
Chapter 1 

 
Introduction 

Water is the most important natural resource on the earth and is pivotal in every aspect of 

life. It is the most dominant limiting factor for crop diversification and production. 

Although an abundance of water exists on earth, only 2.5% exists as essential fresh water 

(Shiklomanov, 1993), out of which only 0.77% is available for human use. Irrigated 

agriculture is by far the largest water user at global level, which consumes some 80% of 

the world’s developed water resources (Wolff and Stein, 1999). Rapid population growth 

in the developing countries will lead to a much higher food demand in the near future. It 

is expected that the food production will need to be doubled over the next 25 years 

(Schultz and De Wrachien, 2002) and 80% of the additionally needed food up to the year 

2025 will be produced on irrigated areas (DFG, 2003). Presently, about 17% of the 

world’s total agricultural area is irrigated; three-quarter of them are located in developing 

countries (Wolff and Stein, 1999). In India, nearly 83% of the developed water resources 

are being used for agriculture, and irrigated agriculture contributes nearly 56% of all food 

grain production in the country (Planning Commission, 2002). Agriculture has been the 

primary source of livelihood for two-thirds of the population of India. However, due to 

the short (four months, June–September) monsoon season, which only provides enough 

rainfall for few months and rest of the year there is a large deficiency of water for the 

crops. 

Pre-independence India suffered repeated famines and drought and the country was far 

from food self-sufficiency because most of the agriculture was mainly rain-fed, subject to 

the vagaries of the monsoon. But the green revolution in the 1960s raised its food grain 

production from a mere 50.8 million tons in 1950–51 to 235.88 million tons at present. 

Among other factors, the boost in agricultural production was mainly due to creation of 

irrigation facilities through the major and medium irrigation projects. Irrigation 

development is largely a feature of those areas where temporal distribution of natural 

precipitation is inadequate to maintain the desired soil moisture for crop growth. Surface 
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water is transported to such areas through a network of canals either through diversion of 

water from springs, streams and rivers or from natural/artificial lakes and reservoirs. 

During the seventies, many reservoir-based major and medium irrigation projects,   

whose culturable command area (CCA) exceeding 2000 ha, became operational in India. 

The Hirakud major irrigation project in Orissa (eastern India) is one of them. Besides 

providing water for irrigation, canals also act as a source of intensive seepage into the 

groundwater in highly pervious tracts (Tyagi, 1980; Ambast et al., 1990; Chowdary et al., 

2005). Continuous seepage from canals as well as percolation losses from field irrigation 

results in groundwater table build-up. If this situation is neglected then it will create the 

problem of waterlogging, which in turn contribute to progressive reduction in the 

agricultural production (Garg and Ali, 2000; Swamee et al., 2000; Dai and Labadie, 

2001; Upadhyaya and Chauhan, 2002; Oster and Wichelns, 2003; Sharma and Tyagi, 

2004). The conjunctive use of surface water and groundwater, therefore, has been 

recognized as an important activity for optimal development, utilization and management 

of available water resources of a region (Nieswand and Granstrom, 1971; Panda et al., 

1983; Latif and James, 1991; Panda et al., 1996; Mohan and Jothiprakash, 2003; Azaiez 

et al., 2005, Khare et al., 2007; Yang et al., 2009; Montazar et al., 2010; Lu et al., 2011).  

The integrated use of surface water and groundwater resources that commonly termed as 

conjunctive use is the application of programming techniques for optimum utilization of 

water resources in a regional scale. The conjunctive use can be formulated as a combined 

simulation-optimization model. The decision variables of the optimization model are the 

optimum cropping pattern, surface water and groundwater allocations in each planning 

period. Linear programming is one of the best optimization tools for the optimal 

allocation of land and water resources in irrigated agriculture for maximizing the 

objectives of the water resources system while satisfying the hydraulic, hydrologic and 

operational constraints (Chávez-Morales et al., 1987; El–Awar et al., 2001; Khare et al., 

2007; Regulwar and Gurav, 2011). The objectives may be system yield, system reliability 

or economic performance.  
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The groundwater management needs to maximize the economic and social welfare. The 

development of irrigation by sustainable use of groundwater has long been held out as the 

answer to the socio-ecological problems of the south-east Asian region (Shah et al., 

