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Introduction 
The world’s readily available fresh water resources are becoming 

increasingly scarce due to higher demands by municipal, industrial, 
recreational, and agricultural sectors. This is mostly because of 
population increase and higher standards of living in many areas, but 
also due to changes in land use and global climate change as a result of 
rapid development [1]. Irrigation accounts for 70% of total freshwater 
withdrawals globally, with the industrial and domestic sectors 
accounting for the remaining 20% and 10%, respectively [2]. With 
expected increases in population by 2030, food demand is predicted 
to increase by 50% (70% by 2050) [3]. Without improved efficiencies, 
agricultural water consumption is expected to increase by about 20% 
globally by 2050 [4]. Irrigation accounts for more than 40% of the 
world’s production on less than 20% of the cultivated land [4]. Globally, 
irrigated crop yields are 2.7 times those of rain fed farming; hence 
irrigation will continue to play an important role in food production 
[4]. However, the increasing competition for water usage in different 
sectors is making this resource more scarce and valuable. Hence, today, 
the agricultural sector around the world is under more pressure for 
limiting its water use, not only because of the increasing water demand, 
but also because of climatic changes and more frequent droughts [5]. 
Water scarcity and decreasing availability of water for agriculture 
constrain irrigated production overall, and particularly in the most 
hydrologically stressed areas and countries [2]. These call for increasing 
production per unit area and per unit water. However this needs more 
scientific utilization of the water resources and their optimal allocation 
to achieve maximum returns. Improving the irrigation efficiency, 
revising crop patterns, and optimizing water allocation [5]. Optimal 
irrigation system planning and operation are amongst many measures. 
The success of irrigation system operation and planning depends on 
the quantification of supply and demand and equitable distribution of 
supply to meet the demand if possible, or, to minimize the gap between 
the supply and demand [6]. For this purpose, optimization models are 
required to select optimal solutions, systematically, under agreed-upon 
objectives and constraints [7].

