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2 Executive summary 

 

FAO projections suggest that by 2050 agricultural production must increase by 70 percent 

globally, and by almost 100 percent in developing countries in order to meet food demand.  

Food insecurity is a chronic and sensitive issue in Pakistan, Bangladesh and India where it 

affects about 25% of the population – equivalent to over 300 million people or one-third of the 

globally food insecure population.  

About 70% of the world’s fresh water is used for irrigation with a substantial contribution from 

groundwater resources. Most of the 750-800 billion m3/yr of global groundwater withdrawals 

are used for agriculture (Shah et al., 2000). Groundwater has been the heart of the green 

revolution in agriculture across many Asian nations, and has permitted cultivation of high value 

crops in various arid to semi-arid regions. 

The irrigated agricultural sector in Pakistan is facing the challenge to cope with low crop yields, 

an increasing gap in the supply and demand of agriculture products, and a decreasing trend in 

agricultural production and productivity. This is exacerbated by the inequity of water 

distribution, among the water users located at head, middle and tail reaches of the irrigation 

system (Rinaudo, et al., 1997). 

The shareholders at the head of the system get sufficient water but those at the middle and the 

tail do not get water proportionate to their share. The dilemma facing tail enders is not only 

insufficient water from the canal system, but the groundwater at the tail ends of the system are 

also mostly saline which reduces their crop yields and causes land degradation. 

The socio economic work (see Appendix 2) identified opportunities and examined scenarios for 

equitable distribution of canal and groundwater to improve livelihoods through maximizing 

crop production and managing salinisation in irrigated landscapes with special reference to 

wheat production for three distributaries in the Lower Chenab Canal Command. 

The hydrological component (see Appendix 1) of the study developed a flow and solute 

transport model to assess availability of groundwater resources and the interaction of surface 

and groundwater in the Rechna Doab (see Appendix 8).  A sub-regional model for the Lower 

Chenab Canal area was developed and calibrated to provide a detailed understanding of surface 

and groundwater interaction and water quality impacts at the distributaries level under different 

climatic situations (see Appendix 8). 

These models were used to assess the impact of optimised socioeconomic scenarios and the 

findings used to identify technically feasible and socially acceptable solutions that would 

encourage conjunctive water management strategies and improve water access for tailenders.  

We would encourage the PID to consider establishing a Water Resources Directorate with the 

specific mandate to improve management of surface and groundwater resources in the Punjab. 

If this is achieved, the use of these project outcomes could have huge ramifications for 

equitable distribution of water resources, which in turn will improve food production and 

security and improve farmer wellbeing.  
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3 Background 
  

Pakistan’s economy is predominantly agricultural – the agricultural sector comprises about 21 

percent of gross domestic product (GDP). Moreover, agriculture provides livelihoods for over 

61 percent of the population.  The Indus basin is the heartland for irrigated agriculture in 

Pakistan, and it is the largest contiguous irrigation network in the world. The annual surface 

water supply through this network is around 180 billion m3 with a canal command area of 16.2 

million ha. With more than 16 million ha of irrigable land and 128 billion m3 of annual canal 

diversions, the Indus river basin is one of the largest contiguous irrigation systems in the world 

(GOP 2009). 

The Rechna Doab region covers an area of 2.98 Mha and comprises eleven districts: Sialkot, 

Narowal, Gujranwala, Sheikhupura, Hafizabad, Nankhana Sahib, Faisalabad, Chiniot, Toba 

Tek Singh, Jhang, Khanewal (Figure 1). The present irrigation system in the Rechna Doab 

consists of 504 km of branch canals, 240 km of main canals and 373 km of link canals, and 

over 200,000 tubewells which are installed in the freshwater areas (Jahangir & Horinkova, 

2002). The Doab is in two distinct agro-climatic zones: the rice-wheat zone and the sugarcane-

wheat zone.  The main crops in the summer (Kharif) season are rice, cotton and forage crops, 

and in the winter (Rabi) season the main crops are wheat and forage. Irrigated agriculture 

started in the Rechna Doab in 1892 with the construction of the Lower Chenab Canal. 

Sugarcane is increasingly grown in the Rechna Doab, particularly around Shorkot. 

 
Figure 1.1: Location of Rechna Doab in Punjab, Pakistan 

 

Given the increasing dimensions of poverty, food insecurity, and water scarcity in Pakistan, this 

project aims to make a contribution towards improving the equitable distribution of surface 
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water and to assess the availability of groundwater resources and interaction of surface and 

ground water in Rechna Doab.  

Water is increasingly becoming scarce in the country and the frequent occurrence of drought is 

posing a threat to the economy. The climate change phenomenon, population growth, lack of 

consensus among the provinces on the construction of new dams and silting of the two major 

reservoirs are the principal reasons of water scarcity in the country.  The per capita water 

availability in the country has decreased from 5,630 m3 in 1950 to 1,200 m3 in 2006 and this 

will further decrease to 838 m3 by 2020, if no storage is constructed on the major rivers and the 

available water resources are not used wisely (Rehman, 2005; Naseer, 2013).  

The irrigated agricultural sector in Pakistan is facing the challenge to cope with low crop yields, 

an increasing gap in the supply and demand of agricultural products, and a decreasing trend in 

agricultural production and productivity. This is exacerbated by the inequity of water 

distribution, among the water users located at head, middle and tail reaches of the irrigation 

system (Rinaudo, et al., 1997). Similarly, Bandaragoda (2006) reported that the irrigation 

system is now facing multiple problems such as inequitable water distribution, high conveyance 

losses, low delivery efficiency, water logging and salinisation. The distribution of irrigation 

water poses inequity at different levels of the irrigation system i.e. along the main canals, 

distributaries, and within water courses.  The shareholders at the head of the system get 

sufficient water but those at the middle and the tail do not get water proportionate to their share. 

The dilemma facing tailenders is not only insufficient water from canal system, but the 

groundwater at the tail ends of the system are also mostly saline which reduces their crop yields 

and causes land degradation. Farmers at the tail of the irrigation system are therefore 

comparatively poor due to low productivity of land caused by these two factors (Latif & 

Ahmad, 2007). 

