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Abstract

Gravity flow on field to field flooding basis is prevalent in most of the canal command areas in India. Furthermore, the canals
being mostly unlined and at many sections ill maintained, enormous conveyance loss of water occurs causing dwindling
crop production. Hirakud canal command area located in India is no exception to this predicament. Thus, augmentation of
irrigation infrastructures vis-a-vis prudent crop planning is of paramount importance for increasing the overall efficiency of
the canal system. This paper describes development of optimal crop planning in the Hirakud command area by considering
different objectives of planning (scenarios) so that improvement in irrigation efficiency, in terms of water productivity could
be feasible. Among various scenarios, the cropping pattern obtained under Scenario—II, i.e. to utilize the maximum area
for cultivation, under the constraint of limiting water availability for each outlet was found to be feasible for optimal land
and water utilization and generation of requisite employment. However, keeping in view the affinity of the farmers towards
paddy (a heavy duty crop), Scenario—III i.e. to utilize the maximum area for cultivation with the constraints of limited
irrigation water availability, and providing irrigation to heavy duty crops for at least one-third of the culturable command
area of each outlet, can be adopted.
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Introduction is above 60% (Verma and Phansalkar 2007). According to

the Food and Agriculture Organization (FAO), the overall

Irrigation has been a high priority sector for economic devel-
opment of India with huge investment on water resources
development and irrigation infrastructure. After independ-
ence of India, a boost in agricultural production happened
due to creation of irrigation facilities through development
of major and medium irrigation projects. However, the over-
all irrigation efficiency in canal irrigation system in India is
only 30-65% depending on project location and manage-
ment (Central Water Commission 2014). The efficiencies
of the major and medium irrigation projects in India are
around 40%, while in the minor and groundwater sectors, it
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water use efficiency for irrigated agriculture in developing
countries averages to about 38% (Tropp 2006). While study-
ing the irrigation application efficiency in Bargarh distribu-
tary (distributary is a part of canal water distribution system)
of Hirakud canal command (India), it was observed within
the range of 24-53% (DWM 2014). Low overall efficiency
of irrigation projects leads to poor utilization of irrigation
potential created at huge cost. To overcome the difficulties
of maintaining the potential, both structural and non-struc-
tural interventions are needed. The structural interventions,
which include construction of control structures, lining of
canals etc. involve huge cost and time for implementation.
Furthermore, the scope for modification of the structures
according to the change in water available for irrigation i.e.,
due to climatic uncertainty is limited. On the other hand
non-structural interventions that involve only managerial
measures can be handy and adoptable with a fraction of the
cost of the former. For proper management, the irrigation
water managers need to be equipped with scientific tools of
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proven credibility. Optimization of cropping pattern with the
constraints of land and water availability is one such tool.
The development of optimization models for land and
water management has expanded rapidly in last decade,
and now-a-days commonly used by irrigation policy mak-
ers (Tan et al. 2017; Difallah et al. 2017). An optimization
model requires an objective function and one or more con-
straints, expressed in mathematical form. In agriculture,
the objective functions such as maximization of net return,
land use etc., and the constraints such as land, water and
other resources availability can be expressed in linear alge-
braic equations. Hence, linear programming is one of the
best tools for optimal allocation of land and water resources
(Panda et al. 1985). Many studies on optimization of irriga-
tion water resources using linear objective functions have
been carried out to maximize the net benefits while selecting
an optimum cropping pattern. Vedula and Nagesh Kumar
(1996) developed a mathematical programming model
to determine the optimal operating policy and crop water
allocation to different crops for a single purpose irrigation
reservoir by combining linear programming and dynamic
programming models. Paul et al. (2000) developed optimal
resources allocation strategies for a canal command in the
semi-arid region of India, considering the competition of
crops in a season, both for irrigation water and area of culti-
vation. Singh et al. (2001) used linear programming model
to the Shahi Distributary to determine the optimal cropping
pattern for a command area of 11,818 ha. It was found that
the water available in the command area may support opti-
mally 4981, 3560, 1817, 632, 355, 87 and 3653 ha of wheat,
sugarcane, mustard, lentil, potato, chick pea and rice, respec-
tively, to get a maximum net return of Rs. 185 million. Sethi
et al. (2002) developed a linear programming optimisation
model for optimal crop planning and groundwater manage-
ment and thereby maximising net returns in a coastal basin
in the state of Odisha. The feasibility of conjunctive use
management was analyzed using a mathematical model in
the Sharda Sahayak command area of Sultanpur district of
Uttar Pradesh, India (Mani and Singh 2009). The simple
economic—engineering optimization models are feasible
and can be easily implemented to explore the possibilities
of conjunctive use of surface and groundwater using linear
programming and to arrive at an optimal cropping pattern
for optimal utilization of water for maximising net benefits.
Safavi et al. (2010) developed a simulation—optimization
model for the conjunctive use of surface water and ground-
water on a basin-wide scale in the Najafabad plain of west
central Iran. They developed an ANN model as a simulator of
surface water and groundwater interaction and linked it with
a GA-based optimization model. The results of the model
demonstrated the importance of conjunctive use approach
for planning and management of water resources in semi-
arid regions. Use of the “TORA-version 1.03” optimization
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model to arrive at optimal allocation plan of surface water
and ground water in Sultanpur district’s water availability in
the eastern Uttar Pradesh of India indicated that conjunctive
use options are feasible which would enhance the overall
benefits from cropping activities (Maurya 2013). Mohanty
et al. (2013) developed a simulation—optimisation model
for a well command of eastern India and suggested optimal
cropping pattern for the study area. The results of simula-
tion—optimization modelling indicated that if the suggested
optimal cropping patterns are adopted in the study area, the
net annual irrigation water requirements will be reduced by
28, 35 and 40%, and net annual income will be increased
by 28, 23 and 17% during wet, normal and dry scenarios,
respectively. Chen et al. (2014) developed an optimisation
model for large scale conjunctive use of surface water and
groundwater resources in Chou-Sui alluvial basin in Taiwan.
An ANN model was trained to replace the physically based
model and linear programming was used to create the opti-
misation model. The model showed that conjunctive use of
water resources is possible while maintaining a stable and
sustainable groundwater levels.