Ethiopia has vast cultivable land of 30 to 70 M ha, but only 15 M ha 
of land is under cultivation, with current irrigation schemes covering 
about 640,000 ha out 5.3 M ha of total potential irrigable land [8]. In 
Ethiopia, due to lack of water storage infrastructure and large spatial 
and temporal variations in rainfall, there is not enough water for most 
farmers to produce more than one crop per year [8]. Hence, Ethiopia 
is increasingly investing in irrigation sector in order to exploit the 
agricultural production potential of the country: (i) to achieve food 
self sufficiency at the national level, (ii) to generate foreign currency 
from export earnings, and (iii) satisfy the raw material demand of local 
industries [9]. One of the investments is Koga Dam and Irrigation 
Scheme located south of Lake Tana, in the Upper Blue Nile Basin. 
The scheme was designed to irrigate 7000 ha command areas [10]. 
According to MacDonald [10], the potential irrigable area is 7572 ha. 
However, the maximum actual irrigated area was 5123 ha in 2011/12 
and 5144.36 ha in 2012/13. This is 73.5% of the design command areas. 
This implies that either the reservoir water was mismanaged or too 
small to irrigate design command areas. Multiple cropping patterns 
are also the common practice at Koga and other irrigation schemes 
in Ethiopia. An economically efficient cropping pattern defines 
the optimal crop area and water allocation for seasonal, annual and 
perennial crops, subject to constraints on land and water availability 
[11]. The cropping pattern of Koga Irrigation Scheme varies year to 
year depending upon farmers’ preferences, socioeconomic factors 
and government directives. This affects the amount and timing of 
irrigation water demand, the size of cropping area, the yield /benefit, 
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and reservoir operation policy. Irrigation managers and/or decision 
makers always face a problem of optimally allocating available land 
water resources to multiple crops at the beginning of every irrigation 
season to maximize the yield or benefit from irrigation projects. Under 
these circumstances, optimization techniques are required to balance 
water supply and demands of multiple crops. Among the available 
optimization techniques such as Linear Programming (LP), Dynamic 
Programming (DP) and Genetic Algorithm (GA), it is LP model that 
is more popular because of the proportionate characteristic of the 
allocation problems [12]. Moreover, LP model can handle a large 
number of constraints and thus, are an effective tool to aid in the 
optimization process [13]. Linear programming based optimization 
methods are popularly used to derive the policies and are found as 
an effective tool in dealing with the allocation of resources during 
irrigation planning [14]. The LP is also easy to apply with the problem 
of irrigation planning using several available programs [15]. However, 
neither of optimization approaches was used to define optimal 
cropping patterns during designing nor operation phase of Koga 
irrigation project. Moreover, none of optimization methods to date 
has been widely adopted in irrigation sector, Ethiopia. Nevertheless, 
in the past years, various optimization methods have been used in 
irrigated agriculture world-wide to define optimal cropping patterns. 
However, no single optimization method or algorithm can be applied 
efficiently to all problems [16]. The Linear programming (LP) model 
developed to select the optimal cropping patterns in, Zimbabwe were 
found to be more superior to traditional methods in maximizing profit 
while achieving other goals such as food security [17]. LP models were 
also used to improve annual benefits in multi objective crop planning 
[18]. A linear programming model was used to maximize the total 
gross margin for the delivery of water to agricultural areas that cover 
an irrigation network over a planning horizon in Iran [19]. A weekly 
LP model was formulated for determining the optimal cropping 
pattern and reservoir water allocation for an existing storage based 
irrigation system in India [20]. LP model based on simplex method 
was used for optimal utilization of water and land resources [21]. A 
linear programming model was developed for the optimal land and 
water resources allocation to maximize net annual returns from a 
command area [12]. Multiregional LP model was applied for managing 
cropping patterns of agricultural crops in Iran [22]. LP model was used 
for optimization of irrigation water management in Pakistan [23]. A 
Linear programming technique was applied to determine the optimum 
land allocation to 10 major crops in India [24]. Uncertainty is always 
an important factor that affects the management of an agricultural 
water resources system owing to the existence of spatial and temporal 
variations [25]. Two possible results of decisions without consideration 
to uncertainty are the creation of a net benefit that is less than expected 
and probability of system failure in meeting a given demand or other 
system constraint [26]. For this reason, the application of chance 
constraint programming that considers uncertainty of reservoir 
inflow for optimizing cropping pattern is imperative. This study was 
conducted with the objectives of finding optimal cropping patterns for 
yield and benefit maximizations. Therefore, this research would help 
the irrigation managers to make concrete decisions on how much land 
and water should be allocated to each crop to get more out of the stored 
and incoming water during irrigation season.

Material and Methods 
Description of the study area

The study area is Koga Irrigation scheme located south of Lake 
Tana in the Upper Blue Nile River Basin, Ethiopia (Figure 1). The Koga 

catchment lies in the Tana Basin between 11°10’ and 11°22’ North 
Latitude and 37°02’ and 37°17’ East Longitude. It covers an area of 
22,000 hectares at dam site (37o08’ E and 11o20’ N) that drains into 
Koga River. The Koga River is a tributary of the Gilgel Abay River in 
the headwaters of the Blue Nile. The Gilgel Abay flows into Lake Tana. 
The monthly flow characteristics of the Koga River follow the rainfall 
pattern. Minimum flow occurs in April. Flow begins to increase in 
May, in response to the early rains, reaching a peak in August. About 
70% of the runoff occurs in the three months from July to September. 
Its average annual rainfall is 1578 mm. The rainfall has a uni-modal 
characteristic that extends from May to October. 

Data collection

Hydrological data were collected from Koga irrigation project office 
and Ministry of Water and Energy in 2012/13. Crop area, yield, cost of 
production and farm get prices of crops and reservoir water release, 
were collected in 2012/13 from office of Koga irrigation project. The 
soil texture within the command area is uniformly clay and the total 
available water (TAW) is 160 mm/m [27,28]. The soil moisture content 
at field capacity, permanent wilting point and the initial available soil 
moisture in December were 46.71%, 30.93%, and 15.26 mm/m [28].

Model development

Chance constraint linear programming (CCLP) models were 
developed by incorporating uncertainty of inflows at exceedance 
probabilities (ρ ) of 90%, 80%, 70%, 60% and 50%. 

