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INTRODUCTION 

Irrigated agriculture consumes maximum fresh water and is 

perhaps the most mismanaged water use sector worldwide. 

Efficient use of water for irrigation is critical to social and 

economic sustainability of a country. Efficient water use is 

to produce maximum yield per unit of water supplied. 

Enhancement of crop production per unit of water is the 

main aim of irrigation water management. This is the crux 

of social, economic and environmental sustainability of 

India. The rainfall vis-a-vis the runoff in the rivers is quite 

uncertain in India and the runoff in most of the rivers in 

seasonal. Further there is a gap between the demand and 

supply. Thus, reservoirs are necessary on the rivers to 

squeeze the gap between demand and supply.   

 

Many reservoirs have been planned and commissioned in 

India. These reservoirs serve multiple purposes viz. 

Municipal and Industrial Water Supply, Irrigation, 

hydropower generation etc. But most of the reservoirs are 

exclusively created for irrigation. Reservoirs are the core 

components of water management systems but require huge 

investments of resources in terms of money, land and 

environment. Benefits are accrued only if the reservoir is 

planned and operated in an optimal way.  

Optimal operation of a planned reservoir is important. The 

reservoirs operated for irrigation have a special objective of 

maximizing the crop yield by supplying optimal water over 

space and time. Use of conventional optimization 

techniques has been in vogue since decades. The most 

common mathematical optimization techniques are Linear 

Programming, Dynamic Programming and Non Linear 

Programming. Best reviews for development and 

application of these techniques are available in the works of 

Yeh (1985), Wurbs (1991), Mujumdar and Narulkar (1993), 

Labadie (2004) and Rani and Moreira (2010) indicating 

development and applications of these techniques to 

reservoir planning and operation.  

Past three decades have witnessed the advent of the research 

on Evolutionary Algorithms mimicking the genetics or 

flocking behavior of the animals. Lot of research is getting 

published and the techniques have been reviewed by 

Adeyemo (2011), Ahmad et al. (2014) and Neboh et al. 

(2015). The major technique in this category that has been 

applied on the reservoir operation and management are 

Genetic Algorithms (GA). The textbook written by 

Goldberg (2015) compiles all the features of the GA. GA is 

a search heuristic that imitates the process of natural 

evolution such as inheritance, mutation, selection, and 

crossover. Many researchers have contributed to the 

enhancement of the GA especially by combining it with 

other method (hybrid) and by comparing the performance 

(Ahmad et al., 1989). East and Hall (1994) first applied 

GAs to a four-reservoir problem in their paper. Nicklow et 

al. (2010) have presented a state of the art paper on GA and 

its extensions applied to the water resources management 

problems. The problems of reservoir systems have been 

dealt by Wardlaw and Sharif (1999), Sharif and Wardlaw 

(2000), Tospornsampan et al (2005), Ahmed and Sarma 

(2005). Reddy and Kumar (2006), Jyothiprakash and 

Ganeshan (2006), Chen et al. (2007), Azamathulla et al. 

(2008), Mathur and Nikam (2009), Scola et al. (2010), 

Anand et al. (2018) and many more. The other techniques 

that are applied to the reservoir operation problems are 

Differential Evaluation (DE) (Reddy and Kumar (2005), 

Arunkumar and Jothiprakash (2011)), Particle Swarm 

Optimization (PSO) (Reddy and Kumar (2007), Yang 

(2001)), Ant Colony Optimization (ACO) (Dariane, and 
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Moradi (2008)), Honey-Bee Mating Optimization (HBMO) 

(Barros et al. (2008)). Many new evolutionary techniques 

have also been discussed in literature. Present study is based 

on a GA Model to develop a release policy that distributes 

the water stored in the reservoir optimally in various 

fortnights amongst various crops. The case study is chosen 

as Samrat Ashok Sagar Reservoir on River Halali in 

Districts Vidisha and Raisen of the state of Madhya Pradesh 

(M. P.). The command area served by the reservoir is also 

termed as bowl of wheat. It produces best quality Sharbati 

Wheat that is quite famous in India and abroad.  

 

METHODOLOGY 

The GA technique is adopted for optimization of the water 

management problem in the present study. The specific 

objective of the study is to maximize the yield and to 

allocate water in a multi-crop and multi-period scenario. 

The problem is solved in three stages; First stage is the data 

collection process of cropping pattern in the study area 

along with the meteorological information. Second stage is 

fortnightly crop water requirement are calculated by using 

the Penman Monteith method (Allen et al. (1998)) and the 

relative yield ratios are evaluated from Doorenbos and 

Kassam, (1979) and other publications. Third stage is data 

preparation and application to the models formulated in the 

following section and solving both the models to get results.  

