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بَحَْ إِنْ  أََرأَي تُمْ  قُلْ  ًرا َماُؤُكمْ  أَص  نْ َمِعي بَِماءْ  يَأ تِيُكمْ  فََمنْ  َغو   

 (30)سورةْالملك

شک رتے ہو( خکہو کہ بھال دیکھو تو اگر تمہارا پانی )جو تم پیتے ہو اور ب

ہا الئےہوجائے تو )خدا کے( سوا کون ہے جو تمہارے لئے شیریں پانی کا چشمہ ب  

Say: Have you considered: If (all) your water were to disappear into the 

earth, who then could bring you flowing water? (Surah al Mulk -30) 
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ABSTRACT 

Pakistan is an agricultural country and irrigation plays vital role in crop production. 

Pakistan is blessed with world biggest and oldest Indus Basin Irrigation System 

(IBIS). Beside the largest surface irrigation network, Pakistan still not meeting the 

irrigation requirements because of increasing cultivation area to meet the food 

requirements of rapidly growing population. This system was originally designed 

for 70-80 percent cropping intensity and currently operating at 150-170 percent 

cropping intensity. Groundwater is alternated source of water to meet irrigation 

requirements during low canal supplies and high crop water demand. The crop 

water demand is increasing from head to tail end perspective whereas annual 

rainfall, groundwater recharge and canal supply are decreasing in head to tail end. 

These anomalies in groundwater recharge and discharge has given birth to 

groundwater depletion at tail reach and waterlogging at the head reach. Therefore, 

this study was designed to manage surface and groundwater resources to ensure 

sustainable irrigated agriculture in Rechna Doab area of Punjab, Pakistan. All 

necessary data were collected from different organizations whereas, field visits and 

periodic survey were also conducted under ACIAR project for groundwater depth, 

cropping pattern, groundwater use and surface supplies. A hydrological geo-data 

base was developed using Arc-GIS computer software and groundwater flow 

model was developed in Processing MODFLOW. The groundwater flow model 

was developed for 0.515 million hectares with 1000 m x 1000 m resolution. Model 

contain 123 columns, 110 rows and four layers. The time variant data of 

evapotranspiration, river, recharge and tubewell were incorporated for 16 stress 

periods from kharif 2005 to rabi 2013. Model was calibrated using field data for 

groundwater heads from year 2005 to 2009 and then validated from rabi 2009 to 

rabi 2013. Three different pumping scenarios were undertaken from 2013-2037 to 

understand aquifer behavior for identification of sustainable groundwater pumping 

zones. Scenario-P involved simulation of current groundwater abstraction for next 

24 years. In Scenario-Q, twenty (20) percent more abstraction from fresh 

groundwater zone and 20 percent more supply to hazardous groundwater zone was 

simulated. In Scenario-D, twenty (20) percent more abstraction from shallow 

groundwater zone and 20 percent more supply to deep groundwater zone was 
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simulated. The results showed that 39.6 percent reduction in annual rainfall and 8.3 

percent increase in reference evapotranspiration from head toward tail reach of 

branch canals of study area. Lower Gugera branch canal receives 10-30 percent 

more supplies at offtake point as compared to Burala branch canal. Variations in 

flow of distributary channels are found random without any trend in head-tail end 

perspective. Groundwater depth varied from 1 m to 19.47 m toward tail ends with 

an average slope of 0.14 m/km. Developed model revealed the improvement in 

groundwater depth with rate of change of 4.3 x 104 m3/day while total inflow into 

model domain was about 1.09 x 106 m3/day and outflow was 1.047 x 106 m3/day. 

Scenario-P revealed that there is no intimidation regarding depletion of 

groundwater level or expansion in waterlogged area under normal climatic 

conditions. Predicted results of Scenario-Q revealed that groundwater would 

decline more rapidly in fresh groundwater zone in the range of 0.22 to 0.33 m/year 

and groundwater level would rise in range of 0.15 to 0.24 m/year in shallow 

groundwater areas at the head reach. According to Scenario-D, groundwater would 

rise in all irrigation administrative units in the range of 0.028 to 0.2 m/year. Study 

concluded the Scenario-D as most suitable strategy in curtailing the inequity of 

irrigation water in head-tail end perspective which otherwise stretched due to 

spatial climatic variability. Present research work will facilitate the Punjab 

Irrigation Department and policy makers for sustainable solutions regarding 

groundwater depletion and related issues.  
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CHAPTER 1 

INTRODUCTION 

1.1 IRRIGATED AGRICULTURE AND GROUNDWATER  

Primary elements of the universe are water, soil, fire and wind. Among all 

these, water gains exceptional attention due to multifarious behavior and limited 

accessibility. Presently, highly populated arid to semi-arid countries are facing 

water scarcity due to more food needs, which demands more irrigation water. Khan 

et al. (2008) highlighted the depletion of fresh water resources globally from 72 

percent to 62 percent just in 25 years and from 87 to 73 percent in developing 

countries. Few years ago, water scarcity problems were limited to manageable 

pockets of the world and now spread on every continent and continuously 

expanded. It is reported by different organizations that by the year 2025, 

approximately two-thirds of the global population will experience water stressed 

conditions.  

A major share of water is used by agriculture sector as compared to industry 

and domestic uses. Sustainable irrigated agriculture is a major concern of 21st 

century, particularly for those countries where further expansion in irrigated 

agriculture is limited. In 2008, the irrigated agriculture was practiced worldwide on 

about 325 million ha (Mha) and over half of the irrigated land located in South 

Asian countries i.e. India, China, Pakistan and in the United States. Irrigated 

agriculture contributes about 40 percent in agricultural outputs and 60 percent in 

grain production. Domestic food production of many countries including Pakistan 

depends mainly on irrigated agriculture.  

Two-thirds of fresh water resources are utilized for irrigation with major 

contribution from groundwater resources. Groundwater importance can be realized 

from the fact that out of the total fresh water resources available on the earth, 96 

percent are groundwater. In last three decade, utilization of groundwater resources 

has been increased due to shortage of surface water (Clark, Lawrence, and Foster, 
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1996; Wada et al., 2010). According to a study (Shah, Molden, Sakthivadivel, and 

Seckler, 2000) 750-800 billion m3 (BCM) per year global groundwater withdrawals 

has been used for irrigation. In some of the highly populated and poverty stricken 

regions, farmers are pumping groundwater at excessive rate, causing lowering of 

groundwater level. 

Pakistan's economy is predominantly agricultural, contributing over 21 percent 

in Gross Domestic Products (GDP) and absorbing more than 45 percent of total 

labor force of country. Irrigated agriculture of Pakistan is mainly practiced in 

supply driven irrigation system of Indus Basin which regulates from Mangla & 

Tarbela dams and Chashma reservoir to manage the fluctuations of river flows 

according to water availability and demand. A large irrigation network was 

introduced in the sub-continent in mid-19th century and Pakistan owns world 

largest gravity irrigation network. The river system of Pakistan originates from 

higher altitudes and receive flows primarily from snowmelt and then from seasonal 

rainfalls. The annual average surface water supply to 16.2 million ha (Mha) 

command area of Indus Basin Irrigation System (IBIS) is about 180 billion m3. 

Many researchers disclosed the high degree of conveyance losses, application loses 

and other system inefficiencies. Presently system operates at less than 40 percent 

efficiency and surface supplies are inadequate to fulfill the irrigation needs of all 

major crops.  