These objective functions were maximization of total yield 
(Equation 4) in tons and total benefit (Equation 7) in Ethiopian Birr 
(ETB). Then the decision variables, irrigated land and water for each 
of five major crops in the project area: maize (Zea mays L.), wheat 
(Triticum aestivaum), potato (Solanum tuberosum L.), onion (Allium 
cepa L.) and pepper (Capsicum spps.) were determined by maximizing 
the developed model subject to land and water resources availability 
constraints. Also included in the model was a constraint of limits 
on the irrigated lands for each crop. This was imposed to allow for 
diversity and prevent the domination of one crop over the others. 
Constraint containing variable of stochastic inflow was transformed in 
to its deterministic programming before optimization [29]. Then the 
model was solved using Language for Interactive General Optimization 
(LINGO) version 14. Four scenarios were suggested through this study. 

 

Figure 1: Location map of koga dam and Irrigation Project.
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For scenario I and II, the total sum of crop areas were made less or equal 
to 7000 ha. Irrigated land constraints for each crop was made less or 
equal to its maximum allowed limit in scenario I (3290, 1260, 1120, 840 
and 490 ha for maize, wheat, onion and pepper respectively) but made 
greater or equal to the maximum limit of each crop except for pepper 
in scenario II. In scenario III and IV, the sum of total crop areas was 
less or equal to the potential irrigable area of 7572 ha. Land constraints 
for each crop was made less or equal to its maximum allowed limits 
in scenario III (3558.8, 1363,1211.5, 908.64 and 530.04 ha for maize, 
wheat, onion and pepper respectively) but made greater or equal to the 
maximum allowed limit of each crop except for pepper in scenario IV.

The following water production function [30] was used to derive 
objective function.
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where, Yac is the actual yield of the crop with the available water (kg/
ha), Ymc is the maximum yield (kg/ha) that could be obtained when 
there is no limitation of water (Allen et al., 1998). ETacs and ETmcs 
are the actual and potential crop seasonal evapotranspiration (mm/
season), and Kycs is the seasonal yield response factor of crop ‘c’ for the 
full growing season [30]. Actual and potential crop evapotranspirations 
were estimated using crop-water simulation model (CROPWAT) 
version 8.0 for Windows. Seasonal actual evapotranspriration (ETacs) 
in mm was estimated as the sum of net irrigation applied and effective 
rainfall.
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where, Rcs is the irrigation release to crop ‘c’ in season ‘s’ (Mm3), ɳ, is the 
irrigation efficiency. Ac is cultivated area under crop ‘c’. The adopted 
canal lining in the irrigation scheme has a conveyance efficiency of 78%, 
field application efficiency of 62.5% and the overall irrigation efficiency 
of 48.75% [10]. Pefs is seasonal effective rainfall (mm) calculated from 
80% dependable rainfall of Merawi Meteorological Station using USDA 
Soil Conservation Service Method in CROPWAT. Seasonal potential 
evapotranspiration of crop was estimated as 
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where, Kcg is crop coefficient of crop ‘c’ in growth stage ‘g’ [31] and 
ETog is the reference evapotranspiration in growth stage ‘g’. ETo was 
estimated from long-term monthly averaged values of meteorological 
data using CROPWAT. Combining equations 1 to 3, seasonal yield 
maximization objective function (Equation 4) was developed.
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The net benefit for each crop (NBc) was estimated as:

c c cs c c cNB P Ya A C A= −                                                                  (5)

where Pc is the market price in Ethiopian Birr (ETB) per ton, Yac is the 
yield per unit area (kg/ha), Cc is the cost of cultivation per unit area 
(ETB/ha) and Ac is area of crop ‘c’ in hectare. Total annual net benefit 
from all command areas of the project was given as:

1

N

Tot c
c

NB NB
=

=∑                                                                                  (6) 

Combining Equation 4 to 6, the following objective function for 
total net benefit was obtained.
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where, Yac and Ymc are the actual and maximum yields in kg /ha,

