficits exceeds 50 percent. 

4.5 Postoptimality analysis of the water allocation model 

The water allocation model developed in this study, formulated in the 

Chapter III, consists of an objective function which was subject to constraints 

related to irrigation water availability, canal carrying capacity and irrigation water 
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demands. The objective function was the maximization of net returns to crop 

production. 

The coefficients of the objective function depend on the.crop yields, crop 

prices and irrigation water cost. These pa'rameters vary from year to year due to 

changes in the input and product prices, weather and technological changes. The 

water supply from CAP outlet or wells was fixed in this analysis, but could vary 

due to pump breakdown or an increase in pumping capacity. Similarly, canal 

carrying capacity was a fixed value in the optimization model, but could be 

increased by constructing a new canal. The effect of some changes in operating 

parameters (crop prices, water supply, canal carrying capacity and irrigation water 

cost) on the optimal solution can be investigated through postoptimality analysis. 

The postoptimality analysis also determines the stability of the solution of the 

model. 

4.5.1 Crop prices 

A price range, ± 10 and ± 20 percent from actual crop prices of 1988-89, 

was used in a postoptimality analysis to determine the changes in the optimal 

solution. The sensitivity analysis for an individual crop was performed by entering 

a new price value for one crop without changing the prices for other crops. For" All 

crops" analysis, a ± 10 and ± 20 percent change in prices for all crops, i.e. barley, 

cotton, grapes and wheat, was used in the allocation model analysis (Figures 4.8 
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and 4.9). It was found that the basis of the solution did not change for any of the 

tests although the net benefit changed. Thus, the solution to the allocation model 

can be considered stable for the range of crop prices used in this analysis. 
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Figure 4.8 Effect of crop prices, a ± 10 percent change from the actual 

crop prices of 1988-89, on the net benefit. 
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Figure 4.9 Effect of crop prices, a ± 20 percent change from the actual 

crop prices of 1988-89, on the net benefit. 
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4.5.2 Irrigation water cost 

Water cost was determined and assigned by the Irrigation District which 

charged a constant price per unit of water allocated throughout the irrigation 

season. Results of the postoptimality analysis evaluating effects of irrigation water 

cost are presented in Figure 4.10. The cost range used in the sensitivity analysis 

was similar to the crop price range, i.e. ± 10 and ± 20 percent from the irrigation 

cost in 1988-89. The basis of the solution to the allocation model remained 

unchanged for the above mentioned range of irrigation water costs. The result of 

irrigation water cost increases was simply decreased net benefits. 
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Figure 4.10 Effect of irrigation water cost on the net benefit. 
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4.5.3 Available water supply and demand functions for water 

The net benefit of additional water supplies is positive for values up to 

17,930 ha-mm (Figure 4.11 and Table 4.33). The needed increase in water supply 

capabilities could be obtained by increasing capacity of the CAP inlet. The irrigation 

allocation recommendations remain unchanged for water supplies greater than 

17,930 ha-mm since irrigation water demands are fully met (Figure 4.11 and Table 

4.33). 

The changes in slope of the relationship between the water supply and net 

benefit resulted from changes of the solution basis (Figure 4.11). The shadow 

prices for additional water supply varied from 1.720 to 0.308 $/ha-mm as the 

water supply increase from 15,420 to 17,930 ha-mm. The shadow price decreases 

as water supplied increase. 

The shadow price of irrigation water is its opportunity cost; this cost is 

equal to the marginal value product of irrigation water. Thus, the relationship 

between the shadow price and water supply quantity, termed the demand function 

of water, can be used to predict the economic value of irrigation water for different 

quantities of water supply. 
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Table 4.33 Changes in net benefit for different quantities of water supply 

. 

. Water supply ,ha~mrri ...•. ···Net . benefit, dollars 

15120 Infeasible solution3 

15420 438,340 

15725 439,610 

16030 440,530 

16330 440,950 

16630 441,340 

16930 441,610 

17140 441,730 

17540 441,900 

17840 441,990 

18000 442,015 

18500 442,015 

34272 442,015 

3Due to the violation of the minimum irrigation limitation. 
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Figure 4.11 Effect of irrigation water supply on the net benefit. 

Sensitivity analysis was used to derive the demand function curves for these 

examples irrigation periods having highest water demand (Table 4.34 and Figures 

4.12 to 4.14). The location of the change in slope was approximated in the Figures 

4.12 to 4.14 as the exact location can not be found by GAMS. The reason for the 

variation in shadow prices for water among the irrigation periods is the variation 

in irrigation demand quantities. 



Table 4.34 Demand functions for irrigation water 
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Figure 4.12 Demand function for irrigation water in week 21 
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Figure 4.13 Demand function for irrigation water in week 22 
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4.5.4 Canal carrying capacity 

MAC irrigation is constrained by water delivery capacity and irrigation 

period length. The MAC canals have sufficient delivery capacity to meet irrigation 

water demand during all irrigation periods with the existing cropping pattern. The 

MAC canals are capable of delivering up to 24 percent more than permitted by 

current CAP inlet capacity of 0.5667 m3/s. 

4.5.5 Optimal area and irrigation water 

The allocation model discussed above was modified to a nonlinear 

formulation to find the optimal irrigation area and water allocation quantity 

simultaneously. The nonlinear programming version of the allocation model was 

written in GAMS. The objective function was identical with the linear programming 

formulation since the FAO crop response model is linear. The constraint equations 

were similar to those in the linear formulation except the equations were nonlinear 

where area was used as a variable. 

GAMS was used to compile and solve the nonlinear allocation model with 

50 and 55 percent reduction in CAP capacity to compare the results with the linear 

version of the allocation model. The optimal solutions were found using the GAMS 
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nonlinear algorithm, MINOS4
, at the 119th iteration. The estimated net benefits 

and shadow prices of water for linear and nonlinear formulations were identical. 

Thus, the linear programming formulation used in this study can be used to 

effectively find optimal irrigation allocation quantity. 

4MINOS stands for Modular In-core Nonlinear Optimization System. 
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CHAPTER V 

MODEL APPLICATION 

5.1 Application of allocation model as a management tool 

The evaluation tests described in Chapter IV, are examples of using the 

allocation model as a planning tool. The allocation model could also be used as a 

management tool. The allocation model could be run from a given date using 

current crop and water status data to obtain recommendations about subsequent 

week decisions. During the following weeks, the model then could be rerun with 

updated data. The updated data could include past water allocation data and 

revised maximum potential yield (V m) estimates. A computer program written in 

QuickBasic to compute revised V m values using FAO crop response models is 

presented in Appendix Table C.1. When used in the described manner, the water 

allocation model could serve as a real time management tool for allocating irrigation 

water. 

5.2 Application of allocation model in other irrigation projects 

One of the guidelines of this research was to develop a general water 

allocation model that can be applied to other similar canal based irrigation systems. 

The allocation model was validated using the soils, crops, canal description and 



120 

management data of the Maricopa Agricultural Center. The test results 

demonstrated allocation model applicability at MAC. Thus, it is expected that 

water allocation model also can be applied to different surface irrigation projects 

in other geographical areas. 

The water allocation model uses input data from the irrigation scheduling 

and crop response models. Thus, the general application of the water allocation 

model depends on the input requirements and results of these models. 

The irrigation scheduling model uses "growing degree days" based crop 

coefficients. This consideration helps to make the model applicable to other 

geographical locations. The input data requirements often are used as a criterion 

to determine the general applicability of irrigation management models. The 

irrigation scheduling model used in this study requires limited site specific soil, crop 

and weather information. 

FAO crop response models are based on results from different geographical 

locations. Thus, the FAO crop response model can be used for almost any irrigation 

area of the world. However, locally available crop response models may more 

accurately predict crop yields in response to irrigation water applications. 

The canal model examines allocation feasibility and recommends settings of 

control and turnout structures. The canal model used in this study is not capable 
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of accepting some standard control structures and turnouts, such as jack gate and 

trapezoidal ditch check, since it was specifically formulated for a canal irrigation 

project of Thailand. However, the model can be applied to other canal based 

irrigation projects with the inclusion of needed control structures and turnouts. 