Before the introduction of such large irrigation network, groundwater level was 

situated 20 m to 30 m below the ground surface and a natural water balance was 

established, therefore necessity of drainage system was overlooked. Thus, due to 

inadequate drainage system and seepage losses from unlined earthen channels, 

large network of distributaries, watercourses and field percolation losses, 

groundwater level increased swiftly within the crop root-zone (1.5 m). This led to 

environmental problems of waterlogging and salinity that have badly affected the 

agricultural productivity. Government of Pakistan has installed deep public 

tubewells under Salinity Control and Reclamation Programme (SCRAP) to control 

the waterlogging and soil salinity. Government also encouraged the installation of 

private tubewells through subsidies to manage waterlogging. The escalating 
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irrigation water demand due to high cropping intensity and rapidly increasing 

population has changed the reliance of irrigation from canal supply to both the 

canal and groundwater. In response to the shortage of canal water supplies in 

Punjab and to meet the high crop water requirement the installation of private 

tubewell was started after 80‘s and rapid development was also observed after 

drought of 1998-2002 as shown in Figure 1.1.  

 

Figure 1.1:  Tubewell growth rate in Punjab, Pakistan 

Presently, groundwater resources of Indus Basin are providing great 

cushion during peak demand period. Groundwater emerged as substitute of canal 

supplies for the survival of standing crops and agricultural production. The 

consequence of high growth rate of tubewell can be judged by the fact that 

groundwater use has increased from 10 billion m3 in 1965 to 68 billion m3 in 2002 

(Usman et al., 2012). During drought period, there has been tremendous increase in 

private tubewells and groundwater use in irrigated agriculture. Now, the irrigation 

sustainability is reliant more upon groundwater during critical stage of crop water 

demand as compared to canal water. Presently, private tubewells contribute major 

share in groundwater supplies, which was lowest before 80's as during initial stages 

of the groundwater resources development. The rapid growth of tubewells and 

negligible development in surface water infrastructure is sign of the reliance of 

irrigation on groundwater resources. 
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1.2 SUSTAINABLE CONJUNCTIVE WATER MANAGEMENT 

Sources of water within an irrigated command area, which can be managed for 

irrigation sustainability are canal supplies, groundwater and rainwater. Mostly, 

canal water supply was considered as source of irrigation therefore, the research, 

planning, management has focused on delivery of surface water at canal command 

level and its efficient utilization at farm level. Today, both surface water and 

groundwater are studied equally as source of irrigation in irrigated agriculture. The 

conjunctive management of surface water and groundwater resources can ensure 

more equity as compare separate management of each resource. According to Shah 

et al. (2000), sustainable management of groundwater system is major challenge 

and sustainably is quite difficult due to lack of technically trained manpower, 

organization structure, institutional coordination, scientific knowledge and 

reliability of data. Under SCARPs groundwater was pumped in the context of 

conjunctive use with canal water to meet the crop water demand. Presently, many 

farmers pump groundwater individually at field level without any intervention from 

government. 

A major constraint in conjunctive water management is inequity in 

groundwater depth and quality over irrigation administrative units. Therefore, 

distribution and allocation of acceptable and equitable share of water of same 

quality among farmer is the real issue. Administrative control is another issue for 

carrying out effective conjunctive management of surface water and groundwater. 

Modifications in system configuration and operating procedure are essential to 

achieve better management. Conjunctive management is not common at IBIS and 

quite absent at canal command level, because it demand revolutionary approach, 

re-assessment of system losses, groundwater resources and other hydrologic 

parameters. Such comprehensive conjunctive management can perform a primary 

role in water deficit region like Pakistan. Conjunctive management has ability to 

make sure the water availability at tail ends in time of drought and avoid 

waterlogging at head reach in wet years. Failure of sustainable conjunctive 

management would cause both problems waterlogging and aquifer mining. Under 

prevailing situation where groundwater contributes more than 50 percent in total 
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irrigation water requirement, there is crucial need to plan and manage the quantity 

and quality of groundwater resources to maximize agricultural productivity and to 

ensure sustainable irrigated agriculture. 

1.3 PROBLEM STATEMENT 

Present water scarcity situation in Pakistan is not only due to lack of storage 

facilities but also due to poor management of available resources. Indus Basin 

Irrigation System (IBIS) was design for 70-90 percent cropping intensity, and now 

reached 150-170 percent cropping intensity due to rapidly increasing population. 

Due to lack of surface storage facility and high cropping intensity, irrigated 

agriculture has shifted the dependence from surface water to groundwater.  Every 

farmer, in Pakistan, is at his liberty to install tubewells at any location in his field 

and pumped any volume of water at any time without any concern of its harmful 

consequences. The contribution of tubewell water in agricultural production can be 

realized by density of private tubewell (No. of tubewells/ 100 ha area), which was 

increased from 1 to 32 tubewells/100 ha in 1960 to 2002 respectively (Qureshi, 

Akhtar and Sarwar, 2003) and presently density is 51 tubewells/100 ha. As a result 

of unregulated and unplanned pumping in various areas, the groundwater depth is 

increasing and it has become uneconomical for pumping. This has resulted in 

uneven changes in groundwater level across Punjab. So, the current scenario has 

become a foremost challenge in term of groundwater sustainability. The quality of 

groundwater varies laterally, vertically and temporally over the entire Indus Basin. 

Pumping of poor and marginal quality groundwater brought resources itself, 

numerous environmental and economic effects on agriculture production. 

The major issues, likely to be faced by the country in coming years, is unusual 

behavior of groundwater leading to mining and saline intrusion at tail ends during 

drought period and waterlogging and salinity at head reach of canal command 

during wet years. Laghari, Vanham, and Rauch (2012) concluded the effects of 

unplanned and unmanaged groundwater pumping in context of conjunctive use. 

Unplanned conjunctive use may cause waterlogging at head reach and groundwater 



 

 

6 

 

mining and salinity problems at tail reach of canal command. The aforementioned 

facts demand conjunctive management of water sources to meet the food 

requirement of water scarce country. Groundwater pumping zones depends upon 

spatio-temporal variations in surface and groundwater supplies would results in 

water equity in head to tail end perspective. Minimum or no waterlogging situation 

would be expected at head areas even during wet season due to preplanned 

pumping strategy. Similarly, no groundwater mining and negligible saline water 

intrusion would be expected at tail reach of the command even during dry spell. 

The proposed strategies of groundwater pumping would cause the uniformity in 

groundwater depth and also manage the anomalous variations in aquifer. 

1.4 OBJECTIVES 

The overall objective was to examine the spatio-temporal variations in 

hydrological parameters within an irrigation administrative unit. The hypothesis 

was that inequity in surface and groundwater use within a canal command can be 

managed with preplanned and state owned pumping strategies on canal command 

basis. This can further facilitate the government for aquifer monitoring and 

management and also pave the way in implementation of sustainable water 

management strategies to support irrigated agriculture at canal command level. 