Hirakud canal irrigation system in the state of Odisha
is affected by low water productivity, with paddy being
the major crop in both Kharif (monsoon) and Rabi (post-
monsoon) seasons. Although the productivity of paddy in
the region is not very encouraging at 2.05 t ha™! [Govt. of
Odisha (India) 2013], the farmers are inclined towards the
crop. This may be due to the readily available market for
paddy, and the farmers, mostly small and marginal, are not
willing to take the risk for marketing of the other crop pro-
duces. While studying the sustainability of paddy-dominated
cropping system in the Hirakud Canal Command, Raul et al.
(2008) estimated that the mean annual deficit of irrigation
water amounts to around 1956 million m* which is mainly
due to extensive paddy cultivation in the monsoon and non-
monsoon seasons and to a lesser extent due to the sugarcane
crop. This deficit in water availability can be mitigated by
replacing the existing non-monsoon paddy by other crops
such as oilseeds and pulses which require less water com-
pared to paddy. Optimal allocation of paddy and other low
water requiring crops in the command area also has the
potential to increase the net return from the system. How-
ever, allocation of areas for crops of different quantums of
water demand should be done judiciously so as to ensure
utilization of maximum land for cultivation and water avail-
able for irrigation. Keeping these in view, the present study
was conducted with various scenario analyses for optimal
water allocation and crop planning in the Hirakud command
area using linear programming model.
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Materials and methods 20°43'-21°41'N latitude and 82°39'-83°58’E longitude
(Fig. 1) and falls under the Western Central Table Land
Study area Agro-climatic zone of Odisha (India). Canal irrigation is

provided to the command through three canal distribution

The Hirakud canal command area lies between  systems, namely; Bargarh main canal, Sason main canal
and Sambalpur distributary. Bargarh main canal off takes