The allocation model uses multiperiod linear programming to allocate 

irrigation water in both time and space. The objective function was net benefit 

maximization, which is a common goal for irrigation projects. The constraints used 

in the allocation model, such as canal carrying capacity and water availability, can 

limit full irrigation practices in many surface irrigation projects. Worldwide 

availability of linear programming algorithms, like BDMLP used in this study, makes 

the allocation model applicable to different irrigation projects where site specific 

considerations can be addressed. 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

6.1 Summary 

An irrigation water allocation model was developed for irrigation planning 

and management to provide information for optimal allocation decisions for 

multicrop farming. Multiperiod linear programming was used to incorporate the 

interrelated factors of irrigation water demands, irrigation water supply, crop 

response to water, canal carrying capacity and water allocation criteria with the 

objective of maximizing the farm income. The allocation factors varied with both 

time and space. Basic input data used in the model were the maximum crop yield, 

crop price, irrigation water cost, irrigation labor cost, yield response factor, 

irrigation water demands, water supply and canal carrying capacity. Irrigation 

water demands of the crops were obtained from the irrigation scheduling program 

developed by the Department of Agricultural and Biosystems Engineering, 

University of Arizona (Scherer et a!., 1990). FAO yield response factor reported by 

Doorenbos and Kassam (1979) were used to compute crop yield from irrigation 

water applications. Crop yield values were then used by the allocation model to 

recommend irrigation water allocation. A canal delivery model developed by the 

Department of Agricultural and Irrigation Engineering, Utah State University 

(Merkley, 1991) was used to check the ability of the canal system to supply the 
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recommended allocation quantities. 

The allocation model was evaluated using crops, soils, canal description and 

irrigation management data of the Maricopa Agricultural Center, University of 

Arizona. The model was solved with the BDMLP linear programming algorithm of 

GAMS, a computer optimization package (Brooke, 1988). The allocation model 

was validated with the actual field data from MAC. The estimated annual benefit 

was found to be 442,000 dollars without water supply limitations. Cotton and 

grape fields received full irrigation throughout the growing season when CAP inlet 

capacity was reduced by 50 percent from its existing capacity. However, one 

wheat and two barley fields were stressed at the flowering stages resulting in 

reduced crop yields for the wheat and barley fields. The estimated yield reduction 

varied 1 to 3 percent. When CAP inlet capacity was reduced by 55 percent, five 

barley, one cotton, the grape and two wheat fields were allocated less than full 

irrigation quantities during different weeks of the growing season. The estimated 

yield reduction varied from 1 to 8 percent. The canals were found to be capable 

of distribution of irrigation water as recommended by the allocation model in the 

subsequent canal model tests. 

The allocation model was used to examine the effects of the parameters, 

i.e. crop price, irrigation water cost and water supply, on the solution of the 

allocation model. Solutions obtained using the possible variations of these 

parameters in postoptimality analysis indicated the allocation model solution was 
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stable. 

6.2 Conclusions 

1 . A multiperiod linear programming model can provide worthwhile irrigation 

allocation recommendations for use in irrigation system planning. The model 

also can be used in systematic analysis of parameters that influence the 

allocation decisions. 

2. A water allocation model can be used to provide real time management 

recommendations for maximizing irrigation water benefits. 

3. The FAD crop response model can provide a satisfactory estimate of crop 

yield resulting from irrigation water allocation decisions, but site specific 

data are preferred when available. 

4. Available water supply is a limiting resource that affects water allocation 

decisions and net revenue. Where canal carrying capacity limits allocation 

quantities, analysis could determine the benefits of increased capacity. 

5. The available FAD yield response factors predict crop yield assuming all 

growth periods except the period under consideration receive full irrigation. 

Yield response factors that predict the cumulative effect of individual 
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growth period allocations on final yield could improve benefit estimation 

capabilities. 

6. The interaction of the irrigation scheduling, crop response, water allocation 

and canal delivery elements is very important to irrigation system 

management. A careful selection of irrigation scheduling and crop response 

models is essential to providing an accurate physical basis for making 

appropriate irrigation allocation decisions. An accurate evaluation of canal 

delivery capability is essential to the evaluation of allocation feasibility. 

7. The allocation model developed in this study is judged applicable to other 

similar canal based irrigation projects. However, appropriate submodel 

constraints will be needed to match physical characteristics and data 

availability of those projects. 

In addition to the above conclusions, the following observations were made relative 

to the use of a water allocation model: 

1 . The use of constant irrigation efficiency values throughout the crop growing 

season can underestimate the irrigation water demands during the initial 

growth stages. Thus, irrigation efficiency values that vary with the crop 

growing periods should be utilized if available. 
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2. The cropping pattern and schedule are key elements in determining the 

irrigation requirements. Cropping patterns could be evaluated to estimate 

relative benefits using the optimization model. 

3. Postoptimality analysis is necessary to check the stability of allocation 

model solutions and also to determine the parameters most influencing 

allocation recommendations. 
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APPENDIX A 

WATER ALLOCATION MODEL CODE IN GAMS 



Table A.1 Water allocation model code in GAMS 

STITLE Water Allocation Hodel for HAC 

SOFFUPPER 

SETS 

water sources 

/ CAP / 

J field numbers 

/ FIEL027 * FIEL031, 
FIEL032E, FIEL032W 
FIEL033 * FIEL039/ 

K time steps 

SCALARS 

/ PERIOD1 * PERIOD52 /; 

PX cost of water in dollar per cubic meter / 0.0418 / 
SCOST irrigation labor cost in dollar per ha per irrigatn / 7.41 / 
COEPTH canal depth in meter / 0.762 / 
CBEO canal bed in meter / 0.61 / 
SSLOPE canal side slope / 1.00 / 
ROUGH Hannings roughness coefficient / 0.013 / 
FREBOARD freeboard in the main canal in fraction / 0.20 / 
CAPC Hax CAP outlet capacity in cubic meter per sec / 0.56667 / 
SLOPE main canal slope in fraction / 0.0007 / 
HINIRRI minimum irrigation requirement / 100 / 
lRTIME total irrigation time in hour / 168 /; 

PARAMETER 

FSIZE(J) field FSIZE in hectare 

/FIELD27 34.54, 
FIEL028 38.47, 
FIELD29 36.71, 
FIELD30 36.59, 
FIELD31 34.89, 
FIELD32E 18.86, 
FIELD32W 19.22, 
FIELD33 13.17, 
FIELD34 14.43, 
FIELD35 14.38, 
FIELD36 13.50, 
FIELD37 18.69, 
FIELD38 18.69, 
FIELD39 18.22/; 
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Table A.1 Water allocation model code in GAMS (Continued) 

PARAMETER 

PY(J) crop price in dollar per tonne 

IFIELD27 1577, 
FIELD28 1577, 
FIELD29 1577, 
FIELD30 121, 
FIELD31 1577, 
FIELD32E 143, 
FIELD32W 143, 
FIELD33 121, 
FIELD34 121, 
FIELD3S 121, 
FIELD36 1577, 
FIELD37 121, 
FIELD38 772, 
FIELD39 121/; 

TABLE D(J,K) water demand by fields and periods in millimeter 

PERIOD1 PERIOD2 PERIOD3 PERIOD4 PERIODS PERIOD6 PERIOD7 PERIOD8 

FIELD27 0 0 0 0 0 0 0 0 
FIELD28 0 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 0 0 0 0 
FIELD30 0 0 0 0 0 0 0 0 
FIELD31 0 0 0 0 0 0 0 0 
FIELD32E 0 0 0 0 0 0 ,0 0 
FIELD32W 0 0 0 0 0 0 11J0 0 
FIELD33 0 0 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 0 
FIELD3S 0 0 0 0 0 0 0 0 
FIELD36 0 0 0 0 0 0 0 0 
FIELD37 0 0 0 0 0 0 0 0 
FIELD38 0 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 0 

PERIOD9 PERIOD10 PERIOD11 PERIOD12 PERIOD13 PERIOD14 PERIOD1S 

FIELD27 0 0 0 0 0 0 0 
FIELD28 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 0 0 0 
FIELD30 0 0 0 100 0 100 0 
FIELD31 0 0 0 0 0 0 0 
FIELD32E 0 0 0 0 0 0 0 
FIELD32W 0 0 0 0 100 0 100 
FIELD33 0 0 0 0 0 100 0 
FIELD34 0 0 100 0 0 100 0 
FIELD35 0 0 0 0 0 0 100 
FIELD36 0 0 0 0 0 0 0 
FIELD37 0 0 0 0 0 0 0 
FIELD38 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 
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Table A.1 Water allocation model code in GAMS (Continued) 

PERlOO16 PERlOO17 PERlOO18 PERlOO19 PERlOO20 PERlOO21 PERlOO22 

FIELD27 0 0 0 0 0 0 0 
FIELD28 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 0 0 0 
FIELD30 0 100 100 0 100 111 109 
FIELD31 0 0 0 0 0 0 0 
FIELD32E 100 0 0 100 0 100 127 
FIELD32W 0 100 0 128 0 136 128 
FIELD33 100 0 100 0 100 103 111 
FIELD34 100 0 100 0 113 114 120 
FIELD35 0 100 0 0 100 107 116 
FIELD36 0 0 0 0 0 0 0 
FIELD37 100 0 100 0 100 100 105 
FIELD38 0 0 0 0 0 0 121 
FIELD39 100 0 0 100 100 100 0 