The objective functions (Equations 4 and 7) were maximized 
subject to the following constraints.
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where, Equation 8 is land resources availability constraint. Total 
area allocated to each crop cannot exceed total available land (ATot). 
Ac1 to Ac5 are seasonal area allocated to maize, wheat, potato, onion 
and pepper, respectively. Equation 9 is maximum and minimum 
crop area limit imposed during project designing [10]. The cropping 
pattern used to derive the crop water requirements during irrigation 
dam designing was 47% maize (3290 ha), 18% wheat (1260 ha), 
16% potato (1120 ha), 12% onion (840 ha) and 7% pepper (490 ha) 
out of 7000 ha area [10]. Equation 10 is water availability constraint. 
The sums of seasonal water allocated to each crop should not exceed 
reservoir water supply for irrigation (Vs). Rc1 to Rc5 are seasonal water 
released to maize, wheat, potato, onion and pepper, respectively. 
Equation 11 is maximum irrigation release to each crop (Rc5max). Rcsmax 
was restricted by its seasonal potential irrigation requirement ETmcs  
(Equation 3). Equation 12 is minimum irrigation release to each crop 
(Rcsmin) restricted to management allowed depletion (Pc) of the seasonal 
irrigation requirement. Equation 13 is water balance of reservoir during 
the monthly time interval ‘t’ in irrigation season estimated by chance 
constraint form of reservoir storage continuity equation, where, St+1  is 
storage at the end of time period t, St  is storage at the beginning of time 
period t, Pt  is 80% dependable rainfall of Merawi station during time 
period t , Rt is release volume at time period t+1, ERt  is environmental 
(compensation) release at time period t according to MacDonald 
[32]. SPt is the spilled or over flow water. ρ

tI  is the expected monthly 
inflows (It) into the reservoir at different ρ values  of 90%, 80%, 70%, 
60% and 50% which was estimated from the distributions fitted using 
Cumulative Frequency Program. Transpiration and seepage are seen 
as a minor contribution to the losses factors [33] and therefore not 
included in the water balance equation. 

EVPt is the evaporation rate at time period t estimated by Linacre 
[34] method. Monthly reservoir evaporation (Mm3) was estimated 
by multiplying evaporation rate (mm) and reservoir surface area for 
each month. Reservoir surface area on which evaporation would take 
place was determined from the best fitted capacity area curve derived 
using Koga reservoir area, volumes and stage relationships data from 
MacDonald [35]. The units of all parameters in Equation 13 are in 
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million cubic meters (Mm3). Equation 14 is minimum and maximum 
storage volumes. Smin and Smax were minimum and maximum storage 
limits, respectively. The dead storage volumes of 4.8 Mm3 and full 
capacity of storage (83.1 Mm3) were used as minimum and maximum 
storage volume limits, respectively. Equation 15 is non-negativity 
constraint in which all decision variables were made greater or equal 
to zero.

Water productivity

Physical water productivity is calculated in terms of yield per 
volume of irrigation water released (Equation 16), and economic 
water productivity is calculated in terms of net income per volume of 
irrigation water released (Equation 17). Finally, the calculated values of 
water productivities were compared with the actual water productivity 
values for 2012/13 irrigation season. 

T
p R

YW =
                                                                                               (16)

T
e R

IW =                                                                                                  (17)

where, Wp is physical water productivity (ETB/m3), Y is total yield (kg) 
and RT is total irrigation water released (Mm3), We is economic water 
productivity (ETB/m3) and I is net income (ETB).

Results and Discussion
Irrigation demand reservoir water supply

Gross irrigation (mm) and 100% of irrigation water demands 
(Mm3) for different scenarios of cropping pattern are presented in 
Table 1. As it was shown in the table, the maximum water demand 
occurs in March. According to MacDonald [10], the 7000 ha irrigated 
area is governed by the 80% reliability yield per annum from the dam. 
This study has also confirmed that the design reservoir yield could be 
achieved at all exceedance probability levels of 80% and less when the 
reservoir is empty at the end of irrigation season (May). Cumulative 
reservoir inflow was 77.67 Mm3 at  ρ 80%. 