Recent analyses of distribution systems show that the inequity of water distribution between 

head-enders and tail-enders is closely correlated to decreasing yields and increasing salinity 

with increasing distance from the canal (Latif & Pomee, 2003). Notionally, all farmers receive 

the same water share in each of the canal, distributaries, and minor or watercourse commands. 

However, in practice, because allocation is time-based rather than volume-based, the further 

distant a farmer is from the canal, distributaries, minor or watercourse outlet, the less water he 

will receive, partly due to leakages in the transmission system. This is mainly because these 

allocation rules date back to the 1850’s, and do not take into account spatial differentials in 

soils and crops.  

As a consequence, over time, the insufficient delivery of fresh water leads to an exacerbation of 

the salinity problems, particularly at the tail-ends (Latif & Ahmad, 2007). Salinity is considered 

to be a major problem for both water supply and irrigation due to the fact that high levels of 

salinity can affect the soil structure and crop productivity negatively, largely through limiting 

water uptake by plants (Khodapanah et al., 2009). Contamination by salts may also give rise to 

adverse and permanent environmental degradation (Todd and Mays, 2005). It is important to 

find ways to avoid the development of salinity in order to manage irrigation water more 

efficiently for crop production and land use (Aza-Gnandi et al., 2013). 

Besides canal water, groundwater use is important in the areas where canal water is insufficient, 

and has been a major factor in allowing an increased cropping intensity which in turn has 

underlain rising agricultural production over the past two decades. However, in some areas 

groundwater has been over-exploited and the water tables are falling, resulting in the risk of 

saline water intrusion into fresh water aquifers which could make groundwater unusable. These 

problems are caused by the original design capacity of the supply system, falling further and 

further behind the growing irrigation water demand. On the other hand, almost 75% of farmers 

in Pakistan are cultivating only 28% of the land, and the majority of farmers are poor. If the 
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canal water distribution becomes equitable, poor farmers who could not afford to have their 

own tube-well or buy groundwater would benefit directly (IC Water CSU, 2008). 

PID requires an improved understanding of surface and groundwater use in the Rechna Doab so 

that resources are utilized on a sustainable basis and accurate information on the status of 

surface and groundwater resources can be provide to Farmer Organisations. The key areas of 

focus are on equity in distribution of surface and groundwater resources so that tailenders are 

not disadvantaged and sustainable management results in improved agricultural productivity. 

This study models both water quantity and quality so that management changes are based on an 

informed approach using the best available data.  
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4 Objectives 

 

The overall objectives of the original study were as follows: 

 To obtain spatial crop, soil, and water availability data to develop tools capable of 

analysing hydrological and economic water management trade-off scenarios. 

 To use the developed optimisation tools in a participatory mode with Farmer 

Organisations in Pakistan to help determine possible improved (more equitable, 

economically efficient and hydrologically sustainable) canal and groundwater 

management options acceptable to the irrigators. 

 To support PIDA and Farmer Organisations in the implementation of more equitable, 

economically efficient and hydrologically sustainable canal and groundwater 

management options in the study areas. 

To achieve the above outcomes a thorough understanding of the hydrology and socio economic status 

of the study area was necessary. 

To achieve this, the following hydrological objectives were met by the current team: 

 Development of a flow and solute transport model to assess availability of 

groundwater resources and interaction of surface and groundwater in the Rechna 

Doab (see Appendix 8). 

 Spatial and temporal assessment of availability of surface water, and groundwater, 

due to climatic variability for the Rechna Doab to assess risks to existing groundwater 

supplies. 

 Develop and calibrate a sub-regional model for the Lower Chenab Canal area to 

provide a detailed understanding of surface and groundwater interaction and water 

quality impacts at the distributary level (see Appendix 8). 

 Undertake scenario analysis for the sub-regional model of the Lower Chenab Canal to 

assess the impact of optimised socioeconomic scenarios undertaken. 

 To understand the socio economic status of the study areas and to assess the 

likelihood of the acceptance of any suggested change scenarios a baseline socio-

economic survey was conducted in the three distributaries namely, Bhalak, Tarkhani, 

and Khikhi located at the head, middle and tail reach of the Lower Chenab Canal 

(LCC) East System during 2009 and 2012. Using the above data a productivity 

analyses for optimal water use scenarios, that can provide better environmental and 

socioeconomic outcomes was generated. Further analyses based on discrete choice 

models (PROBIT) also became part of the objectives. 

 

The final overarching objective was to synthesis findings from the above to identify 

technically feasible and socially acceptable water reallocation solutions that would 

encourage conjunctive water management strategies and improve water access for 

tailenders. 
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5 Methodology 

 

Prior to any work starting on the project a physical description and understanding of the study 

area was required, this was undertaken by the Programme Monitoring and Implementation Unit 

of the Irrigation Secretariat, Lahore, Pakistan. 

The resulting report, “Current status of Rechna Doab and Sustainable Development in the 

Punjab Irrigation Department” can be found in full in Appendix 6. 

The report provides a generalized picture of the existing hydro-geological environment of 

Rechna Doab (the land between the Ravi and Chenab Rivers) in the Punjab Province of 

Pakistan. It describes the sub-surfaces distribution of geological formation and their 

lithological/hydrological properties, spatial and temporal variation in water table depth and 

groundwater quality. The results described in the report are based on existing/historical data 

(secondary data) obtained from other organizations and on new revised parameters (primary 

data) obtained through field checks during a research study carried out by Physics Directorate 

of the Irrigation Research Institute (IRI). The main objective of this document is to provide a 

base for planning of groundwater modelling and management in Rechna Doab. 

 

5.1 Hydrology 

As stated in the background section the Pakistan Irrigation Department required an improved 

understanding of surface and groundwater use in the Rechna Doab so that resources are utilized 

on a sustainable basis and accurate information on the status of surface and groundwater 

resources can be provide to Farmer Organisations. 

This Rechna Doab regional groundwater model, principally developed by “Ecoseal” with 

critical input from other partners in the project, was specifically developed to aid in the 

understanding and future sustainable management and equitable use, of the water resources of 

the Doab. The model covers an area of approximately 29 800 km2.   The model domain is 

bounded by the Chenab River along the western model boundary and by the Ravi along the 

eastern and southern model boundaries up till its confluence with the Chenab as shown in 

Figure 3.1.  Both form good boundary conditions for the shallow groundwater system. 