The specific objectives of the study are:  

i. To develop geo-spatial and temporal data base of hydrological 

characterization of Lower Chenab Canal East Command area. 

ii. To analyze spatial and temporal variations in surface and groundwater 

resources of Lower Chenab Canal East Command area. 

iii. To develop and calibrate a groundwater flow model of the aquifer 

underlying Lower Gugera and Burala canal command area and prepare a 

water balance report of the command area. 

iv. To identify and develop different pumping zones for sustainable 

management of irrigated agriculture at canal command level. 
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1.5 SCOPE OF STUDY 

To face these challenges, realistic strategies are need of the time based upon 

conjunctive management of surface and groundwater resources instead of 

conjunctive use of both resources. This conjunctive management approach and 

pumping zones would support irrigation administrators and managers to reconsider 

operational mechanism currently being applied and to considered surface-

groundwater as unit source of water. This can help ensuring sustainability of 

groundwater resources particularly to tail end user and in areas which are rapidly 

depleting due to imbalance in recharge and discharge. Present research is focused 

on how we can move forward successively towards regulation in conjunctive 

management with emphasis on equity concerns, quality and use of groundwater. 

Research about interaction of surface-groundwater resources is need of time and 

their sustainability for irrigated agriculture in Punjab, Pakistan. Numerical 

groundwater modeling provides guideline for management of groundwater 

resources particularly in those areas where the hydrological interaction of surface 

and groundwater are more complex. Immense advancement in modeling techniques 

demands from researcher to address the site specific methodological challenges and 

data limitations in order to develop a robust, reliable groundwater model acceptable 

to the stakeholders. The research is based on secondary data collected from 

different organizations. These datasets are: lithological data, groundwater depth 

and quality, surface supplies, design parameters of irrigation channels, climatic 

data and primary data collected from field under ACIAR Project include, cropping 

pattern, tubewell discharge capacity and depth, soil type, watercourse supply to 

farmer field and groundwater depth and quality at selected sites. 

1.6 THESIS STRUCTURE 

Chapter 02: described in detail the background and outcomes of research work 

conducted by various researchers and organizations in the similar research area. 

Detailed observation and historic aspect of study area related to irrigation water is 

also summarized in this chapter. The commonly available equation, parameters, 

modeling approaches and geo-spatial technique to developed groundwater model 
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are also summarized. The understanding of different researcher about surface 

water and groundwater are explored and considered as key research question to 

focus the study.  

Chapter 03: is segregated into various major parts i.e. study area description, 

preliminary analysis, model development & calibration. In first part description of 

research area, data collection, availability of water resources, physiographic, 

lithological, hydrometeorology, hydrogeology, agro-climatology, hydrologic 

characteristics of modeled area are summarized. This portion also highlights the 

geo-database development of Lower Gugera and Burala Division i.e. first objective 

of research work. Second part of methodology enlightens the commonly used 

equation and procedure for spatio-temporal analysis. The various input parameters 

of groundwater model development are defined in this section: time constant 

parameters and time dependent parameters well package, river package, recharge, 

and evapotranspiration. Preliminary analyses of different parameters for 

groundwater model development are mainly presented in this chapter with graphs 

and tables. Third segment of this chapter include groundwater model development 

and calibration. A brief description of groundwater model of aquifer under lying by 

Lower Gugera and Burala command area is presented with figures and graphs. 

Statistical regression and sensitivity analysis of groundwater model is also 

presented in this section. Third objective of groundwater model development is 

covered in this section. 

Chapter 04: deals with presentation and discussion of groundwater model 

results. A brief description of scenario development and output of planned scenario 

is described in this chapter. Examination of different pumping zones is presented 

and discussed in this section. Spatio-temporal variation in different hydrological 

parameters are highlighted in this section. Chapter 05: Executive summary, 

conclusions and recommendation of research work are summarized in Chapter 5. 
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Chapter 2CHAPTER 2 

REVIEW OF LITERATURE 

To ensure sustainable irrigation water management, it is necessary to narrate 

the current and historic water use into existing knowledge of water balance of area. 

Such integrated viewpoint would support the management strategies and can 

determine the critical information required to enable the shift to sustainable 

irrigation water management. Existing knowledge and research work related to 

hydrological cycle and water balance of Rechna Doab and surrounding area is 

summarized. Brief about different studies related to geological setting, hydrology 

relationship and water use are also outlined. The historic and present water 

management activities are drawn to study the consequence o of proposed new 

management strategies. Finally, the essential data, their implication, limitations 

and measures required for irrigation water management were concluded.   

2.1 PERFORMANCE OF IRRIGATION SYSTEM IN PAKISTAN 

An earthen gravity flow irrigation network was constructed in 19th century in 

order to grow the fallow area and to consume the river flows in fertile soils. The 

irrigation system was designed to provide settlement opportunities and major 

objective of bringing land under irrigated agriculture. Initially system was design 

for cropping intensity of 60-80 percent and diverts uniform depth equitably with 

minimum operation and maintenance cost (Jurriens, Mollinga, and Wester, 1996). 

Lower Chenab Canal (LCC) was rehabilitated to enhanced the carrying capacity up 

to 368 m3/s to irrigate an area of 1.13 million ha (Mha) during the years 1892-1900.  

Intensive seepage losses from irrigation channels and poor drainage caused 

increase in groundwater level at the rate of 0.46 m/year.  

Different studies reported the problem of waterlogging at upper reach of Lower 

Chenab Canal and other channels due to high seepages losses. Numerous 

researches were conducted to formulate the performance indicators of irrigation 

systems, (Abernethy, 1986; Bos, 1997; Malano and Burton, 2001; Rust and 
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Snellen, 1993; Bos, Burton, and Molden, 2005). According to WAPDA (1979) 

around 42 percent area of Indus Basin Irrigation System was affected by water 

logging and salinity due to inefficient application and conveyance losses of water 

from largest gravity flow irrigation system. According to WAPDA total of 38 

SCARPs were completed until 1995 to control water logging. Projects were 

completed successfully, however the use of poor quality water in brackish 

groundwater zone was increased. 

Various new irrigation performance indicators were developed to examine the 

surface water and groundwater use (Molden, Sakthivadivel, Perry, Fraiture, and 

Kloezen, 1998). The inequity of water distribution among head-tail reach farmers 

were reported by many researchers (Halcrow, 2006; Khepar, Gulati, Yadav, and 

Brar, 2000; Latif and Sarwar, 1994; Kuper and Kijne, 1992). According to Latif 

and Sarwar (1994) the inequity in irrigation system has significant influence on 

farmer income. They conducted a study in central Punjab and concluded that 

farmers located at head areas get good profit as compared to tail farmers. 

Significant difference in the farmer income was reported along the primary, 

secondary and tertiary irrigation channels. The study also highlighted that the 

difference in net benefit was due to increased pumping cost of groundwater 

towards tail ends due to deeper groundwater. Many researchers reported that 

salinity in groundwater increase gradually toward tail reaches of primary as well as 

secondary and tertiary channels. Different researches emphasized the variation in 

recharge of groundwater along the canal length and more groundwater abstraction 

by tail end farmers create inequity. Jehangir, Qureshi, and Ali (2002) reported that 

the tail end farmers of Rechna Doab are facing severe shortage of canal water 

supply.  

According to authors (Shakir, Rehman, Khan, and Qazi, 2011) high prices of 

electricity and diesel pumps are limitations for farmers towards its use especially 

by small farmers. They recommend a distribution model based on conjunctive 

water management of surface and groundwater resources in irrigation 

administrative units of canal command. Due to rapid population growth rate the 

agricultural water demands has crossed the designed capacities and consequently 
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farmers particularly at the tail end are forced to pumped poor quality groundwater 

at higher cost. Groundwater shares has become almost double in many areas where 

surface supply is insufficient. Presently canal operation focused to achieve 

distribution equity to maintain supplies to the tail-end farmers.  