Equation 18 is the best fit reservoir surface area–capacity curve 
(R2=0.99) for Koga irrigation reservoir. Estimated monthly evaporation 

rate (mm) is shown in Table 2.
20.002( 30.4429) 0.26 * 2.68t t tA V V= − − + +                                   (18)

where, At is reservoir area (km2) at month t and Vt is reservoir volume 
(Mm3) at month t. 

Actual irrigation practice 

The actual yields, potential yields, production costs and farm gate 
crop prices in the Koga irrigation scheme for the year 2012/13 are shown 
in Table 3. It is the farmer who decides the types of crops grown on his 
farm. As a result, thirteen types of crops were sown in the irrigation 
project in 2012/13. Out of 7000 ha irrigable lands, a total of 5144.36 
hectares were cultivated, 37,920.6 tons of yield was harvested from 
all crops and net benefit of 113,343,614 ETB was obtained. Sensitivity 
test showed that the actual values of yield and benefit would not be 
changed if environmental flow had been permitted for downstream 
environment. Cultivated areas of major crops: maize, wheat, potato, 
onion and wheat were 1967, 511, 1318, 83 and 32 ha, respectively. The 
cultivated areas of these crops except for potato were less than their 
maximum allowed land limits.

Actual reservoir operation during 2012/13 irrigation season is 
shown in Table 4. Total seasonal irrigation water released was 67.7 
Mm3.

Optimal land and water allocations

The optimal results for irrigated land and water allocated to each 
crop, the total yield and benefits gained at 80% exceedance probability 
(ρ) of reservoir inflows under each scenarios are described in the 
following sections. Under each crop column (Table 5), the first values 
are land in ha and the values under bracket are allocated water in Mm3.

Scenario I: The global optimal solution under scenario I for total 
yield and benefit maximizations of 7000 ha of land is shown in Table 
5. Both yield and benefit optimization models allocated 97%, 115%, 
131%, 132% and 134% of the actual irrigated lands in 2013 irrigation 
season at ρ 90%, 80%, 70%, 60% and 50%, respectively. The actual yield 
harvested and the benefit gained during 2012/13 irrigation season was 
37,920.6 tons and 113,343,614 ETB, respectively from 5144.36 ha of 

Types of Irrig. Demand Dec Jan Feb Mar Apr May June Total
Gross Irrigation 235.50 834.80 1453.80 1736.50 1501.9 634.50 64.85
Scenario I 7.75 15.27 19.00 19.44 13.31 1.31 _ 76.08
Scenario II 7.75 16.43 22.14 23.55 16.79 1.81 _ 88.47
Scenario III 8.38 17.20 21.54 22.42 15.48 1.42 _ 86.44
Scenario IV 8.38 17.77 23.95 25.47 18.16 1.96 _ 95.69
Scenario V 7.75 16.43 21.61 23.43 16.97 2.69 0.32 88.88

Table 1: Gross irrigation (mm) and irrigation demand (Mm3) for different scenarios.

Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May
123.9 94.2 85.8 87.2 88.2 72.1 63.7 70.5 86.8 125.7 145.6 148.2

Table 2: Monthly reservoir evaporation in mm.

Crop type Max yield (ton/ha) Actual yield (ton/ha) Average production cost (Birr/ha) Average farm gate price(Birr/ton)
Wheat 6 5.5 8700 4800
Maize 6 2.3 8476 7500
Potato 22 20 12900 3500
Onion 35 16.5 14380 4000
Pepper 2.3 2.2 8730 4000