PERlOO23 PERlOO24 PERlOO25 PERlOO26 PERlOO27 PERlOO28 PERlOO29 

FIELD27 100 0 0 0 100 0 0 
FIELD28 0 0 0 0 0 100 0 
FIELD29 0 100 0 0 0 100 0 
FIELD30 0 0 0 0 0 0 0 
FIELD31 0 100 0 0 114 0 140 
FIELD32E 143 120 0 143 139 0 0 
FIELD32W 0 0 148 0 0 0 0 
FIELD33 108 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD35 105 116 0 0 0 0 0 
FIELD36 0 0 100 0 0 122 0 
FIELD37 108 117 0 0 0 0 0 
FIELD38 122 0 157 153 0 0 185 
FIELD39 116 106 119 0 0 0 0 

PERlOO30 PERlOO31 PERlOO32 PERlOO33 PERlOO34 PERlOO35 PERlOO36 

FIELD27 119 137 0 0 155 0 151 
FIELD28 0 119 0 144 0 0 172 
FIELD29 105 0 127 0 145 135 0 
FIELD30 0 0 0 0 0 0 0 
FIELD31 0 130 0 141 0 150 0 
FIELD32E 0 0 0 0 0 0 0 
FIELD32W 0 0 0 0 0 0 0 
FIELD33 0 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD35 0 0 0 0 0 0 0 
FIELD36 149 0 144 0 0 180 153 
FIELD37 0 0 0 0 0 0 0 
FIELD38 0 0 0 182 0 0 0 
FIELD39 0 0 0 0 0 0 0 
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Table A.1 Water allocation model code in GAMS (Continued) 

PERlOO37 PERlOO38 PERIOD39 PERIOD40 PERIOD41 PERIOO42 PERlOO43 

FIELD27 1S0 0 149 0 173 0 0 
FIELD28 0 167 0 160 0 0 1S7 
FIELD29 140 137 0 143 0 0 0 
F1ELD30 0 0 0 0 0 0 0 
FIELD31 162 0 178 0 179 0 0 
FIELD32E 0 0 0 0 0 0 0 
FIELD32W 0 0 0 0 0 0 0 
FIELD33 0 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD3S 0 0 0 0 0 0 0 
FIEL036 0 183 0 180 0 0 0 
FIELD37 0 0 0 0 0 0 0 
FIELD38 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 

PERlOO44 PERIOD4S PERIOD46 PERIOD47 PERIOD48 PERIOD49 PERIOOSO 

FIELD27 0 0 0 0 0 0 0 
FIELD28 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 0 0 0 
FIELD30 0 0 0 0 0 0 0 
FIELD31 0 0 0 0 0 0 0 
FIELD32E 0 0 0 0 0 0 0 
FIELD32W 0 0 0 0 0 0 0 
FIELD33 0 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD3S 0 0 0 0 0 0 0 
FIELD36 0 0 0 0 0 0 0 
FIELD37 0 0 0 0 0 0 0 
FIELD38 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 

PERIODS1 PERIOD52 

FIELD27 0 0 
FIELD28 0 0 
FIELD29 0 0 
FIELD30 0 0 
FIELD31 0 0 
FIELD32E 0 0 
FIELD32W 0 0 
FIELD33 0 0 
FIELD34 0 0 
FIELD35 0 0 
FIELD36 0 0 
FIELD37 0 0 
FIELD38 0 0 
FIELD39 0 o· , 
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Table A.1 Water allocation model code in GAMS (Continued) 

TABLE HET(J,K) maximum ET by fields and periods in millimeter 

PERIOD1 PERIOD2 PERIOD3 PERIOD4 PERIODS PERIOD6 PERIOD7 PERIOD8 

FIELD27 0 0 0 0 0 0 0 0 
FIELD28 0 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 0 0 0 0 
FIELD30 0 0 0 0 0 0 0 0 
FIELD31 0 0 0 0 0 0 0 0 
FIELD32E 0 0 0 0 0 0 0 0 
FIELD3211 0 0 0 0 0 0 54 0 
FIELD33 0 0 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 0 
FIELD35 0 0 0 0 0 0 0 0 
FIELD36 0 0 0 0 0 0 0 0 
FIELD37 0 0 0 0 0 0 0 0 
FIELD38 0 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 0 

PERIOD9 PERIOD10 PERIOD" PERIOD12 PERIOD13 PERIOD14 PERlOO15 

FIELD27 0 0 0 0 0 0 0 
FIELD28 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 0 0 0 
FIELD30 0 0 0 30 0 32 0 
FIELD31 0 0 0 0 0 0 0 
FIELD32E 0 0 0 0 0 0 0 
FIELD3211 0 0 0 0 50 0 56 
FIELD33 0 0 0 0 0 25 0 
FIELD34 0 0 46 0 0 41 0 
FIELD35 0 0 0 0 0 0 29 
FIELD36 0 0 0 0 0 0 0 
FIELD37 0 0 0 0 0 0 0 
FIELD38 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 

PERIOD16 PERIOD17 PERIOD18 PERIOD19 PERIOD20 PERIOD21 PERIOD22 

FIELD27 0 0 0 0 0 0 0 
FIELD28 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 0 0 0 
FIELD30 0 37 49 0 104 98 95 
FIELD31 0 0 0 0 0 0 0 
FIELD32E 40 0 0 101 0 68 87 
FIELD3211 0 72 0 149 0 116 107 
FIELD33 36 0 43 0 101 87 86 
FIELD34 53 0 69 0 136 94 99 
FIELD35 0 45 0 0 103 85 95 
FIELD36 0 0 0 0 0 0 0 
FIELD37 26 0 39 0 91 78 89 
FIELD38 0 0 0 0 0 0 134 
FIELD39 26 0 0 84 61 85 0 
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Table A.1 Water allocation model code in GAMS (Continued) 

PERlOO23 PERlOO24 PERlOO25 PERIOD26 PERlOO27 PERlOO28 PERlOO29 

FIELD27 33 0 0 0 64 0 0 
FIELD28 0 0 0 0 0 38 0 
FIELD29 0 27 0 0 0 58 0 
FIELD30 0 0 0 0 0 0 0 
FIELD31 0 60 0 0 81 0 100 
FIELD32E 103 93 0 120 119 0 0 
FIELD32W 0 0 131 0 0 0 0 
FIELD33 90 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD35 86 95 0 0 0 0 0 
FIELD36 0 0 62 0 0 87 0 
FIELD37 86 98 0 0 0 0 0 
FlELD38 101 0 131 128 0 0 164 
FIELD39 94 86 99 0 0 0 0 

PERlOO30 PERlOO31 PERIOD32 PERIOD33 PERIOD34 PERlOO35 PERlOO36 

FIELD27 82 106 0 0 128 0 124 
FIELD28 0 80 0 104 0 0 137 
FIELD29 n 0 94 0 113 110 0 
FIELD30 0 0 0 0 0 0 0 
FIELD31 0 97 0 113 0 121 0 
FIELD32E 0 0 0 0 0 0 0 
FIELD32W 0 0 0 0 0 0 0 
FIELD33 0 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD35 0 0 0 0 0 0 0 
FIELD36 108 0 111 0 0 150 124 
FIELD37 0 0 0 0 0 0 0 
FIELD38 0 0 0 162 0 0 0 
FIELD39 0 0 0 0 0 0 0 

PERlOO37 PERlOO38 PERIOD39 PERIOD40 PERIOD41 PERlOO42 PERlOO43 

FIELD27 125 0 126 0 149 0 0 
FIELD28 0 140 0 135 0 0 147 
FIELD29 113 117 0 121 0 0 0 
FIELD30 0 0 0 0 0 0 0 
FIELD31 134 0 154 0 153 0 0 
FIELD32E 0 0 0 0 0 0 0 
FIELD32W 0 0 0 0 0 0 0 
FIELD33 0 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD35 0 0 0 0 0 0 0 
FIELD36 0 160 0 154 0 0 0 
FIELD37 0 0 0 0 0 0 0 
FIELD38 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 
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Table A.1 Water allocation model code in GAMS (Continued) 

PERIOD44 PERlOO4s PERIOD46 PERlOO47 PERIOD48 PERIOD49 PERIOOsO 

FIELD27 0 0 0 0 0 0 0 
FIELD28 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 0 0 0 
FIELD30 0 0 0 0 0 0 0 
FIELD31 0 0 0 0 0 0 0 
FIELD32E 0 0 0 0 0 0 0 
FIELD32W 0 0 0 0 0 0 0 
FIELD33 0 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD3s 0 0 0 0 0 0 0 
FIELD36 0 0 0 0 0 0 0 
FIELD37 0 0 0 0 0 0 0 
FIELD?8 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 