Although the aquifers are large in areal extent as they form part of the Indus Basin, the western 

boundary follows streamlines in the deeper aquifer system. In the deeper aquifers some flow 

occurs across the eastern and southern boundary into the adjacent Bari Doab. The data 

collation, analysis and processing required to construct the model are described fully in 

Appendix 1. 

Previous regional models developed for Rechna and Bari Doab were simulated on a seasonal 

time scale for Kharif and Rabi seasons. This model is a significant enhancement having 

undertaken simulation at monthly time steps. Moreover there are key differences in the 

approach that are outlined in the various sections in appendix 1. These differences are 

documented to show the enhancements undertaken and are not intended as a critique of 

previous approaches.  
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The enhancements to the model are summarized below: 

1.  Monthly stress periods versus seasonal stress periods - significant enhancement. 

2. Four layers first 3 layers 30 m each, lower layer variable depth to bedrock. Previous model 

had adopted 7, 21, 30 m, and variable depth to bedrock 

3. River and canal locations corrected, restated grid origin for model 

4. Recharge only to top layer - previous model had recharge going directly to very deep layers. 

5. River and Canal Conductance constant does not change (previous model had one set of 

numbers for Kharif and 10% conductance in Rabi). Also canal conductance was very high in 

the Kharif season. 

6. River and canal stage variable and simulated for each grid cell along reach for each month. 

Previous model had 2 heads that were varied cyclically depending on Kharif and Rabi.  

7. Utilised PID monitoring wells not SCARP, which we have been advised were restricted to 

waterlogged areas. 

8. PID data from 2008 to 2013 is used, which has extended coverage of the doab for both 

piezometer heads and salinity monitoring bores. 

9. Spatial and temporal distribution of rainfall and ETa is used for each month using remote 

sensing (NDVI) - in the previous model a traditional approach is used using rainfall stations. 

10. Pumping is calculated spatially as a difference between actual evapotranspiration and 

recharge from rainfall and irrigation, before entering it in the model. This is certainly not the 

best approach but with almost two hundred thousand wells which are not monitored, there are 

limited options.  

11. Calibration is undertaken for the top two layers where most of the data is available. 

 

5.2 Conceptual Model for Rechna Doab 

The purpose of a numerical groundwater model is to provide a means for quantifying various 

aspects of the groundwater flow system so that the impact of stresses on the system can be 

predicted.  The natural system is highly complex, and it is necessary to develop a simplified 

conceptual model as a basis for the mathematical simulation.  The groundwater flow system has 

two directional components, namely horizontal and vertical.  To accommodate the horizontal 

component of flow, the groundwater system is considered to be formed of a series of layers, 

each of which is given a mathematical representation of the aquifer characteristics for that 

layer.   
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The conceptualisation of the Rechna Doab model is shown in the figure below:  
 
 
Figure 2.1 Conceptual hydrogeological cross-section of the Rechna Doab aquifer 

 

 

The model framework consists of four active layers shown in Figure 2.1.  The upper layer is 

unconfined and approximately 30 m in thickness to ensure that the rivers and canal are included 

as part of layer 1. The second and third layers are also 30 m in thickness, and the fourth layer 

extends in thickness to the bedrock.  The bedrock which forms the floor of the basin is assumed 

to have negligible permeability, no flow occurs across this surface 

The conceptual model shows the flows occurring across boundaries as well as between layers.  

The major time varying stresses are recharge from rainfall and irrigation, evapotranspiration, 

river/canal-aquifer interaction and pumping. These are modelled for the upper unconfined 

layer.  Also groundwater pumping from the top three layers is included in the model.   

The initial setup of the model requires specification of the size of the model, the type of 

simulation (transient or steady-state), the hydrologic options, the solution scheme to be used, 

and number of rows, columns, layers and stress periods. The simulation period in MODFLOW 

(McDonald and Harbaugh, 1988) is divided into nested loops comprising a series of stress 

periods and time steps. Within a stress period (time interval) all external stresses are constant. 

A stress period is further subdivided into one or more time steps.  

The groundwater model used was MODFLOW 2000 and a grid of 2500 x 2500 m was imposed 

on the model area, see figure below.  The area gridded is between 3107 500 m east and 

3440 000 m east, and between 700 000 m north and 965 000 m north.  The model domain 

consists of 106 rows and 133 columns. The upper layer was specified as unconfined and the 

remaining layers as unconfined/confined layers.  A total of 66 monthly stress periods was 

specified. The model was run for 5.5 years from May 2008 to October 2013. In addition to this 

the model requires the specification of active cells for each model layer, and the initial head 

distribution in each layer.   
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Figure 2.2  Model grid showing river cells for the Rechna Doab aquifer 

 
 

 

For a detailed description of other inputs to the model, please see Appendix 1.  

However a new approach to one of the major inputs to the model, namely spatial estimation of 

crop transpiration has been developed by the PMAS Arid Agriculture University and deserves 

special mention. 

Evapotranspiration (ET) is one of the main components of the water cycle and its accurate 

estimation needed on large spatial scales for water management at different decision levels. Water 

productivity analysis, irrigation scheduling and planning can be addressed appropriately if timely 

and accurate information about water consumption by crops is available. 

The University has developed a customized Spatial ETo Calculator which like the established 

FAO ETo calculator can calculate reference evapotranspiration for a single location, but is also 

capable of calculating the ETo of hundreds of locations simultaneously. The ETo calculator is 

also capable of calculating the reference evapotranspiration of the same location for different 

years. The spatial ETo calculator receives input and presents output in a Comma Separated Values 

(CSV) format. For a full description of this development please see Appendix 3. 

The results from the ETo calculator are combined with satellite remote sensing to estimate 

monthly actual evapotranspiration at spatial scales. Regularly acquired MODIS satellite data were 

used to map various crops grown from 2008 till 2013. A semi-empirical coefficient (crop 

coefficient, kc) was then calculated according to the crop stage in the generated crop maps. 

Finally, monthly Kc values were then used in combination with the potential evapotranspiration to 

obtain actual evapotranspiration.  
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The results obtained in this study were validated using field data for evapotranspiration and crop 

areas which showed more than 90 percent accuracy. For a full description of this approach please 

see Appendix 4. 