Table 3: Maximum yield [36] production cost and farm gate price of crops.
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land. The use of optimization model increased the yield by 93%, 108%, 
119%, 119% and 120%, and the benefit by 156%, 177%, 188%, 188% 
and 189% as compared to the actual yield at ρ 90%, 80%, 70%, 60% and 
50%, respectively. No land was allocated to wheat at ρ 90% and pepper 
at ρ 90% and 80%. The land allocated to wheat at ρ 80% was 51.93 % 
and it was 100% of their maximum allowed land of 1260 ha at ρ 70%, 
60% and 50%. The land allocated to maize was 92.32 % of its maximum 
allowed land of 3290 ha at ρ 90%, and 100% of its maximum allowed 
land at ρ 80%, 70%, 60% and 50%. But the land allocated to pepper was 
41.69 %, 60.08% and 78.47 % of its maximum allowed land of 490 ha 
at ρ 70%, 60% and 50%, respectively. The land allocated to potato and 
onions were 100% of their maximum allowed lands of 1120 and 840 ha, 
respectively at all ρ values. The slacks or unirrigated lands in scenario 
I, during both yield and benefit maximizations, were 20130.5, 1095.7, 
285.6, 195.6 and 105.5 hectares at ρ 90%, 80%, 70%, 60% and 50%, 
respectively. These unirrigated lands would make some of the land 
holders disadvantaged from the irrigation scheme. Under this scenario, 
100% of irrigation demand could be met for wheat, potato and onion 
and 89% for maize. The 11% water deficit for maize is very much less 
than its management allowed depletion of 55%. Therefore this deficit 
would not result into significant yield reduction.

Scenario II: The global optimal solutions under scenario II for total 

yield and benefit maximizations is shown in Table 5. Both yield and 
benefit optimization models allocated 7000 ha of land for irrigation. 
The land allocated to all crops except for pepper was 100% of their 
maximum permitted areas at all ρ values. But no land was allocated to 
pepper. For example, the optimal amount of areas allocated to maize, 
wheat, potato and onion at ρ 80% were 3290, 1260, 1120 and 1330 ha, 
respectively and their corresponding allocated water was 26.7, 7.7, 
13.6 and 13.3 Mm3. In general, the CCLP model improved the yield by 
121%, 143%, 159%, 161% and 162%, and the benefit by 153%, 103%, 
137%, 139% and 141% of the actual at ρ 90%, 80%, 70%, 60% and 50%, 
respectively. Under this scenario 100% of irrigation demand could be 
met for potato and onion, 89% for maize and 63% for wheat ρ 90%. 
The 37% water deficit for wheat is very much less than its management 
allowed depletion of 55%. Therefore, the deficit water for maize and 
wheat would not result into significant yield reductions. 

Scenario III: The global optimal solutions for scenario III by 
relaxing the constraint of total command area up to 7572 ha is shown in 
Table 5. The total areas that could be irrigated under this scenario using 
yield and benefit maximization models were 96%, 115%, 131%, 133% 
and 135% of the 5144.36 ha of actual irrigated area in 2012/13 at ρ 90%, 
80%, 70%, 60% and 50% respectively. The CCLP model improved the 
yield by 102%, 117%, 130%, 132% and 133%, and the benefit by 176, 208 

Months Stage (m.a.s.l*) Volume (Mm3) Release (Mm3)
Oct 2015.10 81.00 1.53
Nov 2014.88 76.00 4.54
Dec 2014.25 66.00 12.82
Jan 2013.25 51.00 15.17
Feb 2012.00 35.00 15.64
Mar 2010.63 21.00 11.94
Apr 2010.00 15.50 5.33
May 2009.50 12.00 0.72
Total 67.7

*m.a.s.l is meters above sea level 
Table 4: Actual reservoir operation for the year 2012/13.

Scenario Maize Wheat Potato Onion Pepper Land (ha) Yield (ton) % actual 
yield

Benefit
(ETB)

% actual 
benefit

I 3290 
(32.0)

654.3
(7.3)

1120
(13.6)

840
(8.4)

0.0
(0.0)

5904.3 78734.47 108 314072100 177

II 3290
(32.0)

1260
(7.7)

1120
(13.6)

1330
(13.3)

0.0
(0.0)

7000 92161.64 143. 343355800 203

III 3558.8
(34.6)

 257.1
(2.9)

1211.5
(14.7)

908.6
(9.1)

0.0
(0.0)

5936.1 82405.86 117 349179700 208

IV 3558.8
(23.8)

1363.0
(8.3)

1211.5
(14.7)

1438.7
(14.4)

0.0
(0.0)

7572 95828.70 153 348946300 208

Actual values 5144.36 37920.6 113,343,614

Values in the parenthesis are seasonal water (Mm3) allocated to each crop.
Table 5: Optimal land and water allocation under all scenarios at excedance probability ( ρ ) of 80%.