PERIODs1 PERIODs2 

FIELD27 0 0 
FIELD28 0 0 
FIELD29 0 0 
FIELD30 0 0 
FIELD31 0 0 
FIELD32E 0 0 
FIELD32W 0 0 
FIELD33 0 0 
FIELD34 0 0 
FIELD3s 0 0 
FIELD36 0 0 
FIELD37 0 0 
FIELD38 0 0 
FIELD39 0 o· , 
PARAMETER 

KY(J) crop response factors in fraction 

/FIELD27 0.85, 
FIELD28 0.85, 
FIELD29 0.85, 
FIELD30 0.90, 
FIELD31 0.85, 
FIELD32E 1.00, 
FIELD32W 1.00, 
FIELD33 0.90, 
FIELD34 0.90, 
FIELD35 0.90, 
FIELD36 0.85, 
FIELD37 0.90, 
FIELD38 0.85, 
FIELD39 0.90/; 
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Table A.1 Water allocation model code in GAMS (Continued) 

TABLE IE(J,K) irrigation efficiency in percent 

PERIOD1 PERIOD2 PERIOD3 PERIOD4 PERIODS PERIOD6 PERIOD7 

FlELD27 0 0 0 0 0 0 0 
FIELD28 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 0 0 0 
FIELD30 0 0 0 0 40 46 47 
FIELD31 0 0 0 0 0 0 0 
FIELD32E 0 0 0 0 0 0 0 
FIELD32W 40 47 48 50 51 54 56 
FIELD33 0 0 0 0 0 0 0 
FlELD34 0 0 40 46 48 49 50 
FIELD35 0 0 0 0 0 0 0 
FIELD36 0 0 0 0 0 0 0 
FIELD37 0 0 0 0 0 0 0 
FIELD38 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 

PERIOD8 PERIOD9 PERIOD10 PERIOD11 PERIOD12 PERIOD13 PERIOD14 

FIELD27 0 0 0 0 0 0 0 
FIELD28 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 0 0 0 
FIELD30 47 48 49 50 50 51 52 
FIELD31 0 0 0 0 0 0 0 
FIELD32E 0 0 0 40 47 48 50 
FIELD32W 56 57 58 59 60 63 64 
FIELD33 0 40 46 47 48 49 50 
FIELD34 51 52 52 54 55 56 57 
FIELD35 0 0 40 46 48 49 50 
FIELD36 0 0 0 0 0 0 0 
FIELD37 0 0 0 40 46 48 49 
FIELD38 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 40 46 47 

PERIOD15 PERIOD16 PERIOD17 PERIOD18 PERIOD19 PERIOD20 PERIOD21 

FIELD27 0 0 0 40 46 46 47 
FIELD28 0 0 0 0 0 0 0 
FIELD29 0 0 0 0 40 46 47 
FIELD30 54 55 56 59 62 65 72 
FIELD31 40 46 46 47 48 48 50 
FIELD32E 52 55 57 60 62 62 64 
FIELD32W 65 66 67 69 77 78 80 
FIELD33 53 54 56 59 61 64 n 
FIELD34 58 60 63 69 75 78 80 
FIELD35 53 54 56 58 61 65 72 
FIELD36 0 40 45 46 47 48 49 
FIELD37 52 53 55 57 60 64 71 
FIELD38 80 80 80 80 80 80 80 
FIELD39 49 52 54 56 58 60 65 
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Table A.1 Water allcation model code in GAMS (Continued) 

PERlOO22 PERIOD23 PERIOD24 PERlOO25 PERlOO26 PERlOO27 PERIOD28 

FIELD27 49 50 51 52 55 57 58 
FIELD28 40 46 47 48 50 51 54 
FIELD29 48 50 51 52 55 57 58 
FIELD30 74 80 80 80 80 80 80 
FIELD31 51 53 57 58 59 61 62 
FIELD32E 69 76 80 80 80 80 80 
FIELD32W 80 80 80 80 80 80 80 
FIELD33 73 78 80 78 80 80 80 
FIELD34 80 80 80 80 80 80 0 
FIELD35 73 79 80 80 80 80 80 
FIELD36 50 52 53 57 58 60 65 
FIELD37 n 78 80 80 80 80 80 
FIELD38 80 80 80 80 80 80 80 
FIELD39 72 78 80 80 80 80 80 

PERlOO29 PERlOO30 PERIOD31 PERlOO32 PERlOO33 PERlOO34 PERIOD35 

FIELD27 60 65 69 70 71 75 76 
FIELD28 54 59 64 65 66 67 74 
FIELD29 60 64 67 70 71 75 n 
FIELD30 0 0 0 0 0 0 0 
FIELD31 67 68 72 73 76 n 79 
FIELD32E 80 80 80 0 0 0 0 
FIELD32W 0 0 0 0 0 0 0 
FIELD33 80 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD35 80 0 0 0 0 0 0 
FIELD36 66 69 70 73 74 75 79 
FIELD37 80 80 0 0 0 0 0 
FIELD38 80 80 80 80 80 80 0 
FIELD39 80 80 80 80 80 80 0 

PERlOO36 PERIOD37 PERIOD38 PERlOO39 PERlOO40 PERIOD41 PERIOD42 

FIELD27 78 79 80 80 80 80 80 
FIELD28 76 n 79 79 80 80 80 
FIELD29 79 80 80 80 80 80 80 
F1ELD30 0 0 0 0 0 0 0 
FIELD31 79 80 80 80 80 80 80 
FIELD32E 0 0 0 0 0 0 0 
FIELD32W 0 0 0 0 0 0 0 
FIELD33 0 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD35 0 0 0 0 0 0 0 
FIELD36 80 80 80 80 80 80 80 
FIELD37 0 0 0 0 0 0 0 
FIELD38 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 
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Table A.1 Water allocation model code in GAMS (Continued) 

PERlOO43 PERIOD44 PERIOD45 PERIOD46 PERlOO47 PERlOO4S PERlOO49 

FIELD27 so so so so 0 0 0 
FIELD2S so so so so so so so 
FIELD29 so so so so so 0 0 
FIELD30 0 0 0 0 0 0 0 
FIELD31 so so 0 0 0 0 0 
FIELD32E 0 0 0 0 0 0 0 
FIELD32W 0 0 0 0 0 0 0 
FIELD33 0 0 0 0 0 0 0 
FIELD34 0 0 0 0 0 0 0 
FIELD35 0 0 0 0 0 0 0 
FIELD36 so so 0 0 0 0 0 
FIELD37 0 0 0 0 0 0 0 
FIELD3S 0 0 0 0 0 0 0 
FIELD39 0 0 0 0 0 0 0 

PERIOD50 PERIOD51 PERIOD52 

FIELD27 0 0 0 
FIELD2S so so 0 
FIELD29 0 0 0 
FIELD30 0 0 0 
FIELD31 0 0 0 
FIELD32E 0 0 0 
FIELD32W 0 0 0 
FIELD33 0 0 0 
FIELD34 0 0 0 
FIELD35 0 0 0 
FIELD36 0 0 0 
FIELD37 0 0 0 
FIELD3S 0 0 0 
FIELD39 0 0 o· , 

TABLE YH(J,IC) maximum crop yield in tonne per hectare 

PERlOO2S PERlOO31 PERIOD44 PERIOD46 PERlOO47 PERIOD51 

FIELD27 0 0 0 1.799 0 0 
FIELD2S 0 0 0 0 0 1.795 
FIELD29 0 0 0 0 1.735 0 
FIELD30 6.72 0 0 0 0 0 
FIELD31 0 0 1.95S 0 0 0 
FIELD32E 0 5.3S 0 0 0 0 
FIELD32W 6.72 0 0 0 0 0 
FIELD36 0 0 1.Sn 0 0 0 

PERlOO29 PERlOO26 PERIOD30 PERlOO34 

FIELD33 6.05 0 0 0 
FIELD34 0 7.17 0 0 
FIELD35 5.S3 0 0 0 
FIELD37 0 0 5.61 0 
FIELD3S 0 0 0 3.34 
FIELD39 0 0 4.93 o· , 



Table A.1 Water allocation model code in GAMS (Continued) 

PARAMETER MY(J) maximum yield used for imposing restriction 

PARAMETER 

IFIELD27 1.799, 
FIELD28 1.795, 
FIELD29 1.735, 
FIELD30 6.72, 
FIELD31 1.958, 
FIELD32E 5.38, 
FIELD32W 6.72, 
FIELD33 6.05, 
FIELD34 7.17, 
FIELD35 5.83, 
FIELD36 1.877, 
FIELD37 5.6, 
FIELD38 3.34, 
FIELD39 4.93/: 