 

Demand Computation  

The estimation of the reference crop evapotranspiration is 

done through CROPWAT-8.0 Software available as an open 

access freeware. The Reference evapotranspiration (RET) is 

the evapotranspiration rate from a reference surface with 

hypothetical grass crop sown without any shortage of water 

and is denoted as ETo.  It uses many inputs related to 

climatic conditions, geographic information, soil 

characteristics, and water quality at the region of interest. In 

order to relate automatically the different existing formulae 

using the different inputs in order to generate water 

requirements and maximum yield for each crop of interest 

the software has sufficient capability. The software assumes 

that all other input factors to crop yield (such as pesticides, 

know-how, seeds etc.) are kept at their optimal levels. 

Following lines discuss the details of the software. The 

equation used is the FAO Penman-Monteith Equation. The 

reference evapotranspiration value in i
th

 season (ETo) is 

calculated as per the Equation 1. (1998) 

ETo=  
                   

   

     
             

                    
  (1) 

Where: ETo = the reference evapotranspiration [mm / day], 

Rn = net radiation received at the crop surface [MJ m
-2

 day
-

1
], G = the soil heat flux density [MJ m

-2
 day

-1
], T = the 

mean daily air temperature at 2 m height [°C], u
2
 = wind 

speed at 2 m height [m s
-1

], es = saturation vapour pressure 

[kPa] at T [°C], ea = actual vapour pressure [kPa], Δ = slope 

of vapour pressure curve [kPa °C
-1

], γ = the psychrometric 

constant [kPa °C
-1

]. For the various crops sown in an area 

the crop evapotranspiration is required to assess the water 

requirement of individual crops in different seasons. The 

reference evapotranspiration (ETo
i
) values computed for 

different fortnights i were multiplied by the crop coefficient 

(  
   to get the crop evapotranspiration (   

  ) (Equation 2) 

.        
    

                       (2) 

Model Development 

The formulation of the optimization of the reservoir 

operation problem for the Samrat Ashok Sagar Reservoir is 

discussed. The objective function and various constraints 

are summarized below. 

Objective Function  

In the present study, the two different problems with 

different objective functions were solved.  

Objective Function 1 (Additive Model) 

The objective function of the GA model for the first 

problem is minimizing the sum of the squared deviation of 

irrigation demand deficit along with squared deviation of 

mass balance equation. (Equation 1) This objective function 

is termed as additive function. This kind of objective 

function has been used by many researchers in the past 

(Reddy and Kumar (2006), Azamathulla et al. (2008), 

Mathur and Nikam (2009), Reddy and Kumar (2007)). In 

the works of Reddy and Kumar (2006) and Mathur and 

Nikam (2009) the objective function was not weighed by 

the crop sensitivity factor to the water deficit in different 

growth stages. Present objective function is a weighted sum 

of the squared deficit between the releases and demand of 

each crop in each season. (Equation 3) 

              
               

 
 

   

  

    

 

                                
 
   

  =     ,          (3) 

R t,nc = release in the period t = 1, 2..., N for crop nc = 1, 2, 

..., NC (MCM), D t,nc = demand to sustain the crop nc = 

1,2,..., NC in the period t=1, 2..., T (MCM),    
  

 = yield 

response factor for time period t= 1, 2..., N of crop nc = 1, 

2..., NC, S t = Storage at time period t= 1, 2..., N (MCM), S 

t+1= Storage at time period t+1 (MCM), I t = Inflow at time 

period t= 1, 2..., N (MCM), Ao and B = Regression constant 

correlating surface area (Ha) and storage value,   = Rate of 

evaporation at each fortnight in (mm)  

Objective Function 2 (Multiplicative Model) 

The additive model discussed in previous paragraph has a 

limitation that it works in local time and the optimization 

model does not have the effect of the deficits occurred in 

other time periods whereas the multiplicative model (Eq. 4) 

is more realistic and takes in to account the effect of deficits 

to the other seasons.   
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                                            (4) 

Irrigation Demand Constraints 

The releases for irrigation should be more than or equal to 

zero to sustain the crops and also at the same time this 

should not exceed the maximum irrigation demand to 

produce the targeted yield 

0 ≤       ≤                                       (5) 

Reservoir Storage – Capacity Constraints 

The reservoir storage in each fortnight should not be less 

than the dead storage, and should not be more than the live 

storage of the reservoir 

S min   ≤ St ≤ S max                       (6) 

On the basis of the models discussed in the foregoing text 

reservoir operation analysis for the data of Samrat Ashok 

Sagar Reservoir was carried out. The result reveals that the 

optimization approach can significantly improve the annual 

net benefits even in deficient storage situation. Under a 

multi-crop environment there is a competition for the 

available water whenever the water available is less than the 

irrigation demands. The reservoir operation component 

optimally releases water from the reservoir, whereas multi-

crop water allocation component allocates water to different 

crops, by weighing the sensitivity of crop yield to moisture 

stress during different physiological growth stages of the 

plants. In the present study a single reservoir with multiple 

crop irrigation is considered for Rabi (dry weather) Season 

operation. The model formulation and methodologies of 

evaluation of various components of the study are presented 

in following paragraphs. 