ρ value Released water Scenario I Scenario II Scenario III Scenario IV

(Mm3) Wp We Wp We Wp We Wp We

90% 51.3 1.4 5.7 1.6 5.6 1.5 6.1 1.6 5.5

80% 61.3 1.3 5.1 1.5 5.6 1.3 5.7 1.6 5.7

70% 70.3 1.2 4.6 1.4 5.4 1.3 5.2 1.5 5.8

60% 71.3 1.2 4.6 1.4 5.4 1.2 5.2 1.5 5.8

50% 72.2 1.2 4.5 1.4 5.3 1.2 5.1 1.4 5.8

Actual 67.74 0.56 1.67 0.56 1.67 0.56 1.67 0.56 1.67

Table 6: Water productivity under four scenarios.
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%, 223%, 224% and 226% of the actual in 2012/13 at ρ 90%, 80%, 70%, 
60% and 50%, respectively. The allocated lands of potato and onion 
at all ρ values were 100% of their maximum allowed lands of 1211.52 
and 908.64 ha, respectively. The lands allocated to maize were 2824.3 
ha at ρ 90% and 100% of its maximum allowed lands of 3558.84 ha at ρ 
80% to 50%. No land was allocated to wheat at ρ 90%. However, 19%, 
78%, 85% and 91% of maximum allowed lands of 1362.96 ha of wheat 
were allocated at ρ 80%, 70%, 60% and 50%, respectively. On the other 
hand, no land was allocated to pepper at all exceedance probabilities. 
The slack or unirrigated lands out of 7572 ha of potential irrigable lands 
were 2627.5, 1635.8, 826.2, 736.2 and 646.2 ha at ρ 90%, 80%, 70%, 60% 
and 50%, respectively during yield and benefit maximizations. Under 
this scenario 100% of irrigation demand could be met for wheat, potato 
and onion, 89% for maize at ρ 80%. Thus, the deficit water for maize 
would not result into significant yield reduction.

Scenario IV:The global optimal solutions of scenario IV for total 
yield and benefit maximizations were shown in Table 5. Both yield and 
benefit optimization CCLP models allocated 100% of the maximum 
permitted lands to maize, wheat, potato and onion crops but, no land 
was allocated to pepper at all ρ values. The CCLP model improved 
the yield by 176%, 208%, 223%, 224% and 226%, and the benefit by 
149%, 208%, 258%, 264% and 269% of the actual at ρ 90%, 80%, 70%, 
60% and 50%, respectively. Under this scenario 100% of irrigation 
demand could be met for potato and onion, 61% for maize and 63% 
for wheat at ρ 80%.Water deficits for maize and wheat would not 
result into significant yield reduction. Yield and benefit improvements 
remain almost constant at ρ 70%, 60% and 50% under all scenarios. 
This is because water supply is greater than irrigation demand at these 
probabilities of reservoir inflows.

Productivity

Table 6 shows physical water productivity (WP) and economic water 
productivity (We) under scenario I, II, III, IV and actual conditions at 
different exceedance probabilities (ρ) of water availability. For ρ 90% 
to 50%, physical and economic water productivities range from 1.2 to 
1.4 kg/m3 and 4.5 to 5.7 ETB/m3, respectively under scenario I, 1.4 to 
1.6 kg/m3 and 5.3 to 5.6 ETB/m3, respectively under scenario II, 1.2 to 
1.5 kg/m3 and 5.1 to 6.1 ETB/m3, respectively under scenario III, and 
1.4 to 1.6 kg/m3 and 5.5 to 5.8 ETB/m3, respectively under scenario IV.