Fig. 1 Location map of the
study area
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from right dyke of Hirakud Dam (84.28 km in length) with
108.16 cumecs discharge and irrigates 1,30,255 ha. The
present study has been undertaken in the command area
of Bargarh distributary, which off takes from the left of
Bargarh main canal at 26.335 km RD. The distributary has
15 minors and sub-minors along with some direct outlets
from it at different reaches. Plain undulating topography
prevails in the command of the distributary with average
slopes varying between 1 and 6%. Average annual rain-
fall of about 1250 mm is experienced in the area with the
annual temperature variation of 10-45 °C. The soil varies
between light to medium texture and red soils to heavy
textured calcareous soils (Sahu and Mishra 2005). The
physical properties of aquifers show high spatial variabil-
ity with hydraulic conductivity varying from 0.5 to 3 m/
day (Central Ground Water Board 1998) with the ground-
water table fluctuating from 1.5 to 6 m. Baring the month
of May and periodical closure for 30 days in the month of
November and December for maintenance, the canal runs
in rest of the months. Paddy is the predominant crop cul-
tivated both in monsoon and non-monsoon seasons.

Deficit-surplus analysis

The study focussed on assessment of the irrigation water
availability at different reaches of the canal system; water
demand for the crops grown at different reaches; estimation
of gap in the demand and the supply; and devising interven-
tion so as to minimize the demand—supply gap. The details
of direct outlets, minors and sub-minors operating from the
system are presented in Table 1. The Department of Water
Resources, Govt. of Odisha (India) has proposed cropping
pattern as per the water supply at different outlets for the
season Rabi (post-monsoon cropping season) 2013. The
release of water from the canal which is continuous (without
any control or closure during the cropping season) and the
adopted cropping pattern of the command area of individual
minor/sub-minor (including the direct outlets) during the
Rabi 2013 season were taken into account for the analysis.
The canal release is continuous for the cropping period
(approximately 100 days) except the closure, for minor
maintenance for 3 days. The water availability at each outlet
(minor/sub-minors and direct outlets) were calculated from
their discharge rate and the duration operation as follows:

WA, =36 %24 X ¢, XN, (1)

where WA, is the total water available at outlet ‘i’ (ha-cm), g;
is the discharge of outlet ‘i’ (cumec), assumed to be constant
throughout the operating period of the outlet and N is the
number of days of operation of the outlet.

Since the water release through the outlets are not con-
trolled, the crops grown in the command area were divided
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Table 1 Details of outlets from the Bargarh Distributary System

SI. no. Name of Direct Dis- CCA (ha) Reach
Outlets/Minors/Sub- charge
Minors (cumec)
1 Bargarh Dist DO 1.358 1639.00 Head
(Head)
2 Padhanpali Minor 0.917 1208.62
3 Jamurda Sub Minor 0.275 347.43
4 Barahgoda Sub Minor  0.244 262.07
5 Amsada Sub Minor 0.237 321.09
6 Tora Minor 0.266 339.81
7 Dhanger Minor 0.380 532.61
8 BargarhDist DO (Mid-  0.669 806.79 Middle
dle)
9 Malipali Minor 0.700 921.61
10 Khandahata Sub Minor 0.390 553.92
11 Argaon Minor 0.458 653.19
12 Patrapali Minor 0.283 434.28
13 BargarhDist DO (Tail) 1.770 2135.99 Tail
14 Talpali Minor 0.228 388.40
15 Piplipali Minor 0.322 453.48
16 Dekulba Minor 0.328 260.95
17 Dekulba Sub Minor 0.346 555.29
18 Jamdol Minor 0.222 351.47
Total for the distributary 9.393 12166,00
Table 2 Details of crop parameters used in the analysis
Crop type Crops Water
requirement”
(cm)
Heavy Paddy, sugarcane etc 100
Medium G. nut, wheat, vegetables etc 50
Low Black gram, green gram, pea, 30

mustard etc

“The total water requirement for the entire cropping period

into three groups viz. heavy, medium and low, according
to their water requirement for entire life cycle. The water
requirement of the heavy duty crops (paddy, sugarcane
etc.), medium duty crops (groundnut, wheat, vegetables
etc.) and the low duty crops (blackgram, greengram, pea,
mustard etc.) are presented in the Table 2.