5.3 The LCC East subregion model 

A sub-regional model for the Lower Chenab Canal area was developed and calibrated to provide a 

detailed understanding of surface and groundwater interaction and water quality impacts at the 

distributary level. 

The LCC East subregion model in this study covers approximately 0.902 million ha and makes up 

about 30.8 percent of Rechna Doab as in Figure 12.1. The 3 main distributaries of concern are 

Bhalak, Tarkhani and Khikhi. 

The LCC East area was modelled by using the TMR package in Modflow. This sub-model is 

largely based on the existing regional groundwater model.  The TMR model for LCC East was 

extracted from the regional Rechna Doab model using a grid scale of 500x500 m. The model 

consists of 370 rows and 345 columns and 36,089 active cells. The LCC East model is very 

detailed compared to the coarse grid used for the regional Rechna Doab model. For instance the 

total numbers of active grid cells for the Rechna Doab model are 4,685 compared to the LCC East 

model which has 36,089 active cells. The smaller grid size used in the LCC East model allows for 

a much finer definition of the river and canal system which not only contributes to improved 

accuracy of river recharge and discharge but in future model enhancements it allows the 

incorporation of the canal distributary network. 

For a full description of this TMR model development and results please see Appendix III in 

Appendix 1 attached to this report. 

The developed models are presented in Appendix 8 on disc.  

 

5.4 Socio Economics 

 

The details of the sample selection and socioeconomic data collected in the 2009 survey are 

provided in the Socioeconomic Component Report (2011) Appendix 7.  

A multistage stratified random sampling method was used to select a sample of watercourses, and 

farmers within the study area. Variation of the location within the system, groundwater quality 

and ongoing research activities have been taken into account. The sample included 2 watercourses 

in the head, middle, and tail sections of each of the 3 distributaries covering both the left and right 

side, giving a total of 18 watercourses. A total of 265 respondents in 21 villages were interviewed 

in 2009, and the same respondents were followed for the 2012 survey data collection. 

For socioeconomic survey data the socio-economic characteristics of the farm households were 

collected through a well-structured questionnaire by trained and qualified field enumerators from 

the University of Agriculture Faisalabad. The respondents were interviewed at their farm 

premises. The data collection modules included household basic information, agricultural 

production, agricultural practices, income and expenditure, groundwater and energy use and 

climate change. The survey during 2009/10 was carried out for the two cropping seasons in 

Pakistan, Kharif or summer is from May/June to November/December and Rabi or winter from 

November/December to May/June.   
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The farmers in the distributaries grow various crops but wheat is the main staple crop for many of 

them. This report therefore focuses on analysing socioeconomic data on wheat productivity. The 

objective of the analysis is for the development of surface and groundwater use scenarios that will 

help plan the trade-offs in canal and groundwater management in terms of improving groundwater 

quality and farmer’s income (gross margins). The scenarios included simulating decreased 

availability of surface water and increased pumping, as well as increased surface water 

availability and decreased groundwater umping at the doab scale. PID is planning to utilise the 

modes to undertake further scenario analysis such as the impact of droughts and scenarios for 

various canal commands.  The models for wheat productivity are analysed using the 2009 survey 

data. The variations in yields were measured at systems level, distributaries level, and for 

locations within the distributaries. The regression models were analysed using the Statistical 

Package for Social Sciences (SPSS). The results of the regression estimated are interpreted for 

assessing the effects of redistribution of water use on ground water quality and wheat productivity 

at the systems level, distributaries level, and for locations within the distributaries. Based on the 

estimates of wheat yields, the effects of the redistribution of water use on famer’s income (gross 

margins) are also calculated and presented, see Appendix 2 section 6. 

 

The data available from the 2012 survey are used to provide information relating to irrigation, 

water use and agricultural production in the study area. The Socioeconomic Report (2011), 

appendix 7 and the household survey questionnaire appendix5, provides information on the other 

socioeconomic characteristics of the farm households based on the 2009 survey data. In section 4 

of Appendix 2 we compare changes in the household’s socioeconomic characters based on 2012 

survey data.  
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6 Achievements against activities and 
outputs/milestones 

Because of the well documented problems with the staffing and management of this project from 

inception to the time the current team took over, it is not possible to follow the normal reporting of 

achievements against activities and outputs/milestones. Rather it helps to state that the current team 

have achieved the objectives set out in the objectives section as agreed by ACIAR and the then 

Programme Manager Andrew Noble. These objectives were accepted by the current Programme 

manager Evan Christen and were: 

 Development of a flow and solute transport model to assess availability of groundwater 

resources and interaction of surface and groundwater in the Rechna Doab.  

 Spatial and temporal assessment of availability of surface water and groundwater due to 

climatic variability for the Rechna Doab to assess risks to existing groundwater supplies.  

 Develop and calibrate a sub-regional model for the Lower Chenab Canal area to provide a 

detailed understanding of surface and groundwater interaction and water quality impacts at 

the distributary level. 

 Undertake scenario analysis for the sub-regional model of the Lower Chenab Canal to assess 

the impact of optimised socioeconomic scenarios undertaken. 

 To understand the socio economic status of the study areas and to assess the likelihood of the 

acceptance of any suggested change scenarios.  

 

The final overarching objective was to assist the Pakistan Irrigation Department by 

synthesising findings from the above to identify technically feasible and socially acceptable 

water reallocation solutions that would encourage conjunctive water management strategies 

and improve water access for tailenders. 

 

It is to be hoped that this report and a reading and understanding of the 8 Appendixes 

attached to it, amply demonstrates a full achievement of all the above objectives. 
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7 Key results and discussion 

 

7.1 Hydrology   
(Please refer to Appendix 1) 

The Rechna Doab is the interfluvial sedimentary basin of the Chenab and Ravi rivers and 

comprises part of the Indus River basin irrigation system in Pakistan.  The Rechna Doab covers 

an area of 2.98 million ha of irrigated land. The present irrigation system in the Rechna Doab 

consists of 504 km of branch canals, 240 km of main canals and 373 km of link canals, and 

over 200,000 tubewells which are installed in the freshwater areas of the doab. 