NIRRGATN(J) number of irrigation 

IFIELD27 9, 
FIELD28 7, 
FIELD29 9, 
FIELD30 7, 
FIELD31 9, 
FIELD32E 8, 
FIELD32W 8, 
FIELD33 7, 
FIELD34 7, 
FIELD35 7, 
FIELD36 8, 
FIELD37 7, 
FIELD38 6, 
FIELD39 7/: 

PARAMETER LCOST irrigation labor cost in dollar: 

LCOST = SUM(J, FSIZE(J) * NIRRGATN(J) * SCOST): 

PARAMETER DEPTH flow canal depth in meter: 

DEPTH = CDEPTH * ( 1- FREBOARD): 

PARAMETER PERIM canal perimeter in meter: 

PERIM = CBED + ««(DEPTH) ** 2) + (DEPTH * SSLOPE)**2) ** 0.5) * 2 ): 

PARAMETER WS(I) water supply in hectare-millimeter: 

WS(I) = (360 * IRTIME * CAPC): 

PARAMETER XSECTION flow cross sectional FSIZE of canal in square meter: 

XSECTION = ««(DEPTH *SSLOPE) * 2) + CBED + CeED ) * DEPTH) 1 2 ); 
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Table A.1 Water allocation model in GAMS (Continued) 

PARAMETER VELOCITY water flow rate using Hannings equation in the canal 

in meter per second; 

VELOCITY = «(XSECTION 1 PERIH)·· (2/3) ) • (SLOPE •• 0.5» 

1 ROUGH; 

VARIABLES 

X(I,J,IO 
Z 
CTAA(I,J) 
YlELD(J) 
SELL(J) 
WlJSE(J) 

water allocated amount in millimeter 
total profit in dollar 
field wise total eta in millimeter 
field wise crop yield 
field wise sell in tonne 
field wise water in cubic meter; 

POSITIVE VARIABLE X, CTAA, YIELD, SELL, WUSE; 

PARAMETER CTETH(I,J) field wise total etm in millimeter; 

CTETH(I,J) = SUM(K, MET(J,K»; 

EQUATIONS 

BENEFIT objective function in dollar 

DEMAND(J,K) observe water demand in millimeter 

SUPPLY(I,K) observe water supply in hectare·millimeter 

CANAL(K) observe canal carrying capacity in hectare-millimeter 

TOTAL(I,J) observe field wise total eta in millimeter 

AYIELD(J) observe actual yield of the crops in tonne 

CROPRES(J) observe crop response to irrigation water in tonne per hectare 

RYIELD(J) observe restriction on minimum level of yield 

WATERUSE(J) observe t'ater use by fields in cubic meter; 

BENEFIT._ Z =E= SUM(J, PY(J) • SELL(J) - PX • WlJSE(J» • LCOST; 

DEMAND(J,K) •• SUM(I, FSIZE(J) • X(I,J,K» =L= FSIZE(J) • D(J,K)i 

SUPPLY(I,K) •• SUM(J, FSIZE(J) • X(I,J,K» =L= WS(I); 

CANAL(K) •• SUM(I, SUH(J, FSIZE(J) • X(I,J,K») =L= 360 * XSECTION • 

VELOCITY • IRTIME; 

RYIELD(J) •• YIELD(J) =G= 0.5 • HY(J); 

TOTAL(I,J) •• SUM(K, (IE(J,K)/100)*X(I,J,K» =E= CTAA(I,J); 

AYIELD(J) •• YIELD(J) * FSIZE(J) =E= SELL(J); 
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Table A.1 Water allocation model code in GAMS (Continued) 

CROPRES(J) •• SUM«I,K), YM(J,K) * (1- KY(J) * (1- CTAA(I,J) 
/ CTETM(I,J»» =E= YIELD(J)i 

WATERUSE(J) •• SUM«I,K), 10 * FSIZE(J) * X(I,J,K» =E= WUSE(J)i 

MODEL ALLOCATN / BENEFIT, DEMAND, SUPPLY, CANAL, TOTAL, AYIELD, RYIELD, CROPRES, 
WATERUSE/i 

X.LO(I,J,K) = MINIRRli 

X.LO(I,J,K) S(D(J,K) GT (MINIRRI * 2» = 0.5 * D(J,K)i 

X.FX(I,J,K) S(D(J,K) EQ 0) = 0i 

SOLVE ALLOCATN USING LP MAXIMIZING Zi 

DISPLAY X.L, X.M, 
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APPENDIX B 

MAIN AND SECONDARY CANAL PROFILES 

AND 

RESULTS OF THE CANAL DELIVERY MODEL 
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Table B.1 Main canal profile from CAP outlet E18-3 to Field 39 

EleVation in. 
:.: .... "., .... '.:.: ......... '::':: .. .... ::. . I 

Dist.x:ein .. ,:: 
·:':Distancein' .: Elewtioilin . 

1-
····Re.rb 

, ._ter ·:.eter : .. ··iietar ."\ .. .. :aefer' 

0 362.71 1038 361.47 ELevation of 
CAP outLet 

24 362.68 1068 361.46 is 362.71 meter 
(Assuned) 

62 362.74 1099 361.00 

93 362.66 1129 360.98 

123 362.64 1160 360.97 

154 362.63 1190 
.. ") 360.94 

184 362.60 1221 360.93 

215 362.60 1251 360.91 

245 362.59 1282 360.90 

306 362.25 1312 360.88 

337 362.21 1343 360.86 

367 362.19 1373 360.83 

398 362.18 1404 360.78 

428 362.15 1434 360.79 

459 362.15 1465 360.77 

489 362.15 1495 360.75 

520 362.14 1526 360.72 

550 362.10 1556 360.68 

581 362.07 1586 360.66 

611 362.04 1617 360.61 

642 362.04 1647 360.58 

672 362.01 1678 360.59 

703 361.99 1708 360.57 

733 361.97 1739 360.55 

764 361.97 1769 360.53 

794 361.94 1800 360.53 

855 361.54 1830 360.49 

885 361.53 1861 360.48 

916 361.52 1891 360.45 

946 361.50 1922 360.42 

977 361.49 1952 360.40 

1007 361.48 1983 360.37 



Table B.1 
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Main canal profile from CAP outlet E13-8 to Field 39 
(Continued) 

..... ' .. ' .... : ...... :',_. .,' .. 
. 

DistanCe Elevaticin .• .•• . > Dit;tance> Elevation 
iriRter. ".< >f"aeter .. .in aeter .' ·in.eter .. : 

2013 360.35 2940 358.77 

2044 360.32 2971 358.75 

2074 360.31 3001 358.75 

2105 360.26 3032 358.73 

2118 360.23 3062 358.73 

2149 360.21 3093 358.22 

2179 360.16 3123 358.19 

2210 360.15 3154 358.18 

2240 360.13 3184 358.15 

2271 360.11 3215 358.14 

2301 360.08 3245 358.13 

2332 360.05 3276 357.91 

2362 360.03 3306 357.93 

2393 360.03 3337 357.88 

2453 359.71 3367 357.87 

2483 359.42 3398 357.85 

2514 359.54 3428 357.85 

2544 359.51 3459 357.82 

2575 359.51 3489 357.82 

2605 359.48 3520 357.81 

2636 359.48 3550 357.71 

2666 358.98 3580 357.63 

2697 358.97 3611 357.60 

2727 358.95 3641 357.63 

2758 358.93 3672 357.58 

2788 358.90 3702 357.56 

2818 358.87 3733 357.50 

2849 358.85 3763 357.46 

2879 358.79 3801 357.43 

2910 358.78 3810 357.38 
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Table B.2 Secondary canal profiles (Fields 34 and 38) 

Elevation in Eter 
Distance in .eter Rearks 

Canal 34 canal 38 

0 360.05 357.65 Elevation 
of CAP 

30 360.02 357.26 outlet 
;s 362.71 

61 360.02 357.25 meter 

91 360.02 357.23 
(Assuned) 

122 360.01 357.20 

152 360.01 357.22 . 
183 359.95 357.22 

213 359.94 357.20 

244 359.90 357.20 

274 359.90 357.19 

305 359.90 357.18 

335 359.90 357.16 

366 359.81 357.13 

396 359.77 357.16 

427 359.70 357.12 
:" 

457 359.67 357.12 

488 359.59 357.14 

518 359.58 357.10 

549 358.58 357.08 

579 359.56 357.08 

610 359.49 357.07 

640 359.47 357.07 

671 359.44 357.02 

701 359.36 357.05 

732 359.26 . 
744 359.28 357.11 



Table 8.3 Results of the canal delivery model 

CAN A L REA C H E S 

Steady-State Canal Hydraulic Hodel 
Version 2.20 .................................... ... .............. .................. . 