The total crop water requirements for the command area
of each outlet (direct outlet/minor/sub-minor) is calculated
using the following expression:

WR; = Al X Dy + Al X Dy + AL x Dy, @

where WR,; is the total water requirement for the command
area of outlet ‘i’ (ha-cm), A} , A} and A! are the area under
heavy, medium and low duty crops in the command area of
outlet ‘/’, respectively (ha), and Dy, D), and D, are the total
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depth of water required for the heavy, medium and low duty
crops, respectively (cm).

The water available at each outlet is compared with its
crop water requirement in the same command area and defi-
cit surplus analysis is carried out. If WR,;> WA, then the
outlet is operating under deficit condition, if WR,; <WA,,
then the outlet is operating under surplus condition and
if WR;=WA,, then the outlet is operating under optimal
condition.

Optimal allocation of crops

If an outlet is not operating under optimal condition, proper
crop planning is required for the outlet. For optimal crop
planning in the command area of the outlet, four frequently
observed scenarios are considered. The details of the sce-
narios and their methodology are presented below.

Scenario—I

Under this scenario, the main objective is to minimize the
surplus water available at the outlet with the constraint that
the total area under all the type of crops should be less than
or equal to the designed culturable command area of the
outlet. Mathematically, it is expressed as:

Objective function:

Min : Z, = WA, — WR,. 3)

Constraints:

i i i i
A,y +A), +A; <CCA @
ioAi Al

AlLALLAL >0,

where Z; is the objective function, WR; and WA, are the
water requirement in the command area and water available
at the outlet ‘7, respectively; Ay, A’); and A’} are the area
under heavy, medium and low duty crops in the command
area of outlet ‘i’, respectively; and CCA' is the designed
culturable command area of the outlet 7’

Scenario—lII

Under this scenario, the main objective is to utilize the maxi-

mum area for cultivation with the constraint of water avail-

ability for each outlet. Mathematically, it is expressed as:
Objective function:

Max : Z; = A, + A}, +A]. (®)]
Constraints:
AL XDy + Al XDy + Al x D, <WA,. (6)

Ay +A, +A] < CCA'

i i i (7)
Al AL AL >0,

where Dy, D), and D; are the total depth of water required
for the heavy, medium and low duty crops, respectively (cm);
and the other terms are same as defined above. However, it
is assumed that the total cropped area Z; may not exceed the
culturable area available under the outlet ‘i’ i.e., CCA'.

Scenario—lIl

Under this scenario, the main objective is to utilize the
maximum area for cultivation with the constraints (1) water
availability for each outlet should meet the demand, and (2)
at least 1/3rd of the cropped area should be paddy (heavy
duty crop) as per choice of the people. Mathematically, it is
expressed as:

Objective function:

Max : Z; = Ay + A} + A ®)
Constraints:

AL XDy + AL x Dy + Al XD, < WA, )

AL > CCA'/3, (10)

AL+A;W+A’L < CCA' an
Al AlLAL >0,

where the terms are same as defined above. Similar to the
Scenario I, it is assumed that the total cropped area Z; may

not exceed the culturable area available under the outlet ‘i’
i.e., CCA".

Scenario—IV

Under this scenario, the main objective is to maximize the
net agricultural return from the command area of each out-
let. The constraints are (1) water availability for each outlet
should meet the demand, and (2) the total area under cul-
tivation should be less than or equal to the available area.
Mathematically, it is expressed as:

Objective function:

Max : Z; = NRy, X A}, + NR, XA} + NR, X AL, (12)
Constraints:

AL XDy +Al XDy +A! x D, < WA, (13)

Al + Al + Al < CCA'
P Al o (14)
AH’AM’AL Z 05

where NRy, NR,, and NR; are the net return per hectare
from heavy, medium and light duty crops, respectively, and
the other terms are same as defined above. All the scenarios
were analyzed using Excel Solver.
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Results and discussion
Deficit—surplus analysis