The Rechna Doab aquifer is a deep unconsolidated and unconfined aquifer system. Surface and 

groundwater are highly connected due to the sandy nature of the aquifer. Since the 1980s, 

pumping of groundwater for supplementary irrigation has reduced groundwater levels, and 

leakage from rivers and canals to groundwater has become the predominant form of surface 

water and groundwater interaction. The sustainability of conjunctive water management in 

Rechna Doab is constrained by seasonal surface-water flows, groundwater quality and climatic 

variability.  

Groundwater in the central portion of the doab particularly in the lower reaches of the doab has 

lower water quality. This has implications for groundwater usage for irrigation as increasing 

use of poor quality groundwater for irrigation will increase land salinisation and increase 

sodicity which impacts on soil structure. Furthermore once soils are salinized farmers do not 

have the means to reclaim these soils. Therefore mapping the areas with high salinity 

groundwater and monitoring usage is needed to facilitate sustainable management of 

groundwater resources. This will allow advice on groundwater use to be provided to farmers 

and possible alternative strategies developed where salinity ranges are unsuitable for irrigation. 

The key to improving agricultural productivity would be to ensure that adequate canal water 

supplies are available in areas underlain by poor quality groundwater and where farmers are 

using groundwater with concentrations in excess of 1 kg/m3 (1000 ppm). 

Accurate records of groundwater extraction are essential in developing and calibrating a 

groundwater model. There are about 200,000 tubewells in use in Rechna Doab however, none 

of these have any recorded usage figures.  We recommend that PIDA consider metering 

groundwater usage at strategic monitoring sites in the doab, and instrument key monitoring 

sites with loggers to record water levels and salinity concentrations on a daily basis.  

At present PIDA is monitoring water levels in several hundred piezometers. Improving and 

better targeting the monitoring strategy would be more cost effective and also provide 

improved understanding of groundwater conditions which could then provide a framework for 

sustainable management of the surface and groundwater for Rechna Doab.  

A lack of knowledge of which layer the pumping is occurring from is another potential source 

of error which can be rectified by implementing a strategic metering and monitoring program.  

To manage the water resources of Rechna Doab requires an accurate assessment of the water 

balance. Improving the quality and reliability of the data will reduce the number of assumptions 

and as a consequence decrease the uncertainty in modelling results.  There is an old adage in 

business “you can't manage what you don't measure”. Unless key stresses on the system are 

measured, Resource Managers cannot ascertain accurately if the condition of the resource is 

improving or deteriorating. Thus improving the management of the system or indeed achieving 
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sustainable management of the system becomes a difficult task for Resource Managers if they 

do not have access to reliable data to evaluate if the system is improving or not. 

 

7.2 Flow and transport model of Rechna Doab 

A regional groundwater flow and transport model was developed for Rechna Doab to assess the 

quantity and quality of groundwater resources which will allow improved understanding of the 

sustainability of groundwater usage in Rechna Doab and provide PID with tools to improve the 

management of surface and groundwater in the doab. The Rechna Doab model was calibrated 

from Jun 2008 to Oct-2013 over a period of 66 months.  We recommend that as additional data 

becomes available for 2015 and 2016 that the model calibration be checked against new data 

and improvements to model calibration undertaken where required.  Typically the model 

calibration should extend over normal, dry and wet years so that system stresses can be checked 

to ensure that model response is reasonable.  

Observed and modelled heads for the Rechna Doab show piezometric surfaces for model layers 

1 and 2 are reasonably well predicted and the model is capable of reproducing the spatial 

distribution of heads in October 2012 at the end of 4.5 years of simulation.  Additionally 

comparison of simulated and observed heads at individual bores show reasonably good 

temporal calibration.  Some of the bores show good reproduction of trends whereas the water 

level response in some bores could be improved if accurate pumping information was available.  

Simulated water levels in layer 2 in general are flatter than observed water levels. This suggests 

that the calibrated specific storage values in layer 2 are slightly higher than they should be. 

Future work in improving the calibration should examine lowering field recharge losses.  

Additional monitoring sites in layers 3 would allow calibration of layer 3 which would facilitate 

adjustment of specific storage in layers 2 and 3 which are closely connected systems. 

The results of model calibration from 2008 to 2013 show concentrations for model layers 1 and 

2 are reasonably well predicted. The UCC canal command area shows relatively low 

concentrations of salinity however, observed salinity concentrations for layer 1 in Jun-2012 

show salinity concentrations are higher and more widespread in the middle part of the lower 

Rechna Doab. The salinity difference between observed and simulated values shows the 

salinity in the lower middle region of Rechna Doab is over predicted by the model for the 

duration of the modelling period. For layer 2 the UCC canal command area also shows 

relatively higher concentrations of salinity. The salinity difference between observed and 

simulated values for layer 2 shows that the model over predicts salinity in a narrow stretch of 

the lower middle region of Rechna Doab. 

It is interesting to note that both layers 1 and 2 show considerable salinity variations between 

2008 and 2012.  Comparison between 2008 and 2012 shows there has been freshening in parts 

of layers 1 and 2 which indicate considerable recharge into layers 1 and 2. In this case vertical 

salinity profiles in various locations should be monitored to improve model predictions. 

Furthermore, salinity stratification can also be used to design the thickness for layers 2 and 3 by 

having additional layers which would improve salinity predictions 

A selection of 20 bores for layer 1 and 20 bores for layer 2 shows reasonably good temporal 

calibration.  Some of the tubewells show good reproductions of trends however, in some 

tubewells spikes in salinity are not simulated, this could be because measurement of salinity 

concentrations in a single tubewell are different to an average value over a 625 ha grid cell. 

Additionally, the level of pumping also affects salinity concentrations particularly in areas with 

freshwater is overlain or underlain by higher salinity groundwater. Thus the availability of 

accurate pumping data would result in improved model calibration.  Similar results are found 
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for layer 2 which show good reproduction of trends in some tubewells whilst in some tubewells 

spikes in salinity at individual measurement periods is not simulated. This suggests that that the 

rate of pumping and adjustment in specific storage may improve simulated results at specific 

locations.  It is possible that specific storage values for both layers 2 and 3 need further 

refinement once additional monitoring data is available for layer 3. 