Jehangir and Ali (2000) also highlighted the farmer concern about 

unavailability of surface supplies in proper time and according to crop requirement, 

which caused reduction in farm productivity and forces the farmers to keep parts of 

their farm area fallow. Therefore, farmers rely on abstraction of groundwater and 

they are free to pump any amount of water without any consideration of 

conjunctive management policy at canal command level. Irregular and unplanned 

pumping from different canal command areas are developing more rapidly. 

Groundwater abstraction is causing dwindling groundwater tables, soil 

degradations, deterioration of groundwater quality and increase in competition for 

water among farmers. Irrigation water management in the form of conjunctive 

management can help to improve the water productivity and manage anomalous 

variations in groundwater and hence overall improvement in groundwater system.  

2.2 CHRONOLOGICAL GROUNDWATER DEVELOPMENT 

Indus Basin portrays widespread groundwater aquifer have a gross command 

area of 16.2 million ha (Mha) and groundwater depth was in the state of 

equilibrium at 20-30 m before introduction of earthen irrigation network in early 

19th century. Initially natural water balance was established between recharge to 

aquifer from rivers and rainfall and crop water requirement. After the introduction 

of gravity flow earthen irrigation network imbalance between recharge and 

discharge was arisen resulted in a significant rising of the watertable in certain 

locations. Launching of SCARP and introduction of subsidized private tubewells 

encouraged the farmers to use groundwater. Contribution of groundwater for 

irrigation was around 12 billion m3 (BCM) before storage period, which was 11 

percent of the total water available for agriculture. According to basin level survey 

conducted by (WAPDA, 1965), Indus plain is underlain by 300 m deep aquifer 
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unconsolidated, highly permeable alluvium comprising fine to medium sand, silt 

and clay. Groundwater depth and quality are varied laterally and vertically within 

the basin depending on usage either agricultural, industrial, domestic or 

combination of all.  

A basin wide survey was conducted by (WAPDA, 1979) and published a basin-

wide Atlas with different aspects of soil texture, surface and profile salinity, land 

use, watertable depth and groundwater quality. According to survey, 42 percent 

areas have less than 3 m groundwater depth and classified as waterlogged, whereas 

watertable in 22 percent area was less than 2 m and similarly, 57 percent areas of 

Sindh province was affected by waterlogging where watertable is less than 3 m. 

Pakistan was introduced numerous direct and indirect groundwater management 

measures to control waterlogging and salinity. Salinity Control and Reclamation 

Programs (SCARPs) were placed to encourage public and private tubewells 

development at farm level. Waterlogging still affects 22 percent command area of 

Indus Basin which is large tract of land having watertable within 2 m. Consequence 

of SCARPs has increase the number of tubewells by more than three-fold in 1990-

91 as compared to the pre-Tarbela situation. Furthermore, due to low cost 

development, flexibility of water usage and high cropping intensity in the country 

motivates the farmers to install diesel operated tubewells. 

According to Government of Pakistan (GoP, 1998; GoP 2000) the share of 

groundwater in irrigation has become doubled from 31.6 to 62.2 billion m3 (BCM) 

from 1976 to 1997 in a period of 21 years. Decline in groundwater abstraction to 

50 billion m3 (BCM) during 1997-98 was observed due to electricity tariff, high 

diesel price, and the problems of soil salinity. Laterally, the government has made 

considerable measure in the development of innovative and indigenous tubewells 

technology. Even the reduced level of groundwater contributed 38 percent to the 

surface water available at the canal head.  

According to Government of Pakistan (GoP, 2012) number of tubewells has 

increased from 374099 to 1070375  during 1992-2010 over the period of 20 year, 

causing the lowering of the watertable. According to Punjab Private Sector 

Groundwater Development Project (PPSGDP, 2000), areas having deeper 
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watertable are mostly located in tail reaches of canal command due to large 

difference between irrigation demands and irrigation supplies as compared to head 

reaches. A drought period during 1999-2003 push the farmers to install tubewells 

to cover the shortage of surface water supply. It was reported that 40 percent less 

than historical average canal supplies were available during drought period 1999-

2003 and during three years around 60000 tubewells or lift irrigation systems were 

installed. During drought period severe deficiency of irrigation water insisted the 

farmers to pumped more groundwater. Thus the groundwater abstraction was much 

higher than the recharge rate as compared to normal years.  

It is concluded that there is an urgent need to develop rational irrigation water 

management strategies for bringing groundwater abstraction into balance with 

recharge. Major share of groundwater recharge in Indus basin is contributing 

through irrigation network, therefore conjunctive water management strategy is 

required to maintain a sustainable groundwater level over the entire irrigated area.  

2.2.1 Groundwater Quality Variations 

According to WAPDA (1981) the inherited groundwater resources of Indus 

Basin are saline due to marine geological formation, after the introduction of 

irrigation network and seepage losses from rivers and canals the native salty 

groundwater is now overlain by fresh groundwater. They also highlighted the 

variations in groundwater quality and confirmed that the quality of groundwater in 

the Indus Plains varies widely from place to place both vertically and horizontally. 

They also reported the groundwater quality and mentioned the huge disparities 

from completely fresh groundwater to highly saline, depending on source of 

recharge, flow gradient and pattern of groundwater movement in the aquifer. 

Ahmad and Kutcher (1992) reported that the groundwater quality is 

deteriorating due to intrusion of saline groundwater zones into fresh groundwater 

zones. They highlighted that the reliance more on groundwater as compare to canal 

water support the mixing of saline layer. They described that the status of salt 
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balance in fresh groundwater zones of Punjab and reported that salt has increased 

from 0.64 to 1.95 ton/acre/yr.  

According to (Arshad, Choudhry, and Ahmad, 2005) seepage from irrigation 

network was improved the quality of native groundwater to 120 to 150 m depth. In 

some shallow groundwater zones thickness ranges from less than 60 m along 

margins of Doab and even less than 30 m in lower central part of all Doabs. They 

also reported that the 2000 billion m3 volume of fresh groundwater is lying on 

native saline layers of groundwater.  

Haider (2000) reported that the quality of groundwater in the Indus Basin varies 

largely both vertically and spatially depends groundwater flow and gradient. 

Seepage losses from different channels are main source of fresh groundwater and 

developed widespread belts of comparatively fresh groundwater. He also reported 

area of hazardous groundwater quality 23 percent in Punjab and 78 percent in 

Sindh and electrical conductivity of groundwater varies from 0.3 dS/m to 4.6 dS/m.  

Bodla et al. (1998) studied the salinity and waterlogging status in Fordwah 

Eastern Sadiqia (South) and reported that 23.7 percent areas affect by salinity 

mostly in high watertable areas. They also recommended some remedial measures 

as: On-Farm Water Management, surface drainage system, groundwater 

management and development, canal lining, contribution of farmer community, 

biological approach and reclamation approach. Groundwater quality depends on 

the climatic factors, surface flow, and extent of seepage, topography, fertilizer 

applications and farm practices and irrigation methods used. 

2.3 CONJUNCTIVE WATER USE 

Lettenmaier and Burges (1982) differentiated the short term and long term 

conjunctive use of groundwater. They also highlighted the inequity in groundwater 

depth and variation of groundwater quality over the irrigation administrative units 

as major constraint. They recommended to describe reasonable, economical and 

equitable pumping prices along with surface water delivery in the area. According 
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to (Qureshi, Gill and Sarwar, 2010) conjunctive use of groundwater and surface 

water are being practiced on more than 70 percent irrigated area of Indus Basin. 