The cropping pattern, as proposed by the Department of
Water Resources, Govt. of Odisha (India) for Rabi 2013,
water available and water demand under the command of
each minor/sub-minor of the Bargarh distributary system is
presented in Table 3. Deficit status was observed for all the
minors/sub-minors of the distributary system at the head
reach. Water is surplus at most of the minors located in the
middle reach; whereas mixed status was observed for the
outlets in the tail reach. This is contrary to the normal opera-
tion of a surface water irrigation system, in which the head
reach is water surplus and the middle and the tail reach are
water deficit. The present situation is due to the fact that
there are more unauthorized (not designed originally) out-
lets in the head end of the canal. Hence, the actual amount
of water used in the head end of the canal is more than the
designed theoretical water supply. Thus, in the head end out-
lets, 95% area of total CCA is put under crops, whereas in
middle and lower outlets only 75% area of the total CCA is
put under crops (Table 3). In the deficit—surplus analysis,
comparison has been made between water requirements of

Table 3 Deficit—surplus analysis of the Bargarh Distributary System

actual cropped area with theoretical design water supply.
Hence, water deficit in the head end outlets is observed. It is
also observed that water deficit prevails in the distributary
system as a whole, which is likely due to the water deficit at
all the outlets in the head reach.

Optimal cropping pattern scenario
Scenario-I

The optimal allocation of areas for different types of crops
under this scenario for each outlet and the total system is
presented in Table 4. It was observed that to maintain the
optimality of water use (with no surplus or deficit), only
about 82.4% of the total command area should be irrigated.
However, there would be surplus water in the command area
of Dekulba Minor even if the entire CCA is cultivated with
heavy duty crops. This also indicates that more water could
be diverted to the Dekulba Sub-Minor or discharge in the
Dekulba Minor could be reduced and the surplus water could
be provided to the Jamdol Minor (at the tail end) to increase
the cultivated area under the latter. Under this scenario only
10026,75 ha of the total command area of 12,166 ha can be
provided irrigation for the Rabi season with average rate

SI. No. Name of Minor CCA (ha) Cropping pattern (ha) Rabi 2013 Water Req. (ha-cm) Water Av. (ha-cm)  Status
Heavy  Medium Low Total
1 BargarhDist DO (Head) 1639.00  1225.02 230.14 9277 154793 136,792 117,331 Deficit
2 Padhanpali Minor 1208.62  784.00  299.00  58.00 1141.00 95,090 79,229 Deficit
3 Jamurda Sub Minor 347.43 257.40  10.00 40.00  307.40 27,440 23,760 Deficit
4 Barahgoda Sub Minor 262.07 166.50  95.00 0.00 261.50 21,400 21,082 Deficit
5 Amsada Sub Minor 321.09 270.90  35.00 14.00  319.90 29,260 20,477 Deficit
6 Tora Minor 339.81 307.90  21.00 0.00 328.90 31,840 22,982 Deficit
7 Dhanger Minor 532.61 426.10  87.00 16.00  529.10 47,440 32,832 Deficit
Head 4650.63  3437.82 777.14  220.77 443573 389,262 317,693 Deficit
8 BargarhDist DO (Middle) 806.79 40342 121.03 80.67 605.12 48,814 57,802 Surplus
9 Malipali Minor 921.61 460.83 13822  92.16 691.21 55,759 60,480 Surplus
10 Khandahata Sub Minor 553.92 276.96  83.08 5539 41543 33,512 33,696 Surplus
11 Argaon Minor 653.19 326.59 97.98 65.31  489.88 39,517 39,571 Surplus
12 Patrapali Minor 434.28 217.15  65.12 4343  325.70 26,274 24,451 Deficit
Middle 3369.79 1684.95 505.43  336.96 2527.34 203,875 216,000 Surplus
13 BargarhDist DO (Tail) 2135.99 1068.00 320.42  213.59 1602.01 129,229 152,928 Surplus
14 Talpali Minor 388.40 19420 58.27 38.83  291.30 23,498 19,699 Deficit
15 Piplipali Minor 453.48 226.75  68.02 4533 340.10 27,436 27,821 Surplus
16 Dekulba Minor 260.95 13047  39.14 26.09 195.70 15,787 28,339 Surplus
17 Dekulba Sub Minor 555.29 277.65  83.30 55.52 41647 33,596 29,894 Deficit
18 Jamdol Minor 351.47 17574 5271 35.15  263.60 21,264 19,181 Deficit
Tail 414558  2072.81 621.86 414.51 3109.18 250,809 277,862 Surplus
Total 12166,00 719558 1904.43 972.24 10072,25 843,947 811,555 Deficit
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of net return of Rs17,943/-per ha of the irrigated area (1
USD = Indian Rupees, Rs. 67).