 

DATA COLLECTION AND ANALYSIS 

The data for the analysis was collected from various 

sources. The data regarding the cropping pattern and 

physical aspects of the reservoir were collected from the 

Central Water Commission (2006), visiting the dam site and 

various state level offices of M.P. Water Resources 

Departments in Bhopal and IMD website, Water Portal 

website etc. The Rabi Season irrigation is considered in the 

present problem and the cropping pattern is presented in 

Table 1. The monsoon season in India is uncertain and has a 

direct effect on the runoff to the reservoir which may lead to 

variation in filling levels of the reservoirs. In all 6 different 

levels of initial storage in the reservoir have been taken to 

analyze the problem in the present study. They are 226.9 

(full storage), 204.2, 181.52, 158.53, 136.14 and 113.45 

MCM. The total command area is 37419 Ha and the area to 

be covered by the reservoir system is 86.30% that is 

approximately 32292 Ha. The Crop calendar adopted for the 

present study is shown in Table 2. The adopted reference 

crop evapotranspiration values are shown in Table 3. 

Table .1: Cropping Patterns in the Case Study for 

Rabi Season 

S. No. CROP % 

AREA 

AREA (Ha) 

1 GRAM 7 2400 

2 MOONG 2 600 

3 VEGETABLE 0.7 292 

4 WHEAT 90 28900 

5 BARSEEM 0.3 100 

 TOTAL 100 32,292 

Table.2: The Crop Calendar Adopted 

S. 

No. 

CROP TIME DURATION DAYS 

1 GRAM 16 OCT - 28 FEB 135 

2 MOONG 15FEB – 15 APRIL 60 

3 VEGETABLE 1 NOV – 31 JAN 90 

4 WHEAT 16 NOV - 15 MAR 120 

5 BARSEEM 16 OCT -  15 FEB 120 

Table.3: Reference Evapotranspiration Values 

FORTNIGHT TIME 

DURATION 

ETo (mm) 

1 16-31 OCT 53.98 

2 1-15 NOV 48.95 

3 16- 31 NOV 40.04 

4 1-15 DEC 40.00 

5 16-31 DEC 40.00 

6 1-15 JAN 40.04 

7 16- 31 JAN 49.00 

8 1-15 FEB 51.82 

9 16- 28 FEB 56.13 

10 1-15 MAR 85.72 

Computation of Demand of Water 

The computation of season wise Reference Evapo-

Transpiration (ETo) values for the command area has been 

carried out using the CROPWAT 8.0 Software with the 

local climatic data for various growth seasons of Rabi 

Season (Dry Weather) crops. The ETo values were then 

converted into the crop Evapo-Transpiration (ETc) values 

for different crops by multiplying the ETo values with the 

crop evapotranspiration coefficients (Eq.2). Eventually the 

demands for the various seasons were computed using the 

net sown area and after the proper conversion and 

application of efficiency factors. The example results are 

shown for Gram crop is shown in Table 4. On the similar 

lines the demands for other crops have been computed. 
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RESULTS OF RELEASE AT VARIOUS INITIAL 

STORAGES 

The Additive and Multiplicative Models were applied to the 

problem as per the formulation explained in the foregoing 

discussions (Equations 3 to 6). The actual demands, the 

computed releases from the Additive Model and the  

Multiplicative models in each fortnight for different levels 

of available initial reservoir storage values are calculated 

and presented in Figure 1 for the Gram crop. 

In the similar fashion the releases were computed by both 

the models for different crops in the command area. The 

objective of the present study was to maximize the yield 

ratios for all the crops that is to maximize the production. 

The releases computed from the optimization model for 

different crops in different fortnights for various levels of 

Table 4: Computation of Fortnightly Demand for Gram 

SOWING 

DATE 
16-Oct Crop  Gram Area Sown 2400 (Ha) 

Computed Demand  

DAYS 
FORT 

NIGHT 

ETo 

(mm) 
Kc 

Growth 

STAGE 

ETC=Kc* ETo 

(mm)  

Million Cubic 

Meters (MCM) 

15 1 53.98 0.23 ini 12.4154 0.358 

30 2 48.95 0.28 devp 13.706 0.395 

45 3 40.04 0.69 devp 27.6276 0.796 

60 4 40.00 1.02 devp 40.8 1.180 

75 5 40.00 1.05 devp 42 1.210 

90 6 40.04 1.04 mid 41.6416 1.199 

105 7 49.00 0.89 mid 43.61 1.256 

120 8 51.82 0.63 mid 32.6466 0.940 

135 9 56.13 0.41 end 23.0133 0.663 
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initial storage values in the reservoir are used to compute 

the depth of water supplied to the crop by dividing the total 

volume by the crop area and appropriate conversion factor. 