The other aspect of salinity calibrations is improved knowledge and monitoring of salinity 

concentrations in canals. This is an additional area to target for improved management of 

salinity in the doab. However, we postulate that the biggest improvement in model performance 

will result from improved knowledge of pumping. At present it is assumed that 50 percent of 

the pumping is from layer 1, 30 percent from layer 2 and the remainder from layer 3. We 

already know that this assumption is flawed and that in some locations 100% of the pumping is 

occurring in layer 1 whilst in other locations 100% may be occurring in layer 2. Knowledge of 

where in the strata pumping is occurring from will lead to better model performance. It will 

also eliminate a significant unknown by accurately quantifying pumping stresses. 

7.3 Sustainable Groundwater Use for Rechna Doab 

The two major components of the water balance are recharge from rainfall, river leakage, canal 

leakage and irrigation recharge which account for 93 percent of inputs to the system.  The net 

gain in storage over the simulation period is 2567 GL/yr.  The water balance also indicates that 

river discharge or flows from the aquifer to the river system are negligible which has important 

implications for salt transport out of the Rechna Doab. Higher water tables may increase the 

possibility of outflows to rivers, thus a sustainable level of pumping for irrigation would 

provide improved livelihood outcomes as well as environmental benefits.  

Ideally, pumping should be managed around 11,000 ± 1000 GL/yr depending on the need for 

pumping in response to drought and or lack of surface water supplies. When surface water 

supplies are plentiful pumping levels should be decreased so that the groundwater system gets 

recharged with freshwater. Additionally, PID may want to consider establishing managed 

aquifer recharge (MAR) schemes in specific suitable areas of Rechna Doab where water tables 

are sufficiently deep and where soil conditions are favourable for establishing MAR schemes.  

This would be particularly useful for ensuring that salinity does not encroach into freshwater 

resources. 

The water balance for LCC East shows the main inputs are recharge and canal seepage, and the 

main outputs are pumping and boundary flows out towards the adjacent Bari Doab. It is 

important to note here there is significant pumping occurring in LCC East and this should be 

verified by farmer surveys, and monitoring and metering at key sites. Pumping in LCC East is 

estimated at 3425 GL/yr which is 30.7 percent of the total pumping in Rechna Doab. For LCC 

East pumping is a major concern as the use of poor quality groundwater will lead to decreased 

crop productivity, salinisation and sodicity. Thus monitoring and managing pumping in LCC 

East is needed more than in the freshwater zones. 

7.4 Scenario Analysis for Rechna Doab 

Four scenarios were undertaken from 2014 to 2030 to assess aquifer status and availability of 

groundwater for irrigation and to meet planning requirements for PIDA indicated below: 

i. The No-Plan scenario indicates that if conditions remained similar to the 2008 to 2013 period 

then pumping of 10,000 GL/yr will not result in significant drawdowns 
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ii. When groundwater usage was reduced by 10 percent to 9,006 GL/yr, the net storage term 

increases to 3,567 GL/yr which is 786 GL/yr higher than for the no plan scenario. This 

additional net water available due to reduced pumping translates to an average of 27 mm of 

depth across the doab, however, individual areas will recover more depending on the 

pumping occurring in that grid cell. 

iii. The water budget for the 10% increase in availability of canal water shows river and canal 

inflows have increased from 4406 to 4570 GL/yr.  In this scenario the seepage from the 

rivers is unchanged and the canal network is modified for a 10 percent increase in surface 

water availability. This scenario indicates that if surface water availability was increased by 

10 percent, the net storage increased from 2781 GL/yr for the no-plan scenario, to 2900 

GL/yr which is an increase of 119 GL/yr.  

iv. Comparing scenario 4 with scenario 1 (no-plan) we find that if groundwater pumping was 

reduced by 10 percent and surface water availability was increased by 10 percent then an 

estimated total water savings of 900 GL/yr is possible. By comparing scenarios 2 (reduced 

groundwater take by 10 percent) and scenario 3 (increased surface water availability, we 

find that improved controls on pumping will achieve greater water savings.  Thus PID will 

need to focus effort on significantly enhancing the level of groundwater management.  

PID has already recognised the importance of groundwater management and since 2008 has 

implemented a systematic monitoring program of water levels and water quality parameters 

from several hundred piezometers and tubewells. To make a difference in management of 

groundwater this monitoring program should be rationalised and key bores need to be 

instrumented with loggers that monitor water levels and salinity. In addition targeted metering 

of key tubewells in Rechna Doab needs to be implemented so that there is a sound basis for 

future improvement of the model and management of the doab. 

When surface water supplies are unequally distributed resulting in less water for tailenders, 

farmers tend to increase reliance on groundwater despite the fact that the water quality may not 

be suitable. Thus there is an urgent need for improved access to surface water supplies for mid 

and tailenders, in combination with advice to farmers on use of groundwater for irrigation and 

improved monitoring and governance of groundwater. 

7.5 Socioeconomic Results and Discussion  
(Please refer to Appendix 2) 

The baseline socio-economic survey was conducted in the three distributaries namely, Bhalak, 

Tarkhani, and Khikhi located at the head middle and tail reach of the LCC East System. The 

intra-distributary wheat yield comparison suggests that the average wheat yield at Bhallak was 

higher than Tarkhani and Khikhi for Scenario 3 water use (see Appendix 2, Table 36). The 

inter-distributary wheat yield comparison suggests that yields at the heads of all the 

distributaries are higher than at middle and tails for Scenario 3 water use (see Appendix 2, 

Tables 37, 38 and 39). 

The intra and inter-distributary wheat crop yield disparity among Bhalak, Tarkhani, and Khikhi 

distributaries located at the head, middle and tail reach of the LCC was mainly because of the 

greater availability of abundant surface and good quality groundwater at Bhallak than in 

Tarkhani and Khikhi. The results supported the hypothesis that the distribution of irrigation 

water poses inequity at different levels of the irrigation system along the main canals, 

distributaries, and within water courses which has serious socioeconomic and environmental 

implications.  
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The dilemma facing tail enders is not only insufficient water from the canal system, but the 

groundwater at the tail ends of the LCC system are also mostly saline which reduces their crop 

yields and causes land degradation. Moreover, in most of the cases, farmers at the tail of the 

irrigation system are comparatively poor due to low productivity of lands caused by less water 

supplied from the canal system at the time of peak demand and low quality groundwater (Latif 

& Ahmad, 2007). 