Scenario—II

The optimal allocation of areas under different types of
crops under this scenario for each outlet and the total sys-
tem is presented in Table 5. The results revealed that 100%
of the culturable command area of the distributary can be
irrigated, if the designed cropping pattern could be followed.
However, similar to the first scenario, the use of irrigation
water is not optimal for the Dekulba Minor. Though the
total command area can be provided irrigation under this
scenario, there would be reduced average rate of net return
(Rs. 16,426/-) per ha of the irrigated area compared to the
previous scenario.

Scenario—lIl

The optimal allocation of areas under different types of crops
under this scenario for each outlet and the total system is
presented in Table 6. It is observed from the table that this
scenario would give more net return than that of the first
scenario, with provision of irrigation for 99.7% of the CCA.
However, because of the constraint of 1/3rd area under heavy
duty crops, the average rate of net return (Rs. 16,365/-) per
ha of the irrigated area under this scenario is less than that
of the second scenario.

Scenario—IV

The optimal allocation of areas under different types of
crops under this scenario for each outlet and the total sys-
tem is presented in Table 7. The cropping pattern under this
scenario would give the maximum net agricultural return
from the command area of the distributary with 100% land
utilization and without any water deficit in any of the out-
lets. However, since no area is allocated for low duty crops,
which includes pulses and oilseeds, this scenario may not
be practicable.

From the analysis of the scenarios, it is observed that
the constraints of land and water availability are satisfied
under all the scenarios except for the Dekulba Minor, which
is water surplus. Hence, all the outlets of the distributary
can be operated optimally with the adoption of the designed
cropping pattern in the command areas of the individual out-
lets except for the Dekulba Minor. The net return and the net
return per unit area under different scenarios are presented in

@ Springer

Fig. 2. The net return is highest under scenario IV, whereas
net return/ha is highest under scenario I. The water produc-
tivity, calculated as net benefit per unit of water availability,
for the Scenarios I-IV are computed to be Rs. 222, 246, 245
and 250 per ha-cm of water, respectively.

The optimal cropping pattern, under Scenario I, provid-
ing maximum net return per unit area of cultivation suggests
less than 5/6th of the CCA to be irrigated during the season,
which may not be practicable in the field. Under Scenario—
II, the entire CCA of the distributary can be used for cultiva-
tion with the designed cropping pattern assuring higher net
return. Though the net return per unit area under this sce-
nario is about 8.5% less than that of Scenario—I, its water
productivity is higher and would generate more employment
for the agricultural labourers. Restricting 1/3rd of the CCA
for cultivation of heavy duty crops in Scenario—III resulted
in decrease of the net benefit, net benefit per unit area, water
productivity and land utilization marginally compared to
those of Scenario—II (Fig. 2). The optimal cropping pattern
for maximization of net benefit under Scenario—IV suggests
allocation of 1/3rd and 2/3rd of the CCA under heavy and
medium duty crops with no allocation for light duty crops.
This again may not be advisable for the command area from
the self-sufficiency point of view.

Conclusion

The deficit—surplus analysis of the Bargarh Distributary in
Hirakud canal command suggests sub-optimal operation of
the outlets. There are gaps in the irrigation water supply
and crop water requirement with the prevailing cropping
pattern. To optimize the cropping pattern, without chang-
ing the canal release, out of the four scenarios considered,
Scenario—II and Scenario—III were found to be adopt-
able. The cropping pattern obtained under Scenario—II
may be adopted for the command area of the distributary
for optimal land and water utilization, and generation of
requisite employment. However, if the affinity of the farm-
ers towards paddy (a heavy duty crop) cannot be avoided
then the designed cropping pattern under Scenario—III may
be adopted. The findings of the optimisation model can be
implemented in the field through training and demonstration
of Government extension agencies and involvement of local
water users associations.
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Fig.2 Net return and net return
per hectare in Bargarh distribu-

ESINet Return

—ml-Net Return/ ha
19

tary under different scenarios 21

Net Return, Rs (crores)

Netreturn /hectare, Rs (thousands)