Then a soil moisture simulation model (Equation 7) was 

applied to each of the crops. The procedure comprises of 

solving three equations (Equations 7 to 9) at each time steps 

to solve for the Actual Evapo-transpiration and the soil 

moisture storage in the root zone of each crop in various 

time periods. The relative yield is computed as per the 

Equation 10. 

                                    
                                                               (7) 

                         
 

    
                     (8) 

      

 
 
 

 
 

            
 

               

            
                       

 
                       

        (9) 

  
                

     
   

   
 
 
                            (10) 

Where, Zt and Zt+1 are root zone depths in the periods t and 

t+1 respectively, (cm), Rt is the rainfall in the period t 

(mm), Xt is the water depth allocated in period t (mm), So is 

the initial soil moisture content in the extended root zone 

(mm/cm), tmax is the time for the full development of root 

zone (days), Zmax is the maximum possible depth of 

effective root zone,    
  

 is the yield factor for period t of 

the crop nc, AET is the actual evapo-transpiration (mm) and 

ETc is the crop evapo-transpiration for the crop nc in time t, 

SMt and SMt+1 are the soil moisture content in depth units 

per unit root depth in period t (mm/cm), FC = Field capacity 

(mm/cm), WP = Wilting point (mm/cm), p = Crop water 

depletion fraction. The results of final yields for various 

crops at different storage level using both the models have 

been presented in Table 5 and Figure 2. 

 

 

Table 5: Final yield for Gram by Addition function and 

Product function 

G
ra

m
 

Storage 

Relative Yield by 

Addition Function 

Relative Yield by 

Product Function 

226.9 1.000 1.000 

204.21 1.000 1.000 

181.52 1.000 1.000 

158.83 1.000 1.000 

136.14 1.000 1.000 

113.45 0.992 0.998 

B
ar

se
em

 

226.9 1.000 1.000 

204.21 1.000 1.000 

181.52 1.000 1.000 

158.83 1.000 1.000 

136.14 1.000 1.000 

113.45 0.927 0.991 

M
o

o
n

g
 

226.9 1.000 1.000 

204.21 1.000 1.000 

181.52 1.000 1.000 

158.83 1.000 1.000 

136.14 1.000 1.000 

113.45 0.911 0.997 

V
eg

et
ab

le
 

226.9 1.000 1.000 

204.21 1.000 1.000 

181.52 1.000 1.000 

158.83 1.000 1.000 

136.14 1.000 1.000 

113.45 0.935 0.987 

W
h

ea
t 

226.9 1.000 1.000 

204.21 1.000 1.000 

181.52 1.000 1.000 

158.83 1.000 1.000 

136.14 1.000 1.000 

113.45 1.000 0.993 

            
Fig. 1: Fortnightly Demands and releases computed by both Models for Gram for all Initial Storage Values 
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CONCLUSION 

The present study is conducted on the operation of an 

irrigation reservoir namely the Samrat Ashok Sagar 

Reservoir (Halali Project) in Vidisha and Raisen Districts of 

Madhya Pradesh. The study is based on irrigation water 

optimization for 5 crops in the command area in the dry 

weather (Rabi) season. The optimization technique 

employed is Genetic Algorithm solved on MATLAB 

Platform. Two formulations for optimization problem have 

been developed and solved. The first one is an additive 

model in which the weighted squared deviation of the 

demands and the actual releases for all the crops in all the 

seasons is added and the function is minimized. This is 

termed as the additive model. The weights are the relative 

yield factors for individual crops in the respective time 

         

       

 

Fig 2 : Comparison of relative yields of different crops at different storage levels of the reservoirs 
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periods. The second one is a multiplicative model in which 

the addition of the weighted squared deviation for all the 

crops in a season are multiplied with each other over the 

complete cropping season was supposed to be minimized. 

The models were applied to different levels of initial storage 

values of the reservoirs. The results of the study indicate 

that the model presented can be used to determine the 

optimal reservoir operation for irrigation planning. The 

optimization model developed in the present study allocates 

the water optimally amongst various crops in different time 

periods. The complete demands of all the crops for higher 

storage values in the reservoir is fulfilled but there is a 

competition amongst the crops at a reservoir storage level of 

113.45 MCM  The deficits in the supply and the allocations 

of deficits to maximize the possible relative yields is 

achieved at this storage. The results indicate that at this 

level of initial storage the major crop wheat gets full water 

as per the requirement when additive model is solved. The 

other crops suffer water deficits. When the multiplicative 

model is solved the other crops are at advantage at the cost 

of deficit in the wheat production. In general the 

multiplicative model yields better relative yield values even 

in the deficit conditions.  
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