The physical and economic water productivities of the actual 
irrigation practice were 0.56 kg/m3 and 1.67 ETB, respectively. The Wp 
and We improvements at ρ values of 90% to 50% were 114% to 150% 
and 169 % to 241%, respectively under scenario I, 150 % to 186% and 
217% to 235%, respectively under scenario II, 114% to 168% and 205% 
to 265%, respectively under scenario III, and 150% to 185% and 229% 
to 247%, respectively under scenario IV. Optimal cropping pattern 
improved Wp and We by 132 to 205, 168 to 235, 132 to 241 and 186 
to 241 under scenario I, II, III and IV, respectively at ρ 80%. Hence 
minimum and maximum Wp were 132 and 186, respectively and 
whereas minimum and maximum We were 205 and 241 of the actual 

values, respectively at ρ 80%. Generally, Wp and We remained constant 
from ρ 70% to 50% under all scenarios. Whereas Wp and We decreased 
from ρ 90% to 80% under scenario I and III. Under scenario II, Wp 
decreased and We remained constant. Wp remained constant and We 
decreased at scenario IV from ρ 90% to 80%.

Optimal ranges of water and land allocations

Table 7 shows the right-hand side (RHS) ranges of water and land 
constraints in which the optimal solutions of yields and benefits are 
unchanged. For example, at scenario II, the optimal yield of 92161.64 
tons and 343355800 ETB could be gained from 7000 ha of land 
irrigated at ρ 80% using 61.3 Mm3 of water (Table 5). In this scenario, 
the reservoir water released for irrigation and the cultivated areas can 
change between 52.2 to 66.6 Mm3 and 6510 to 7905.4 ha, respectively 
(Table 7), but the current optimal values of yield and benefit remain 
optimal in these intervals or ranges. Among the four scenarios, the 
minimum amount of land that could be irrigated at ρ 80% was 5904.3 
ha at scenario I and the maximum was 8051.0 ha at scenario IV. The 
optimal irrigated areas under scenario I and III were the minim values 
of optimal ranges of area allocations for these scenarios. Whereas that 
of scenario II and IV were within the ranges of optimal area allocations. 
Therefore, optimal cropping pattern would increase the irrigated area 
by 15% to 56%, the yield by 108 to 153% and the benefit by 153 to 
208% of the actual values at ρ 80%. This implies that the actual irrigated 
land in 2012/13 was below the optimal values and water released for 
irrigation was mismanaged.

Conclusion
This study optimizes cropping patterns of five major crops: 

maize, wheat, potato, onion, and pepper using chance constraint 
linear programming (CCLP) model under four scenarios of cropping 
pattern. The yield, benefit, water productivity and irrigated areas under 
all scenarios were greater than that of the actual values in 2012/13 
irrigation season. The study showed that the possibility of irrigating 
5904.3 to 8051.0 hectares of land at ρ 80% by optimizing cropping 
patterns at irrigation efficiency of 48%. This could increase the yield by 
108 to 153%, benefit by 153 to 208% and physical water productivity 
by 132% to 186% and economic water productivity by 205% to 241% 
of the actual values. Optimal water allocations to each crop, under all 
scenarios of cropping pattern, would not result into significant yield 
reduction. Thus, it was concluded that the actual irrigated land (5144.36 
ha) in 2012/13 was below the optimal values, and water released for 
irrigation was mismanaged. Therefore, with optimal crop planning and 
water management, it is possible to irrigate the design command area 
of 7000 ha. Therefore, the developed CCLP models could be valuable 
tools for decision making in selecting optimum combination of crops 
that maximize the benefit/yield of an irrigation project. Knowledge of 
optimum crop combination is important in determining irrigation 
demand on which reservoir operation is based. Finally, a study 
should be made to determine optimal levels of crop water deficit that 

Scenario Irrigation water released Irrigated area
RHS Incr-ease Decr-ease Min Max RHS Incr-ease Decr-ease Min Max

I 61.3 6.7 7.3 54.0 68.0 7000 Infinity* 1095.7 5904.3 -

II 61.3 5.3 9.0 52.2 66.6 7000 905.4 490 6510.0 7905.4

III 61.3 12.3 2.9 58.4 73.6 7572 Infinity* 1635.9 5936.1 -

IV 61.3 10.8 4.8 56.5 72.1 7572 478.9 530.0 7042.0 8051.0

 *Irrigated area coefficient that can be increased indefinitely 
Table 7: The right-hand side (RHS) ranges of constraints at ρ 80%.
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maximize water productivity and optimization of cropping pattern 
using computational intelligence techniques.
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