  

The other major problems identified by respondents causing insufficient water supplies to tail-

enders were: (1) damages of canal, (ii) illegal water use, (iv) broken outlets, and the absence of 

water measuring devices, were reported as the top three problems. The more severe shortage 

was reported in all the three distributaries during the months of December-February, which is 

the planting and initial growth period of the wheat crop.  (see Appendix 2, Tables 4.1 and 4.2).  

It is evident from the analyses in this study that there are differences in wheat productivity in 

terms of the distributaries in the system (from Model 3, Appendix 2). The analysis shows the 

impact of different water distribution scenarios on groundwater quality and wheat productivity 

and demonstrates that Scenario 3 can have a positive effect on both water quality and wheat 

productivity.  

 

The results imply that Bhalak should extract more of the groundwater (increase from 40% to 

70%) and Khikhi should utilize more of the surface (canal) water (increase from 30% to 70%), 

but for Tarkhani the groundwater use should be increased from 50% to 60% and the surface 

water decreased from 50% to 40%. The redistribution of water in this way (according to 

Scenario 3, Appendix 2) can resolve both water quality issues (efficiency in wheat production) 

as well as farmer’s income, Thus addressing equity concerns.  

 

However, the implementation of this water use scenario should be considered in accordance 

with the other constraints such as infrastructure, management practices and the relevant 

institutional and policy settings.  

Though the productivity analyses for the optimal water use scenarios can provide better 

environmental and socioeconomic outcomes for the farmers, the analyses based on binary 

response models (PROBIT analysis in this case) in relation to the various socioeconomic 

factors that can influence the farmer’s adaptation decisions to the optimal water use scenarios 

(i.e. water use reallocations), can provide guidance for better decision making on water use by 

the farmers. Also the estimates for the effects of various socioeconomic and management 

factors on wheat productivity (as well as cotton productivity) in the study area, can be a 

complementary for the farmers decision making on their water use decisions as well as for 

providing better policies and institutional settings.  
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8 Impacts 

8.1 Scientific impacts – now and in 5 years 

Several researchers in the University of Faisalabad, the Arid Agriculture University Rawalpindi and 

many staff in the Pakistan Irrigation Department have improved their knowledge and understanding of 

the problems associated with the inequitable distribution of water through the irrigation system.  

“Ecoseal” have conducted three training and familiarisation programs in relation to the development 

of the new models described in Appendix 1. Many of PID’s staff are now more familiar with these 

developments and are more able to understand, use and develop the models further as new data come 

to hand.  

This project was the catalyst for the Arid Agriculture University to develop their fresh approach to the 

estimation of spatial evapotranspiration and its mapping using remote sensing and GIS. Once 

published, these efforts will greatly enhance knowledge in the wider scientific community. 

On the socio economic front the creation of the questionnaire and subsequent collation and analysis of 

the data collected was a huge learning experience for staff at the two Pakistan universities. The 

interaction between the farmers interviewed and the staff collecting the data resulted in farmers have a 

fuller understanding of the problems created by inequitable water distribution and the opportunities 

for addressing the issue. 

A significant impact is the development of Rechna Doab and LCC models at a monthly time step as 

opposed to seasonal time steps used in the past. This has afforded PID staff improved insight on 

impacts at finer temporal scales and will lead to better management of surface and groundwater at the 

canal command level.  Additionally, a first attempt at quantifying a sustainable groundwater pumping 

level for the Rechna Doab has been undertake. Again this provides PID staff with information on the 

maximum level of pumping that should be allowed in the doab. 

The approach developed by UAAR for spatial estimation of actual evapotranspiration on a monthly 

basis has been utilised in the groundwater model to estimate the spatial distribution of pumping for 

over 200,000 wells in the Rechna Doab. The successful use of this approach allows improved 

assessment of groundwater pumping at monthly time-steps and allows PID staff improved 

understanding of when pumping demand is highest. Moderation or reduction in pumping will require 

improved access to surface water allowing PID staff opportunities to improve conjunctive 

management of surface and groundwater.   

Scientific papers on the development and application of the Rechna Doab are being developed 

together with PID staff for submission for journal publication in 2016. 

 

8.2 Capacity impacts – now and in 5 years 

 

As the scientific impacts demonstrate many people have increased their knowledge and skills as a 

result of some contact with this project. 

 

Over the course of the project many international visits were funded which should have increased the 

capacity of the participants. A variety of scientific instruments were also purchased and installed by 

the project in its early years. 
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The development of the models both hydrologic and socioeconomic, has and will continue, to greatly 

advance the capacity of the wider Pakistan scientific community 

Several staff at PID have received training and improved knowledge on the development of 

groundwater models both in Pakistan as well as in Australia. We have also observed that there is a 

large skill gap in groundwater modelling and management in Pakistan which needs to be addressed by 

providing training and capacity building opportunities for early and mid-career professionals in 

government agencies.  

We have also discussed with PID officials including the Secretary Mr Saif Anjum the need for 

establishing a Water Resources Directorate with significant enhancement of professionals with skills 

in groundwater and hydrogeology.  

Senior staff from PID and UAAR have visited Australia on international field tours to observe 

firsthand how irrigation areas are managed in Australia as well as to receive training in groundwater 

and socio-economic modelling. 

Moreover, the models and data files have been transferred to PID staff so that they can further 

enhance these models as new data is collected.  UAAR has also made available the spatial ET 

calculator for PID staff. 

 

8.3 Community impacts – now and in 5 years 

It is to be hoped that the community involvement throughout the life of this project has had a distinct 

impact on the communities’ involved. This involvement has certainly improved their understanding of 

the problems associated with the inequitable distribution of irrigation water and difficulties in 

addressing them. 

 

If the government agencies involved take up the tools developed by the project and develop policies 

based on the results there is no doubt that there will be positive community impacts.  

 

PID staff have undertaken and are also planning regular field visits to deliver improved information to 

farmer organisations.  It is recommended that ACIAR have continued and enhanced engagement on 

future projects with greater involvement of farming communities. 

 

8.3.1 Economic impacts 

It is too early to claim any economic impacts; however an understanding of the Socio economic 

modelling in Appendix 2 shows that these impacts and benefits could be substantial for the community 

as a whole although any redistribution may of necessity have some minor losers. 