But, this conjunctive use of canal and groundwater is practiced by the individual 

farmers without any planned management by government or private institution.  

Usman et al. (2012) conducted a study in Upper Gugera Branch canal of Lower 

Chenab canal East Circle. They used stratified random sampling technique to 

interview 120 farmers from different locations i.e. head, middle and tail of Lagar 

Distributary. A questionnaire was used to gather the information related to the use 

of surface and groundwater in the study area, either separately or jointly. Decrease 

in conjunctive water use area from 78 percent to 46 percent and increase in 

groundwater use alone from 17 to 43 percent was noticed from head to tail. 

Groundwater productivity of wheat was found 0.97 kg/m3, 0.96 kg/m3 and 0.89 

kg/m3 at head, middle and tail, respectively. Groundwater productivity of rice did 

not vary across the water channel because water demand of rice was fulfilled 

through groundwater pumping at all locations. 

Bredehoeft (2011) mentioned that more effective conjunctive management can 

be accomplished by an approach that integrates the groundwater and surface water 

into a single institutional framework; they must be managed together to be 

efficient. Present institutions based upon the existing application of the rules make 

conjunctive management not practical.Tyagi (2006) reported a conjunctive use 

model to determine the pumping rates for sustainable watertable level. Model was 

also developed for optimal salinity regime and allocation of water to areas under 

different crops. Linear and dynamics models programming was used in the study 

but economics aspect of water management was received attention. Many 

researchers were used numerical and analytical approached for optimal water 

allocation using groundwater model (Lefkoff and Gorelick, 1990). 

2.4 CROP WATER REQUIREMENT 

Crop water requirement is critically important and essential parameter for crop 

production and hydrological balance of irrigated agriculture. Major share of the 
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water required by plant is to meet evaporation losses of plant though the plant stem 

back to atmosphere. This indicates that the crop water requirement is mainly 

depend on climatic factors and evaporating capacity of the atmosphere. Reference 

evapotranspiration, considered a key parameter for management of any irrigation 

project. Spatial and temporal variations in evapotranspiration were reviewed and 

summarize in this section. Similarly, higher evapotranspiration losses due to 

climate change impact can cause depletion of water resources. Climate change 

impact has direct influence on melting of the glaciers, frequency and hydrological 

yield of the monsoon rainfall which are the main source of river flow during peak 

crop water requirement in kharif season. 

According to Ullah, Habib, and Muhammad (2001), the crop water 

requirements varied spatially due to hot climatic conditions in north-south direction 

of Indus Basin Irrigation System. Southern Punjab and Sindh located at lower end 

of Indus Basin has much higher reference evapotranspiration (ETo) values ranged 

from 1700-2100 mm due to hot climatic conditions. North-eastern part of the Indus 

Basin has lower reference evapotranspiration (ETo) values ranged from 1200-1300 

mm because of mild climate. The study confirmed spatial variation in potential 

evapotranspiration from 14 to 50 percent of various crops across the Indus Basin.  

Basharat (2012) reported that there are many canal command in Pakistan, in 

which reference evapotranspiration increasing toward tail of command, whereas 

share of canal water is almost equal in different canal command. He also 

highlighted that the water distributions among different canal commands in the 

Indus Basin Irrigation System have not considered climatic variation along the 

commands.  

Usman, Liedl, and Shahid (2014) conducted a study for Rechna Doab to 

estimate actual evapotranspiration (ETa) by using SEBAL technique. They used 

moderate-resolution imaging spectro-radiometer (MODIS) satellite with a spatial 

resolution of 1000 m. Actual evapotranspiration (ETa) of wheat and rice crop was 

masked out for estimation of yield. Study results showed a variation of ETa 402-

780 mm, yield 823-2596 kg/ha, CWP 0.14-0.56 kg/m3 for rice crop and ETa 244-

328 mm, yield 1287–3646 kg/ha, CWP 0.54-1.44 kg/m3 for wheat crop. Rice crop 
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in tehsil Hafizabad showed best results with 7.94 percent coefficient variation and 

other tehsil showed 16 percent higher variability. Actual evapotranspiration (ETa) 

was reported as 639.4 mm for rice and 287.8 mm for wheat over the entire study 

area. Results also indicate higher variation in actual evapotranspiration (ETa) 

ranging from 402 to 780 mm for rice crop. Maximum actual evapotranspiration 

was observed at lower part of study area in south-west and south-east areas cover 

tehsils of Kamalia, Kabirwala, Shorkot, Nankana Sahib. Distribution of ETa was 

more uniform during rabi season in almost every part of study area due to more 

wheat coverage. Range of ETa for wheat crop varies from 244 to 328 mm and there 

is no distinct region in the area that can be recognized as higher ETa as compared to 

other areas. 

Ahmad, Turral, and Nazeer, (2009) was conducted a study using remote 

sensing technique for ETa in Rechna Doab irrigation system of Punjab, Pakistan. 

They concluded that reliability of canal water deliveries declined toward central 

part and tails of canal command and downstream of the doab. Area closer to river 

and main canal have higher actual evapotranspiration due to easy approach to canal 

water as well as groundwater. Declining trend was more in kharif season as 

compare rabi season and governs the annual variations. They also recommended 

the reallocation of canal water to enhance the system productivity for long term 

perspectives. 

2.5 GROUNDWATER DISCHARGE 

Pumped groundwater has become the single most share holder of agricultural 

output of Pakistan during last three to four decades. Every citizen and almost every 

industry also consume groundwater for their regular use. Previously, mostly 

research work conducted in the country was focused to highlight the quantum of 

problems rather any practical and adoptable solution of declining watertable and 

deteriorating groundwater quality. The volume of groundwater abstraction has 

increased significantly from the volume of groundwater recharge. The study 

reported that 27 percent difference in groundwater recharge and discharge. More 
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severe condition is abstraction of groundwater from fresh groundwater areas as 

compared to other areas.  

According to study (Steenbergen and Oliemans, 1997) the contribution of 

groundwater in irrigated agriculture was increased 5 fold and reached to 40 percent 

over a period of 25 years (1960-85). Halcrow (2006) also reported the similar 

details for groundwater abstraction. They reported that groundwater has become 

largest contributor in irrigated agriculture, it was increased from 8 to 60 percent 

during last thirty years. The accurate and precise facts are still unknown due to 

unplanned and unregulated operation of tubewells over the whole Pakistan. This is 

in spite of serious threats to the national water resources, livelihoods and even 

national security. Qureshi, Gill, and Sarwar (2010) refused the licensing of 

tubewells in Pakistan, due to huge number of installed private tubewell and 

dependence level on groundwater of small farmer and tail farmers. 

Hassan, (1993) summarized the outcomes of different research works 

conducted for estimation of utilization factor and discharge of private tubewells. 

He reported a range of 15.6 to 26.8 percent utilization factor 0.025 to 0.037 m3/s 

discharge capacity of tubewells. He also mentioned that groundwater abstraction at 

farm has not much impact on regional water budget because major part return back 

to groundwater without utilization.  