Haricopa Agricultural Center 
CAP OUtlet E13-8 
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----------------------.---------------------------------------------------------
Reach 
Name 

Reach 
Order 

Inflow 
(m3/s) 

Outflow Demand 
(m3/s) (m3/s) 

Turnout Lateral Seepage US_Depth OS_Depth 
(m3/s) (m3/s) (m3/s) (m) (m) 

-----------------.-------------------------.-------------.----------------.-----
Hain Reach1 
Mein Reach2 
Hain Reach3 
Field37 Reach1 
Field38 Reach1 
Field39 Reach1 

001 
002 
003 
004 
005 
006 

0.570 
0.380 
0.190 
0.190 
0.190 
0.190 

0.380 
0.190 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 

0.190 0.000 0.539 0.686 
0.190 0.000 0.424 0.686 
0.190 0.000 0.290 0.686 

0.190 0.000 0.468 0.549 
0.190 0.000 0.468 0.549 
0.190 0.000 0.468 0.549 

Reach Name is the given name of a reach in the data file; Reach Order shows the position of 
a reach within the canal system, numbering from upstream to downstream; Inflow is the flow 
rate entering the upstream end of a reach; Outflow is the flow rate exiting from the control 
structure at the downstream end of the reach; Demand is the outflow demand at the terminal 
points; Turnout is the farm turnout discharge; Lateral is the discharge of lateral off takes; 
Seepage is the seepage loss rate; US_Depth is the upstream flow depth; and DS_Depth is the 
downstream flow depth. 

CON T R 0 L S T R U C T U RES 

Reach 
Name 

Source 

Hain Reach1 

Main Reach2 

Main Reach3 

Control 
Name 

HeadGate 

Control 
Type 

Rectangular Sluice 

Main R1 C1 Rectangular Sluice 

Main R2 C1 Rectangular Sluice 

Hain R3 C1 Rectangular Sluice 

Field37 Reach1 Field37 C1 Rectangular Sluice 

Field38 Reach1 Field38 C1 Rectangular Sluice 

Field39 Reach1 Field39 C1 Rectangular Sluice 

Rank 
Number 

Setting Flow Total Flow 
(m) (m3/s) (m3/s) 

0.000 0.570 0.570 

0.339 0.380 0.380 

0.152 0.190 0.190 

0.000 0.000 0.000 

0.000 0.000 0.000 

0.000 0.000 0.000 

0.000 0.000 0.000 

Flow 
Regime 

Zero Flow 

Free Flow 

Free Flow 

Zero Flow 

Zero Flow 

Zero Flow 

Zero Flow 

Control Name is the given name in the data fi lei Rank Number 1 indicates the control 
structures is adjustable type; Setting is the vertical opening of the gate; Flow is the 
discharge through the structure; Total Flow is the sum of discharges through all control 
structure at the downstream end of each reach; and Flow Regime shows the flow regime, which 
may be either free flow, submerged flow, or zero flow (no flow). 
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Table B.3 Results of the canal delivery model (Continued) 

FAR M T URN D U T S 

Reach 
Name 

Turnout 
Name 

Turnout 
Type 

Location US_Depth DS_Depth Setting Supply Demand Flow Flow 
(m) (m) (m) (m) (m3/s) (m3/s) Status Regime 

Main Reach1 None 

Main Reach2 None 

Main Reach3 None 

Field37 Reach1 Field37 T1 tirc_Drifc o 0.468 0.19 0.389 0.190 0.190 DK Free 

Field38 Reach1 Field38 T1 tirc_Drifc o 0.468 0.19 0.389 0.190 0.190 DK Free 

Field39 Reach1 Field39 T1 tirc_Drifc o 0.468 0.19 0.389 0.190 0.190 DK Free 

Turnout Name is the given name in the data file; Turnout Type is the type of the turnout in 
the canal reach; Location is the distance measured from the upstream end of each canal reach; 
US_Depth is the upstream depth of each turnout: DS_Depth is the downstream depth measured 
from the bed of the upstream canal: Setting is the turnout structure opening: Supply is the 
discharge through the turnouts as calculated by the model: Demand is the desired demand 
entered in the operational data file: Flow Status indicates whether the supply is equal to 
demand or not: and Flow Regime shows the flow regime, which may be either SUbm (submerged 
flow), Free (free flow), or None (no flow) 

L ATE R A L D F F T A K E S 

Reach 
Name 

Lateral 
Name 

Location US_Depth DS_Depth Turnout 
(m) (m) (m) Name 

Turnout 
Type 

Rank Setting Flow Flow 
Nl.Irber (m) (m3/s) Regime 

Main Reach1 Field 37 2322 0.673 0.468 Field37 L1 tirc_Drifc 0.213 0.190 Subm 

Main Reach2 Field 38 744 0.682 0.468 Field38 L1 tirc_Drifc 0.212 0.190 SUbm 

Main Reach3 Field 39 744 0.681 0.468 Field39 L1 tirc_Drifc 0.212 0.190 Subm 

Field37 Reach1 None 

Field38 Reach1 None 

Field39 Reach1 None 

Lateral Name is the given name as in the data file; Location is measured from the upstream 
end of the respective reaches: US_Depth is the upstream depth of each turnout; DS_Depth is 
downstream depth of the turnout; Turnout T}~ is the type of lateral offtake turnout in the 
reach; Rank nl.lrber 1 indicates the turnout is adjustable type; Setting is the turnout 
structure opening; Flow is the discharge through the turnout; and Flow Regime shows the flow 
regime, which may be either Subm (submerged flow), Free (free flow), or None (no flow). 
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APPENDIX C 

QUICKBASIC CODE FOR ACTUAL YIELD CALCULATIONS 



Table C.1 QuickBasic code for actual yield calculations 

'This program computes the actual yield of the selected crops using 
'the FAO crop response models (Irrigation and Drainage Paper No. 33). 
'This program has been written for the partial requirements of the 
'dissertation research. 
10 REM Programer Hurul Alam Akhand 
20 REM This print the menu 
30 CLS 
40 PRINT : PRINT 
50 PRINT" Calculation of Actual or Potential Yield" 
60 PRINT 
70 PRINT " 
80 PRINT 
90 PRINT " 
100 PRINT " 
110 PRINT" 
120 PRINT " 
130 PRINT II 
140 PRINT II 
150 INPUT II 
160 CLS 

Using FAO Irrigation and Drainage Paper #3311 

______________________ 11 

1 Barley 
2 Cotton 
3 Grapes 
4 Wheat 

III 
III 
I" 
III 

-- •• ------------ __ ----11 

Select One => II; MN 

170 IF MN < 1 OR MN > 4 THEN 20 
180 ON MN GOSUB 190, 390, 590, 790: PRINT : PRINT 
181 INPUT 1100 you want to calculate yield of another crop? (Y/N)II; V$ 
182 IF (V$ = "YII OR V$ = lIy") THEN 
183 GOTO 20 
185 END IF 
186 PRINT : PRINT IIEnd of program": KEY ON: END 
190 INPUT "Enter the potential maxinun yield of Barley, tome/ha"; YM 
200 PRINT 
210 INPUT IIEnter the amount of irrigation applied in this week, 1IIIl"; X 
220 PRINT 
230 INPUT IIEnter the irrigation efficiency of this week, fraction"; IE 
240 PRINT 
250 INPUT IIEnter the maxinun ET of this week, 1IIIl"; MET 
260 REM This print the menu 
270 CLS 
280 PRINT PRINT 
290 PRINT 
300 PRINT 
310 PRINT 
320 PRINT 
330 PRINT 
340 PRINT 

------------------------ ______ 11 

I 1 Vegetative Peri od III 
! 2 FLowering Period !" 
I 3 Yield Formation Period I" 
! 4 Ripening Period !" 
----------------------- ______ 11 

350 INPUT 
360 IF MS 
365 CLS 

SELECT ONE =>"; MS 
OR MS > 4 THEN 260 

370 SELECT CASE HS 
CASE 1 
YA = YM * (1 - .2 * (1 - (X * IE) / MET»: PRINT 
PRINT ; "The new potential yield of Barley, tome/ha =>11; 
PRINT USING "##.##"; YA 
CASE 2 
YA = YH * (1 - .6 * (1 - (X * IE) / HET»: PRINT 
PRINT; "The neH potential yield of Barley, tome/ha =>11; 
PRINT USING 11##.##"; YA 
CASE 3 
YA = YM * (1 - .5 * (1 - (X * IE) / MET»: PRINT 
PRINT; "The new potential yield of Barley, tome/ha =>"; 
PRINT USING "##.##"; YA 
CASE 4 
YA = YH * (1 - .1 * (1 - (X * IE) / MET»: PRINT 
PRINT; "The new potential yield of Barley, tonne/ha =>"; 
PRINT USING 11##.##"; YA 
END SELECT 
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Table C.1 QuickBasic cade for actual yield calculations (Continued) 

380 RETURN 
390 INPUT "Enter the potential maxinun yield of Cotton, tonne/hall; YM 
400 PRINT 
1.10 INPUT "Enter the amount of irrigation appl ied in this week, nm"; X 
420 PRINT 
430 INPUT "Enter the irrigation efficiency of this week, fractionlt; IE 
440 PRINT 
450 INPUT IIEnter the maxinun ET of this week, nm"; MET 
460 REM This print the menu 
470 CLS 
480 PRINT PRINT 
490 PRINT 
500 PRINT 
510 PRINT 
520 PRINT 
530 PRINT 
540 PRINT 

______________________________ 11 

, 1 Vegetative Period ,It 
, 2 Flowering Period ,It 
, 3 Yield Formation Period ,It 
, 4 Ripening Period lit 
... ---_ ...... _ .......... -----_ .. 