2000). Since the economic development of the farmers has not been improved during the 

last decades (Shah et al., 2000), it is necessary to reach a positive cost-benefit 

relationship. A useful tool to study and develop groundwater management strategies are 

numerical groundwater simulations, which are widely adopted (Mao et al., 2005; Hu et 

al., 2007; Holländer et al., 2009; Furlong et al., 2011). Groundwater models are generally 

physically based mathematical models derived from Darcy’s law and the law of 

conservation of mass. Various established solution techniques utilizing either finite 

difference or finite element approximations or a combination of both, are available for 

solving the governing groundwater flow equation (Konikow and Mercer, 1988), provided 

that model parameters and initial and boundary conditions are properly specified (Wang 

and Anderson, 1982).  

The accuracy of model prediction depends on the reliability of the estimated parameters 

as well as on the accuracy of prescribed initial and boundary conditions. Although several 

software packages are available for groundwater flow simulation, the Visual MODFLOW 

model has been used worldwide because of its easy accessibility, user-friendliness and 

versatility (Kashaigili et al., 2003). Visual MODFLOW can simulate confined and/or 

unconfined, saturated flow under both steady and transient situations using the 

deterministic modelling approach, as implemented in MODFLOW-2000 (Harbaugh et 

al., 2000), which is an improvement to the popular modular three-dimensional finite-

difference groundwater flow model, MODFLOW (McDonald and Harbaugh, 1988).  

These groundwater simulation models involve handling large input and output data sets. 

A geographic information system (GIS) provides an integrated platform to manage, 

analyze, and display disparate data and can greatly facilitate modelling efforts in data 

compilation, model calibration, and display of model parameters and results. ArcView 

(ESRI, 1994) is the most widely used Windows-based GIS software that provides a 

robust user-friendly interface to facilitate data handling and display. The spatial data in 
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ArcView are stored in three different types (point, line, and polygon) of shape files, 

which can be directly imported to the groundwater model. 

The canal water supply in the Hirakud command is mainly controlled in accordance with 

the reservoir storage availability, which in turn depends mainly on the monsoon rainfall 

(mid-June to mid-October) in the catchment. Hence, there is water surplus resulting from 

heavy rainfall and water release in the canal system during the monsoon season, whereas, 

it is subjected to water stress in the non-monsoon season due to scanty rainfall. Again, 

when the canal runs at its full capacity, the head and middle reach farmers draw excess 

water illegally by keeping their outlet open continuously. The variations in availability of 

irrigation water in the reservoir coupled with the random nature of irrigation water supply 

and demand has created an imbalance in the agricultural production system. Water table 

fluctuation study in the canal command reveals that there is ample scope of groundwater 

development. So, there is a possibility of managing the irrigated agriculture in the canal 

command during the non-monsoon season by potential development of the under-utilized 

groundwater resources and use the same in conjunction with the surface water.  

Since, the unit cost of groundwater is more costly than the surface water, so local 

government should take initiative to provide subsidy-cum-loan to the farmers on cost of 

energy and/or installation of more number of wells in the command area. For example, 

presently, Govt. of Punjab is providing free electricity to the tube well owners for a fixed 

duration. Moreover, majority of the farmers in the present study area are small and 

marginal farmers and their land holdings are not consolidated, which is a major constraint 

for them to install wells for groundwater withdrawal. But, realizing the harmful effect of 

land degradation due to waterlogging, resulting from over-irrigation by flooding, it is 

obligatory to adopt conjunctive use practices in the command areas so that it will arrest 

the rising water table and maintain a sustainable irrigated agriculture.  

Keeping all these aspects in consideration following objectives has been proposed: 

1. To assess irrigation water requirement and additional groundwater demand of the 

canal command under hydrological uncertainties.  
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2. To develop a representative groundwater flow simulation model of the study 

region by using Visual MODFLOW and perform calibration, validation and 

sensitivity analysis of the developed model for simulation of the existing 

groundwater scenarios. 

3. To develop a simulation-optimization model for optimal exploitation of utilisable 

groundwater resources of the canal command. 

4. To develop an optimization model for optimal land and water resources 

management of the canal command and formulate various scenarios of cropping 

and conjunctive use planning. 
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