2.6 RECHARGE TO GROUNDWATER 

Ahmad and Rashida (2001) reported the 71 billion m3 (BCM) losses in Indus 

Basin Irrigation System, in which 12 billion m3 (BCM) from river system at 50 

percent probability, 31 billion m3 (BCM) from canal conveyance and remaining 28 

billion m3 (BCM) from watercourses. According WAPDA (1981) estimation 56.2 

billion m3 (BCM) annual recharge to groundwater system out of this 20.6 billion 

m3 (BCM) contribute in saline groundwater areas and remaining 35.6 billion m3 

(BCM) recharged in fresh groundwater zones. Javed, Boonstra, and Hafeez (1999) 

evaluated the recharge of Forwah Eastern Sadiqia Scheme (FESS) irrigation system 

from different sources including rainfall, field irrigation and canal seepage. They 
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reported the 0.16 mm/day net recharge during 1994 monsoon and 0.17 during 1995 

monsoon. Ahmad (2002) developed a methodology for estimation of net 

groundwater use using remotely sensed information and GIS techniques. 

Yin et al. (2011) compared three different techniques to examine the 

groundwater recharge in Ordos Plateau, China. They estimated the mean annual 

recharge rates as 46-109 mm/year, 17-54 mm/year and 21-109 mm/year using 

watertable fluctuation method, Darcy law method and water budget method, 

respectively. The unsaturated zone Darcy law method estimates higher recharge 

and Chloride mass balance method estimates lowest recharge as compared to 

water-table fluctuation method. According to a study (Shamsudduha, Taylor, 

Ahmed, and Zahid, 2011) net groundwater recharge has increased due to increase 

groundwater abstraction for urban and agricultural use in many parts of 

Bangladesh. They reported lower recharge in north east side remain below 100 mm 

and higher recharge was noticed 300 to 600 mm in northwest and southwest areas. 

2.6.1 Canal Seepage 

Canal seepage depends upon different factors i.e. soil type, soil permeability, 

sedimentation, erosion, fluctuating groundwater and canal levels and periodic 

filling and drying of canal. Canal design parameters have strong influence on 

seepage mainly water depth, difference watertable to channel bed, channel wetted 

perimeter and terminal velocity of flow in channel, sediment load and water 

quality. Numerous researches were conducted to estimate the seepage losses from 

different irrigation channels in Pakistan for different discharge capacity and 

different geometry using different methods (Khan, Aslam, and Nazir, 2001; Bodla 

et al. 1998; Dukker et al. 1994; Patten 1963). Detail review of seepage studies 

revealed different researcher used different methods for seepage measurement 

include ponding method, inflow-outflow method, modeling tools and trace 

measurement method. Bhutta (1990) examined the seepage losses of unlined Lagar 

distributary in Rechna Doab as 0.15 m3/m2/day. Seepage study was conducted in 

reach of Lower Gugera Branch canal.  
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Dukker et al. (1994) also conducted the experiment for reach RD 120+000 to 

171+000 of Lower Gugera branch canal. Seepage losses was observed 1.23 cfs/msf 

(32.42 mm/day) in RD 170+450 canal reach and as 10.2 cfs/msf in RD 120+000 to 

171+000 canal reach of same branch canal. The depth to watertable in the canal 

reach range from 1 to 2 m in both studies. Research was conducted to compare the 

seepage losses from newly lined canal and old lining. They reported the low 

seepage rate of 0.058 m/day from four months lined Sunam sub-branch, whilst, the 

six-years-old Muktsar distributary was losing 0.50 m/day comparatively much 

higher seepage rate. They reported that lining does not reduce seepage for a long 

time. Therefore, same seepage losses were assumed from lined channels and 

unlined channel in the Lower Chenab Canal system.  

 

Figure 2.1: Distribution of canal seepage rates quoted in literature by researchers 

Patten (1963) reported the result of seepage losses from seventy (70) different 

canal reaches. He also provided an equation on discharge basis for seepage 

estimation as shown in Equation 2.1. 

S = 0.03 Q 0.71 ------------------ (2.1) 

Where; S = Seepage losses (cusec/mile) and Q = flow rate (cusec) 

Arshad, Ahmad, and Usman (2009) applied groundwater modeling technique 

for assessment of the seepage under the crop-land-water scenario, as a case study 
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for a branch canal in Rechna Doab, Pakistan. They reported the 12.10 m3/s/million-

m2 monthly average seepage rate at canal head for 106 m3/sec monthly average 

flow rate. They also derived a formula for seepage estimation on canal discharge 

basis for any flow rate as given in Equation 2.2. 

S = 0.006 Q1.44 -------------    (2.2) 

Where; S = Seepage losses (m3/sec/million-m2) and Q = flow rate (m3/sec) 

Bodla et al., (1998) reported the ponding method as the most accurate means of 

measuring seepage losses. They also reported the work of different organizations to 

conduct the performance evaluation of FESS canal lining project. They reported 

that the higher seepage rate due to greater depth to watertable over 3 m (10 ft) as 

compared to other channels 0.7-1.5 m (2 to 5 ft). Basharat, (2012) summarized the 

canal seepage studies of different researchers shown in Figure 2.1 and derived 

following conclusions:  

 Modelling approach gives lowest seepage rate and Inflow-outflow method 

gives higher seepage rates as compared to ponding method of seepage 

estimation.  

 Lined and unlined channels losing water at the same rate due to lack of repair 

and maintenance. 

2.6.2 Watercourse and Field Application Losses 

Contribution of seepage losses from watercourse depend upon different factors 

which include design of watercourse, flow rate, wetting area, construction, 

maintenance and soil type. Presently massive program of watercourse lining is in 

progress to control the losses at distribution level. According to WAPDA, (1981) 

watercourse command efficiency, conveyance efficiency and field efficiency as; 63 

percent, 90 percent and 70 percent respectively. According to watercourse 

monitoring and evaluation directorate, conveyance efficiency was improved by 12-

14 percent as a result of lining. In water balance studies by PPSGDP, (2000) 38.5 

to 45 percent of total water diversion to Punjab canals were taken as recharge to 

groundwater. 
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2.6.3 Rainfall Recharge to Groundwater 

Rainfall is key element for groundwater recharge and replenishment of soil 

moisture in unsaturated zones. Various empirical equations and watertable 

fluctuation method are commonly used for recharge estimation. In literature 

different percentages of rainfall were reported as recharge to groundwater. Arshad 

et al., (2005) conducted a study to estimate groundwater recharge from irrigate 

field and rainfall. They used groundwater fluctuation method and reported the 

0.502 mm/day recharge from rainfall and irrigated fields. They also mentioned that 

20 percent of total rainfall (0.225 mm/day) share to groundwater and remaining 

amount (0.227 mm/day) comes from irrigated fields.  

Khan, Rana, Ullah, Christen, and Ahmed, (2003) used 20 percent of total 

rainfall as contribution to groundwater recharge for their model development. 

During model calibration starting rainfall recharge was further adjusted for precise 

results. Similarly, rainfall recharge to groundwater was adopted as 22 percent in a 

groundwater modelling study carried out in India (Kumar and Seethapathi, 2002). 

The maximum proportion of annual rainfall occur during kharif period and 

remaining minor portion occur in rabi season, which indicate no runoff during rabi 

season. 

2.7 APPLICATIONS OF GROUNDWATER MODELLING 

Many researches were reported in literature related to application of 

groundwater modeling tools and techniques and summarized by (Mcphee and Yeh, 

2004; Magnouni and Treichel, 1994). The combined use of simulation and 

optimization techniques for optimal development and operation of groundwater 

system was attainment importance and emerging as powerful tool (Gorelick, 1983; 

Magnouni and Treichel, 1994; Mcphee and Yeh, 2004).  Tyagi, (2006) reported the 

results of the hydraulic optimization model. The optimal watertable surface decline 

from 184 to 214 m above mean sea level (MSL) giving a watertable depth of 4 to 

22 m. These development ensuring against waterlogging and salinity development. 