References

Central Ground Water Board (1998) Studies on conjunctive use of
surface water and groundwater resources in Hirakud irrigation
project, Orissa. Central Ground Water Board (CGWB), Ministry
of Water Resources, Govt. of India

Chen CW, Wei CC, Liu HJ, Hsu NS (2014) Application of neural net-
works and optimisation model in conjunctive use of surface water
and groundwater. Water Resour Manag 28:2813-2832

Central Water Commission (2014) Guidelines for improving water
use efficiency in irrigation, domestic & industrial sectors. Perfor-
mance Overview and Management Improvement Organization,
Central Water Commission, Govt. of India, R. K. Puram, Sewa
Bhawan, New Delhi-110066

Difallah W, Benahmed K, Draoui B, Bounaama F (2017) Linear opti-
mization model for efficient use of irrigation water. Int J Agron.
https://doi.org/10.1155/2017/5353648

DWM (2014) Annual report 2013—14. Directorate of Water Manage-
ment, (Indian Council of Agricultural Research), Bhubaneswar,
India, p 96

Govt. of Odisha (India) (2013) Odisha agriculture statistics 2011-12.
Directorate of Agriculture & Food Production, Odisha, p 36

Mani R, Singh AN (2009) Assessment of conjunctive use planning of
water resources: a case study of Sultanpur district-Uttar Pradesh,
India. Water Energy Int 66(1):56-67

Maurya RM (2013) Management of water resources using “tora” opti-
mization model. Water Energy Int 70(4):42-51

Mohanty S, Jha MK, Kumar A, Brahmanand PS (2013) Optimal devel-
opment of groundwater in a well command of eastern India using
integrated simulation and optimization modeling. Irrig Drain
62:363-376

@ Springer

Scenario No.

Panda SN, Khepar SD, Kaushal MP (1985) Stochastic irrigation plan-
ning: an application of chance constrained linear programming. J
Agric Eng 22(2):93-105

Paul S, Panda SN, andNagesh Kumar D (2000) Optimal irriga-
tion allocation: a multilevel approach. J Irrigation Drain Eng
126(3):149-156

Raul SK, Panda SN, Holldender H, Billib M (2008) Sustainability of
rice dominated cropping system in the Hirakud canal command,
Orissa, India. Irrig Drain 57(1):93-104

Safavi HR, Darzi F, Marino MA (2010) Simulation-optimization mod-
eling of conjunctive use of surface water and groundwater. Water
Resour Manag 24(10):1946-1969

Sahu GC, Mishra A (2005) Soil of Orissa and its management. Orissa
Rev 56-60

Sethi LN, Nagesh Kumar D, Panda SN, Mal BC (2002) Optimal crop
planning and conjunctive use of water resources in a coastal river
basin. Water Resour Manag 16:145-169

Singh DK, Jaiswal CS, Reddy KS, Singh RM, Bhandarkar DM (2001)
Optimal cropping pattern in a canal command area. Agric Water
Manag 50(1):1-8

Tan Q, Zhang S, Li R (2017) Optimal use of agricultural water and
land resources through reconfiguring crop planting structure under
socioeconomic and ecological objectives. Water 9:488

Tropp H (2006) Developing water governance capacities, Stockholm
water front: a forum for global water issues, 2. Stockholm Inter-
national Water Institute (SIWI), Stockholm, p 10

Vedula S, Nagesh Kumar D (1996) An integrated model for optimal
reservoir operation for irrigation of multiple crops. Water Resour
Res 32(4):1101-1108

Verma S, Phansalkar S (2007) India’s water future 2050. Int J Rural
Manag 3(1):149-179


https://doi.org/10.1155/2017/5353648

	Optimal cropping pattern design for a major distributary of Hirakud canal command in India
	Abstract
	Introduction
	Materials and methods
	Study area
	Deficit–surplus analysis
	Optimal allocation of crops
	Scenario—I
	Scenario—II
	Scenario—III
	Scenario—IV


	Results and discussion
	Deficit–surplus analysis
	Optimal cropping pattern scenario
	Scenario–I
	Scenario—II
	Scenario—III
	Scenario—IV


	Conclusion
	References