550 INPUT 
560 IF MS 
565 CLS 

SELECT ONE =>It; MS 
OR MS > 4 THEN 460 

570 SELECT CASE MS 
CASE 1 
YA = YM * (1 - .2 * (1 - (X * IE) / MET»: PRINT 
PRINT ; ItThe new potential yield of Cotton, tonne/ha =>It; 
PRINT USING 1t##.##It; YA 
CASE 2 
YA = YM * (1 - .5 * (1 - (X * IE) / MET»: PRINT 
PRINT ; liThe new potential yield of Cotton, tonne/ha =>It; 
PRINT USIN!; 1t##.##It; YA 
CASE 3 
YA = YM * (1 - .45 * (1 - (X * IE) / MET»: PRINT 
PRINT ; ItThe new potential yield of Cotton, tonne/ha =>It; 
PRINT USING 1t##.##It; YA 
CASE 4 
YA = YM * (1 - .25 * (1 - (X * IE) / MET»: PRINT 
PRINT ; ItThe new potential yield of Cotton, tonne/ha =>It; 
PRINT USING 1t##.##It; YA 
END SELECT 

580 RETURN 
590 INPUT ItEnter the potential maxinun yield of Grapes, tonne/halt; YM 
600 PRINT 
610 INPUT ItEnter the amount of irrigation applied in this week, nmlt; X 
620 PRINT 
630 INPUT ItEnter the irrigation efficiency of this week, fractionlt ; IE 
640 PRINT 
650 INPUT "Enter the maxinun ET of this week, nrnlt; MET 
660 REM This print the menu 
670 CLS 
680 PRINT PRINT 
690 PRINT 
700 PRINT 
710 PRINT 
720 PRINT 
730 PRINT 
740 PRINT 

------------------------ ______ 11 

, 1 Vegetative Period I" 
I 2 Flowering Period ,It 
I 3 Yield Formation Period ,It 
, 4 Ripening Period III 
------------------------ ______ 11 

750 INPUT 
760 IF MS 
765 CLS 

SELECT ONE =>"; MS 
OR MS > 4 THEN 660 

770 SELECT CASE MS 
CASE 1 
YA = YM * (1 - .3 * (1 - (X * IE) / MET»: PRINT 
PRINT ; ItThe new potential yield of Grapes, tome/ha =>It; 
PRINT USING 11##.##11; YA 
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Table C.1 QuickBasic code for actual yield calculations (Continued) 

CASE 2 
YA = YM * (1 - .5 * (1 - (X * IE) / MET»: PRINT 
PRINT ; "The new potential yield of Grapes, tonne/ha =>"; 
PRINT USING "##.##"; YA 
CASE 3 
YA = YM * (1 - .25 * (1 - (X * IE) / MET»: PRINT 
PRINT; "The new potential yield of Grapes, tome/ha =>"; 
PRINT USING u##.##"; YA 
CASE 4 
YA = YM * (1 - .25 * (1 - (X * IE) / MET»: PRINT 
PRINT; "The new potential yield of Grapes, tonne/ha =>"; 
PRINT USING u##.##u; YA 
END SELECT 

780 RETURN 
790 INPUT "Enter the potential maxinun yield of Wheat, tome/ha"; YM 
800 PRINT 
810 INPUT "Enter the amount of irrigation applied in this week, nm"; X 
820 PRINT 
830 INPUT "Enter the irrigation efficiency of this week, fraction"; IE 
840 PRINT 
850 INPUT "Enter the maxinun ET of this week, nm"; MET 
860 REM This Print the menu 
870 CLS 
880 PRINT PRINT 
890 PRINT 
900 PRINT 
910 PRINT 
920 PRINT 
930 PRINT 
940 PRINT 

______________________________ 11 

I 1 Vegetative Period I" 
I 2 Flowering Period '" 
I 3 Yield Formation Period I" 
I 4 Ripening Period !" 
------------------------ ______ 11 

950 INPUT 
960 IF MS 
965 CLS 

SELECT ONE =>"; MS 
OR MS > 4 THEN 860 

970 SELECT CASE MS 
CASE 1 
YA = YM * (1 - .2 * (1 - (X * IE) / MET»: PRINT 
PRINT ; "The new potential yield of Wheat, tome/ha =>"; 
PRINT USING u##.##"; YA 
CASE 2 
YA = YM * (1 - .6 * (1 - (X * IE) / MET»: PRINT 
PRINT ; "The new potential yield of Wheat, tonne/ha =>"; 
PRINT USING "##.##"; YA 
CASE 3 
YA ;: YM *. (1 - .5 * (1 - (X * IE) / MET»: PRINT 
PRINT ; "The new potential yield of Wheat, tonne/ha ;:>"; 
PRINT USING "##.##"; YA 
CASE 4 
YA ;: YM * (1 - .1 * (1 • ex * IE) / MET»: PRINT 
PRINT ; "The new potential yield of Wheat, tonne/ha =>"; 
PRINT USING u##.##"; YA 
END SELECT 

980 RETURN 

150 



151 

REFERENCES 

Arizona Water Commission. 1975. Arizona state water plan, phase I, Inventory of 
resources and uses. State of Arizona. Phoenix, AZ. 

ASAE. 1985. Advances in evapotranspiration. Proceedings of a National 
Conference. American Society of Agricultural Engineers (ASAE). St. Joseph, 
MI. 

Ayars, J. E., G. J. Hoffman and G. Schrale. 1990. Strategies to reduce salt load 
in drainage water. Proceedings of the Third National Symposium. ASAE and 
the Irrigation Association. Phoenix, AZ. 

Betcher, Brian. 1990. Personal Communication. Maricopa-Stanfield Irrigation and 
Drainage District. Stanfield, AZ. 

Bhuiyan, S. I. and R. C. Undan. 1990. Irrigation for tropical areas. In Chapter 16, 
Management of farm irrigation systems, Hoffman, et aI., ed., ASAE 
Monograph. ASAE. St. Joseph, MI. 

Bras, R. L. and J. R. Cordova. 1981. Intraseasonal water allocation in deficit 
irrigation, Water Resources Research 17 (4): 866-874. 

Brooke, A., D. Kendrick and A. Meeraus. 1988. GAMS: A user's guide. The 
Scientific Press. 507 Seaport Court, Redwood City, CA. 

Burman R. D., P. R. Nixon, J. L. Wright and W. O. Pruitt. 1980. Water 
requirements. In Chapter 6, Design and operation of farm irrigation systems, 
M. E. Jensen, ed., ASAE Monograph No.3. ASAE. St. Joseph, MI. 

Carr, T. G., R. L. Edmond and S. Stipe. 1990. Economic procedures for 
determining irrigation duties. Proceedings of the Third National Symposium. 
ASAE and the Irrigation Association. Phoenix, AZ. 

Dantzig, G. B. 1963. Linear programming and extensions. Princeton University 
Press. Princeton, NJ. 

Dearth, G. 1985. Water management computer model. Gal Oya Irrigation Project. 
PRC Engineering Consultants, International. Colombo, Sri Lanka. 

Doorenbos, J. and A. H. Kassam. 1979. Yield response to water. Irrigation and 
Drainage Paper No. 33. FAO. Rome, Italy. 



152 

Doorenbos, J. and W. O. Pruitt. 1984. Guidelines for predicting crop water 
requirements. Irrigation and Drainage Paper No. 24. FAO. Rome, Italy. 

Dudley, N. J. and O. R. Burt. 1973. Stochastic reservoir management and system 
design for irrigation, Water Resources Research 9 (3): 507-522. 