Zume and Tarhule, (2011) developed a model using Visual MODFLOW and used 
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for predicting different alternatives of administration and operation for the alluvial 

aquifer. The model was improved to mimic potential effects of tremendous 

pumping and recharge variability on an alluvial aquifer in mild rain fed area in 

Northwestern Oklahoma. They concluded the 50 percent increase in groundwater 

abstraction from 1990 to 2050. Sedki and Ouazar, (2011) developed a calibrated 

transient model for Rhis Nekor aquifer and calibrated model was used for 

characterizing the flow in conjunction with a genetic algorithm based. This 

algorithm based optimization model was used to explore the optimal pumping 

schemes. They described the significance of combined simulation-optimization 

methodology for solving problems relating to groundwater management. 

U.S geological survey program aquifer of Regional Aquifer System Analysis 

(RASA) was started in 1978 for development of regional scale groundwater model.  

During the 18 years of the program (1978-1995), a total of 25 regional aquifer 

systems were intensively studied. These include the famous High Plains aquifer 

system, the California Central Valley aquifer system and the Florida and Great 

Basin aquifer systems. The major contributions of the program were: (1) creation 

of regional hydrogeological databases; (2) construction of hydrogeological 

frameworks (conceptual models); (3) understanding of responses of regional 

aquifer systems to natural stresses (predevelopment) and human interferences 

(abstraction and land use changes); and (4) the compilation of a national 

groundwater atlas. In China, numerous regional groundwater models were 

constructed in recent years. Among them, a transient groundwater flow model was 

constructed for the North China Plain in order to assess its groundwater 

development potential (Shao et al., 2009) The model covers an area of 13.9 × 104 

km2 with a uniform grid of 4000 m × 4000 m. The thickness of the aquifer system 

ranges from 550 m to 650 m and was simulated with 3 model layers. The model 

was calibrated with data from 2002 to 2003, with monthly stress periods. 

A regional groundwater flow model was also constructed for the Cretaceous 

aquifer system in Ordos Basin (Hou and Zhang, 2008). The model consisted of 3 

layers, 330 rows and 160 columns with a uniform grid size of 2000 m × 2000 m. 

The model was calibrated under the steady state and used for analyzing 
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groundwater flow patterns and assessing groundwater resources. And, in addition, a 

3D transient groundwater flow mode1 was established for the Beijing plain in order 

to analyze groundwater flow systems and water balance (Wang et al., 2009). The 

transient model simulation time was from l995 to 2005. The model was used to 

explore options for sustainable groundwater resources development. A limited 

review of groundwater modeling in China was provided by (Wang et al., 2010). 

Khan et al., (2008) determined the groundwater consumption in Rechna Doab, 

Pakistan. They mentioned the contribution of groundwater to food security and 

elimination in poverty in Pakistan. Numerical groundwater model was developed to 

assess the future trend in quality and quantity of groundwater utilization in the 

Rechna Doab. Many alternate were executed to examine the impact of current 

abstraction. Result predict the 10 m drop in Rechna Doab during next 25 years, if 

current growth rate of tubewell continued.  

2.8 DERIVED CONCLUSIONS 

The review of literature is categories as (i) Performance of irrigation system, 

(ii) chronological groundwater development, (iii) conjunctive water use, (iv) crop 

water requirement, (v) groundwater discharge, (vi) recharge to groundwater and 

(vii) perspective about groundwater modelling. In each of the category the work of 

a number of researchers were reviewed to gain the insight relating to the 

application of mathematical modeling for the management of groundwater system. 

All the aforementioned studies highlighted the need and significance of numerical 

modeling for scenario simulations, application of modeling approach for large scale 

groundwater system, sustainable irrigation water management, studying the aquifer 

parameters for model development i.e., hydraulic conductivity, specific yield, 

storage coefficient and application of GIS and Remote Sensing technique in current 

age of modeling. It can be established from review, appropriate conjunctive 

management of surface and groundwater is better option and can ensure sustainable 

irrigated agriculture. Previously, surface and groundwater resources were 

considered separately for management, development and research activities. Some 

researcher also emphasized the conjunctive water management approach instead of 
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conjunctive use of surface and groundwater. Aforementioned approaches have long 

been evident of problems with groundwater quality and pumping cost. Water 

scarcity problems and more specifically groundwater quality, pumping cost and 

sustainability of irrigated agriculture have become the key global challenges in 

recent decade and are expected to continue in coming decade. Developed nations 

are defining their direction to cope with the present water scarcity issue. Mostly 

research work has proceeded well in time to cover the burning issues but presently, 

water sector is demanding integrated approach in different areas. Such integrated 

approach also needs continue to change accordingly all over the world. According 

to (Qureshi et al., 2003), licensing is not the an adoptable option to resolve the 

issues of high growth rate of tubewells, because large number of wells are installed 

by small farmers, they livelihood depends totally on agriculture, as observed in 

Pakistan. Therefore, water pricing will effect the livelihood of rural community.  

Laghari et al., (2012) reported the anomalous variations in groundwater depth 

and provide reasoning of unmanaged conjunctive use of surface and groundwater. 

More recharge at head reach of canal command are caused rise in watertable 

resulting in waterlogging and more groundwater pumping at the tail reach causing 

groundwater mining and salinity problems. In their opinion about planned 

conjunctive use of canal water and groundwater can manage the anomalous 

variations in watertable. Pakistan is moving toward water scarce environment with 

alarming speed and mismanagement in water sector is alarming. Government 

policies related to water sector are not proficient and structured to deal with the 

challenges. Few issues are highlighted:  

 The groundwater abstraction is not matching recharge rate along length of canal 

command causing imbalance and inequity in groundwater resources,  

 Inequality of water utilization cost among head-tail end farmers due to 

declining wells yield and increasing pumping cost toward tail due to deepening 

of the watertable. 

 Due to increased abstraction and low recharge rate saline intrusion into fresh 

groundwater area and pumping of poor quality water resultantly diminished the 

productivity of tail end farmers and also soil degradation.   

The suggestion and suitable options quoted in literature for groundwater 

management are outlined below: 
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 Rationalizing canal water supplies on depend on system efficacy  

 Rationalizing spatial and temporal variation of crop water requirement along 

the length of canal command and Indus Basin 

 Conjunctive water management of surface and groundwater resources at canal 

command Level.  

Qureshi, et al., (2010-b) and Qureshi, Gill, et al., (2010-a) recommended that 

Pakistan should follow both supply and demand management approaches and 

should develop management tools and framework according to local conditions. 

World Bank pointed out that the accurate water requirements of the canals are 

required in view of several aspects under the present circumstances. They argued to 

revise the water allowances according to prevailing conditions.  Execution of the 

groundwater regulatory frameworks under Provincial Irrigation and Drainage 

Authorities (PIDAs) and introduction of institutional reforms to enhance effective 

coordination between different organizations working for the management of 

groundwater resources should implemented. 

Khan et al., (2003) also highlighted the alarming situation related to 

groundwater contribution for irrigated agriculture in Rechna Doab. A groundwater 

depression has been developed in lower central part of Rechna Doab, due to 

reliance on groundwater to meet crop water demand. They recommended 

reallocation of canal water and allow 30 percent less canal supplies in the upper 

part of the doab and 30 percent more canal supplies in the lower part of Doab. 