 

The estimates of wheat yield and farmer income, expressed as gross margins, following the 

redistribution of water presented in section 6 of appendix 2 can be amplified to show community 

impacts 

8.3.2 Social impacts 

It is too early to claim any social impacts; however an understanding of the Socio economic 

modelling in Appendix 2 shows that these impacts and benefits could be substantial for the community 

as a whole although any redistribution may of necessity have some minor losers. One social impact 

already achieved is the greater understanding of the problems and potential solutions by all the 

farmers involved in the two surveys. 
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8.3.3 Environmental impacts 

Any adoption of the improved scenarios described in the Hydrological modelling (Appendix 1) could 

have enormous environmental impacts in the Rechna Doab. These benefits could also be extended to 

other Doabs with sufficient data and expertise to undertake the modelling and the political willingness 

to adopt the findings and enact the necessary legislation. 

 

Improved understanding of the impacts of groundwater pumping will provide a basis for improving 

management of the system. The guidelines for sustainable yield of the aquifer provided gives an upper 

limit for pumping which will help in improved environmental outcomes. Moreover, improved 

conjunctive management of surface and groundwater will minimise salinity impacts and decrease risk 

of soil salinity and sodicity. 

 

8.4 Communication and dissemination activities 

Sustainable yield for Rechna Doab has been estimated with allowance for increased pumping limit for 

drought conditions. This gives PID the opportunity to communicate the impacts of exceeding the 

sustainable yield to farmers. PID also plan to undertake projects to improve irrigation and water 

availability. 

 

Models and training provided to PID staff will be useful for improved management of water in 

Rechna Doab. 
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9 Conclusions and recommendations 

9.1 Conclusions 

An understanding and judicious application and use of the results reported in this study and 

the attached appendixes could enable the various bodies associated with water delivery and 

socio economic wellbeing to develop improved policies and institutional frameworks to 

address the problems arising from the unequal distribution of irrigation water in the 

Pakistan Punjab. 

The hydrological models produced by this project are a huge step forward in understanding 

the surface and groundwater interactions in the study areas. The models have been 

developed with input using improved methodologies for the estimation of spatial crop 

transpiration and its mapping using GIS and remote sensing. 

During all phases of this work many sectors of the Pakistan community have improved 

their understanding of the problems besetting the region and as a result are better informed 

and more likely to adopt any institutional or political suggestions to improve the inequities 

highlighted by this study.   

It is evident from the socio economic analyses in this study that there are differences in 

wheat productivity in terms of the distributaries in the system (from Model 3). The analysis 

also shows that it is possible to redistribute the water and have a positive effect on ground 

water quality (i.e. reducing salinity) whilst improving wheat productivity under Scenario 3 

water distribution.  

The results imply that Bhalak should extract more of the groundwater (increase from 40% 

to 70%) and Khikhi should utilize more of the surface (canal) water (increase from 30% to 

70%), but for Tarkhani the groundwater use should be increased from 50% to 60% and the 

surface water decreased from 50% to 40%. The redistribution of water in this way 

(according to Scenario 3) can resolve both water quality issues (efficiency in wheat 

production) as well as farmer’s income (equity concerns).  

However, the implementation of this water use scenario should be considered in 

accordance with the other constraints such as infrastructure, management practices and the 

relevant institutional and policy settings.  

Though the productivity analyses for the optimal water use scenarios can provide better 

environmental and socioeconomic outcomes for the farmers, the analyses based on discrete 

choice models (PROBIT) in relation to the various socioeconomic factors that can 

influence the farmer’s adaptation decisions to the optimal water use scenarios (i.e. water 

use reallocations), can provide guidance for better decision making on water use by the 

farmers. Also the estimates for the effects of various socioeconomic and management 

factors on wheat productivity (as well as cotton productivity) in the study area, can be a 

complementary for the farmers decision making on their water use decisions.  
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9.2  Recommendations for sustainable groundwater Management 

i. We would encourage the PID to consider establishing a Water Resources Directorate with 

the specific mandate to improve management of surface and groundwater resources in the 

Punjab and particularly for the four major doabs (Sindh Sagar, Chah, Bari, and Rechna). 

The Water Resources Directorate would need to integrate the management of water such 

that it provides benefits for irrigators, domestic needs, industry, and the environment.   

ii. An important recommendation is that an investment in collecting, storing and making 

available monitoring data on water levels, salinity and other water quality parameters be 

implemented at the earliest possible time so that the work undertaken in this project is 

continued for improved sustainable management of groundwater resources. We 

understand that the PID is already monitoring water levels and salinity in the Rechna 

Doab. However, we are recommending the monitoring program be upgraded with water 

level and salinity loggers at strategic sites not only in Rechna Doab but also in the other 

doabs.  

iii. There are no records of groundwater pumping in Rechna Doab nor in the other doabs as 

groundwater usage is not being monitored. We recommend metering of tubewells at 

strategic locations within the doab to provide good spatial coverage of the doab as well as 

identify screen lengths so that it can be ascertained from which depth the groundwater is 

being pumped.  

iv. The monitoring program should be carried out alongside hydrogeological investigations 

and a groundwater mapping program to develop an in depth understanding of 

groundwater conditions and to provide accurate information for future groundwater 

studies. 

v. Establishment of Groundwater Management Zones is needed in the Rechna Doab to 

ensure that groundwater extraction from the middle of the doab where salinity levels are 

high is minimised. Use of saline groundwater increases the risk of land salinisation, 

increases sodicity and deteriorates soil structure.  Farmers need to be made aware of these 

risks and its potential impact on crop productivity and soils. However, to reduce 

groundwater usage may not be an easy task and PID will need to offer farmers viable 

alternatives such as increase in surface water supply and/or crops that are water efficient 

and advice on improved irrigation practices. 

vi. Introducing water saving technologies amongst progressive farmers should be encouraged 

and for this PID needs dedicated staff with up-to-date knowledge of modern water 

savings technologies. This aspect was covered in the early stages of the project and much 

work has been done by the two Universities in Rawalpindi and Faisalabad, which will aid 

PID in this endeavour. 

vii. The use Managed Aquifer Recharge (MAR) at specific suitable sites in Rechna Doab 

would enhance recharge to the aquifer during the monsoon period.  
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