Dudley, N. J., D. T. Howell and W. F. Musgrave. 1971. Optimal intraseasonal 
irrigation water allocation, Water Resources Research 7 (4): 770-788. 

DWR. 1980. Colorado river operation and water supply studies. Arizona 
Department of Water Resources. Phoenix, AZ. 

DWR. 1985. Management Plan, First management period: 1980-1990, Pinal active 
management area. Arizona Department of Water Resources. Phoenix, AZ. 

DWR. 1991. Management Plan for the second management period: 1990-2000. 
Pinal active management area. Arizona Department of Water Resources. 
Phoenix, AZ. 

Eisele, H. 1988. Formulation and evaluation of the USU main system allocation 
model. Water management synthesis II project. WMS Report No. 76. Utah 
State University. Logan, UT. 

Ekholt, Buddy. 1990. Personal communication. Irrigation Management Service. 
Casa Grande, AZ. 

Fox, F, T. Scherer, D. Slack and L. Clerk. 1991. User's manual for Arizona 
irrigation scheduling (draft). Version 1.0. University of Arizona. Tucson, 
Arizona. 

Gichuki, F. N. 1988. User's manual for the Fortran version of the USU main system 
hydraulic model. WMS Report No 73. Utah State University. Logan, UT. 

Hall, W. A. and W. S. Butcher. 1968. Optimal timing of irrigation. J. Irr. and Drain. 
Division. ASCE 94 (lR2): 267-275. 

Hanks R. J. and R. W. Hill. 1980. Modelling crop response to irrigation in relation 
to soils, climate, and salinity. International Irrigation Information Center. 
Pergamon Press, NY. 

Hanks, R. J. 1974. Model for predicting plant growth as influenced by 
evapotranspiration and soil water, Agron. J., 66:660-665. 

Hazell, P. B. R. and R. D. Norton. 1986. Mathematical programming for economic 
analysis in agriculture. Macmillan Publishing Company, NY. 



153 

Henderson, F. M. 1966. Open channel flow. Macmillan Publishing Company. NY. 

High Plains Associates. 1982. Six-state high plains Ogallala aquifer regional 
resources study. Report to the US Department of Commerce and the High 
Plains Study Council. Austin, TX. 

Hillier, F. S. and G. J. Lieberman. 1986. Introduction to operation research. Fourth 
edition. Holden-Day, Inc. Oakland, CA. 

Houghtalen, R. J., J. C. Loftis and D. Fontane. 1987. Delivery system 
management via dynamic programming. Proceedings of the ASCE Irrigation 
and Drainage division conference. Portland, OR. July 28-30. 

Houghtalen, R. J. and J. C. Loftis. 1988. Irrigation delivery system operation via 
aggregate state dynamic programming, Water Resources Bulletin, Vol. 24 
(2): 427-434. 

Howell, T. A., E. A. Miller and D. L. Reddell. 1975. Optimization of water use 
efficiency under high irrigation-II. System simulation and dynamic 
programming. Trans. of the ASAE 14 (5) :879-887. 

Howell, T. A., R. H. Cuenca and K. H. Solomon. 1990. Crop yield response. In 
Chapter 5, Management of farm irrigation systems, Hoffman, et aI., ed., 
ASAE Monograph. ASAE. St. Joseph, MI. 

IMS. 1989. Irrigation Water Management. An introduction to the irrigation 
management service. Eloy, Florence-Coolidge and west Pinal natural 
resource conservation districts. Arizona Department of Water Resources and 
USDA-SCS. Casa Grande, AZ. 

Jensen, M. E., D. C. N. Robb and C. E. Franzoy. 1970. Scheduling irrigations using 
climatic-crop-soil data. ASCE J. Irr. and Drain. Div., 96 (lR1): 25-38. 

Keller J., R. Barker, D. Freeman, N. Uphoff and W. Walker. 1988. Irrigation system 
management: An interdisciplinary synthesis of water management studies. 
WMS Report No. 90. Utah State University. Logan, UT. 

Kincaid, D. C. and D. F. Heermann. 1974. Scheduling irrigations using a 
programmable calculator. USDA Bulletin ARS-NC 12. Pioneer Industrial Park, 
2000 West Pioneer Parkway, Peoria, IL. 

Loftis, J. C. and G. V. Skogerboe. 1984. Management of irrigation water delivery 
systems using microcomputers. Paper No. 84-2598. 1984 ASAE winter 
meeting. New Orleans, LA. ASAE. St. Joseph, MI. 



154 

Loftis, J. C. and L C. Stillwater. 1986. Optimization of water distribution by 
irrigation ditch companies. Paper No. 86-2077. 1986 ASAE summer 
meeting. San Louis Obispo, CA. ASAE. St. Joseph, MI. 

Loftis, J. C. and R. J. Houghtalen. 1987. Optimizing temporal water allocation by 
irrigation ditch companies, Trans. ASAE, Vol. 30 (4): July-August. 

Malloch, S. P. 1986. Water availability for the Central Arizona Period: A projection 
for 1985-2040. Master Thesis. Department of Hydrology and Water 
Resources, University of Arizona. Tucson, AZ. 

Martin, D., J. V. Brocklin and G. Wilmes. 1989. Operating rules for deficit irrigation 
management, Trans. of ASAE Vol. 32 (4): 1207-1215. 

Merkley, G. P. 1987. Users manual for the Pascal version of the USU main system 
hydraulic model. Water Management Synthesis II Project. WMS Report No. 
75. Utah State University. Logan, UT. 

Merkley, G. P. 1991. Users manual for the steady-state canal hydraulic model. 
Version 2.20. International Irrigation Center and Department of Agricultural 
and Irrigation Engineering, Utah State University. Logan, UT. 

Merkley, G. P. 1992. Personal communication. Department of Agricultural and 
Irrigation Engineering, Utah State University. Logan, UT. 

Murphree, P. 1992. Personal Communication. Maricopa Agricultural Center. 
Maricopa, AZ. 

Post, D. F., C. Mack, P. D. Camp and A. S. Suliman. 1988. Mapping and 
characteristics of the soils on the University of Arizona Maricopa Agricultural 
Center. Proceedings of the 1988 meeting of the Arizona Section American 
Water Resources Association and the Hydrology Section American-Nevada 
Academy of Science. University of Arizona. Tucson, AZ. 

Roth, R. L 1992. Personal Communications. Maricopa Agricultural Center. 
Maricopa, AZ. 

Scherer, T. F. 1991. Personal communication. Maricopa Agricultural Center. 
Maricopa, AZ. 

Scherer, T. F., F. Fox, D. C. Slack and L Clark. 1990. Near real-time irrigation 
scheduling using heat-unit based crop coefficient. A seminar paper 
presented as a poster at the 1990 National ASCE Conference on Irrigation 
and Drainage Engineering. Durango, CO. 



155 

Schoneman, R. A., J. E. Ayars and K. Peterson. 1990. Irrigation efficiencies in an 
irrigation district with drainage disposal problem. Proceedings of the third 
national symposium. ASAE and the Irrigation Association. Phoenix, AZ. 

Sellers, W. D., R. H. Hill and M. Sanderson-Rae. 1985. Arizona Climate, The First 
Hundred Years. University of Arizona Press. Tucson, AZ. 

Shayya and Bralts. 1988. USDA-SCS. Guide to micro-computer irrigation 
scheduler. SCS Version 1.0. Preliminary draft. Department of Agricultural 
Engineering, Michigan State University. East Lansing, MI. 

Stegman, E. C. and D. A. Coe. 1984. Irrigation scheduling software for 
microcomputer. Paper No. 84-301. Presented at the ASAE NCR meeting. 
Morris, MN. ASAE. St. Joseph, MI. 

Steward, J. I. and R. M. Hagan. 1973. Functions to predict optimal irrigation 
programs, J. of Irrig. and Drain. Div. ASCE, 99: 421-439. 

Steward, J. I., R. E. Danielson, R. J. Hanks, E. B. Jackson, R. M. Hagan, W. O. 
Pruitt, W. T. Franklin and J. P. Riley. 1977. Optimizing crop production 
through control of water and salinity levels in the soil. Utah water Lab. Pub. 
No. PRWG 151-1. Logan, UT. 

Vaux, Jr., H. J. and W. O. Pruitt. 1983. Crop-water production functions. In 
Advances in irrigation, Hillel D. (ed.). Academic Press. NY. 

Walker, W. R. and G. V. Skogerboe. 1987. Surface irrigation: Theory and practice. 
Prentice-Hall, Incorporated. Englewood Cliffs, NJ. 

Yaron, D., E. Bresler, H. Bielorai and Harpinist. 1980. A model for optimal irrigation 
scheduling with saline water, Water Resources Research 16 (2): 257-262. 