Substitute of reduction in canal supply meet through encouragement of 

groundwater pumping in the upper part of the doab and discouragement of 

excessive pumping in the lower part is also required.  

Many researchers believe that potential of increased crop production can be 

achieved by improving irrigation water management (Plusquellec, McPhail, and 

Polti, 1990; Plusquellec, 2002). The most challenging issues include increased 

groundwater abstraction with time, pressing for improvement in irrigation system 

management. The major constrains for groundwater management in Pakistan is 

nonexistence of regulation mechanism or laws in force to manage, record and/or 

regulate the activities of various groundwater stakeholders. Therefore, no research 

trend presents towards conjunctive management of surface and groundwater 

resources in the country. 
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Some researcher argued that groundwater management is possible in isolation 

by ignoring other relevant issues of irrigation water management. But practically it 

is difficult to achieve due to dependence of groundwater recharge on surface water 

and rainfall. Sources of groundwater recharge vary significantly at different canal 

commands. Rainfall continuously decreases toward downstream of IBIS on other 

hands rivers and irrigation channels are major recharging sources of groundwater. 

Groundwater management in isolation is not possible by ignoring other recharge 

sources. Considering aforementioned facts, conjunctive management of all the 

irrigation water sources at any levels either Basin level, provincial level, canal 

command level and watercourse command level essential for sustainable irrigated 

agriculture and to produce more crop per drop. Conjunctive use has more than a 

few meanings in literature but purpose is to maximize the beneficial use and 

economic output of both surface and groundwater resources at farm level.  

Currently, in Pakistan no well-defined mechanism available for regulation of 

groundwater, which is playing key role in overall economic performance of the 

country. A sequential management approach is required to control and govern 

groundwater challenges which should be acceptable to all stake holders.   

Groundwater modeling and scenario simulation for future prediction 

emphasizing the local hydrological conditions specifically on groundwater 

availability and equity can play an imperative role in improving the overall 

performance of the irrigation system. Groundwater modeling research work are 

limited in Pakistan, because of lack of data availability. Trained manpower and 

lack of experience in aquifer modeling. The review reveals the potential of 

different modeling tool to study, formulate and achieve sustainable target of 

groundwater use. Therefore, a research gap was identified to use MODLOW for 

management of groundwater resources in Pakistan. This study was design to 

develop management strategy that can support for sustainable irrigated agriculture 

of the area which has crucial importance as imbalance in recharge. There is a need 

to calibrate and validate such a model, which can predict the effects of pumping on 

lowering of groundwater table so that validated model can be used to develop 

pumping strategy for sustainable management of groundwater resources of the 

Lower Chenab Canal command area. 
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Chapter 3CHAPTER 3 

MATERIALS AND METHODS 

Description of study area, data collection from primary and secondary sources, 

groundwater model development and calibration and model simulation for future 

predictions are summarized in this chapter. The secondary data regarding 

hydrological parameters were collected from different organizations i.e. Pakistan 

Meteorology Department (PMD), Punjab Irrigation Department (PID) and 

WAPDA. In addition, brief survey was also conducted for various parameter 

collection and ground thruting at three selected distributaries in Lower Chenab 

Canal East Command area under ACIAR funded research project. Information 

includes the climatic data, cropping pattern, canal supplies, and groundwater 

abstraction, soil and aquifer characteristics etc. 

3.1 STUDY AREA 

Present research was conducted in selected area of Rechna Doab situated in the 

middle of irrigated Punjab. The Lower Chenab Canal (LCC) is the 2nd older and 

larger canal after Upper Chenab Canal (UCC) in the Rechna Doab area. The 

irrigation system of Lower Chenab Canal was designed in 1892-98, which is 

located between the Qadirabad-Balloki and Trimmu-Sindhai Link canals. Lower 

Chenab Canal is further divided into two canal at Sagar headwork. These two canal 

cover the command areas of LCC-East circle (along Ravi River) and LCC-West 

circle (along Chenab River).  The LCC-East is covered 0.803 Mha gross command 

area (GCA) and 0.622 Mha culturable command area (CCA) expanded over four 

districts included Faisalabad, Hafizabad, Sheikhpura, and Toba Tek Singh. Present 

study was carried out in two divisions of Lower Chenab Canal East i.e. Lower 

Gugera and Burala with 0.515 Mha gross command area and 0.392 Mha cultivable 

command area. The LCC-East circle contains three irrigation divisions and each 

division is further divided into three subdivisions as shown in Figure 3.1. Each 

subdivision headed by a sub divisional officer (SDO) is designated as irrigation 

administrative unit (IAU) for present study.  
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Figure 3.1: Study area and its geographical location 

It lies between longitude 72° 11' 47" to 73° 32' 2" East and 30° 32' 26" to 31° 

29' 23" North along the Ravi River shown in Figure 3.1. Study area covered half of 

district Faisalabad and two-third of Toba Tek Singh. The surface water is supplied 

to study area through two branch canal include Burala Branch canal and Lower 

Gugera Branch canal with vast network of distributaries, minors and water courses. 

The area falls in mixed crop zone of Punjab with cotton-fodder major kharif crop, 

wheat-fodder major rabi crop and sugarcane as an annual crop. 

3.1.1 Climatic Conditions 

Climatic conditions of study area were analyzed by using monthly climatic 

normal of Pakistan (1981-2010) published by Pakistan Meteorological Department 

Karachi office in 2013. Four weather stations of Lahore, Faisalabad, Rafique and 

Multan were used in study. Data of different climatic parameters i.e. minimum 

temperature, maximum temperature, humidity, wind speed, sunshine hours, and 
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rainfall were used on monthly basis. Temperature and rainfall were considered as 

most important climatic determinants which play a significant role in hydrologic 

studies. The area of Rechna Doab is semi-arid characterized by seasonal variations 

in temperature and rainfall. The spring and autumn are short duration seasons 

limited to March and October respectively. Summer is very hot and long from 

April to September with mean monthly temperatures ranging between 18.4 °C to 

40.2 °C, whereas winter lasts from November through February with mean 

monthly temperatures ranging between 4.7 °C to 37 °C. The yearly average 

temperature at Faisalabad station is varying from 16.9 °C to 30.9 °C and June is the 

hottest month with a record high of 48 °C in year of 2005 and January is the coldest 

with a record low of -1 °C in 2006. The winters are generally frost free except for a 

short period of 15-20 days in December and January.  

 

Figure 3.2:  Thirty (30) year average climate of Faisalabad 

The rainfall is an important climatic parameter for hydrological study because it 

contributes directly in surface flow through runoff, stream flow and indirectly in 

groundwater through, recharge, interflow. Annual average precipitation over 30-

year is 656 mm, 381 mm, 296 mm and 210 mm at Lahore, Faisalabad, Rafique and 

Multan respectively.  High intensity rainfall are occurred mostly in monsoon period 

which also contribute approximately 60-70 percent of the total annual rainfall and 



 

31 

 

low intensity rain showers occurs in remaining months brought in by western 

winds. These low intensities rainfall in month of December and January have 

healthy effect on winter crops especially for wheat. Trend of different weather 

parameters on 30-year mean monthly basis for Faisalabad station is shown in 

Figure 3.2. The detailed climatic data for rainfall and reference evapotranspiration 

analysis was collected from Regional office of Pakistan Meteorological 

Department (PMD) located at Lahore for the study period of 2005-2013 is attached 

in Appendix-II.  

3.1.2 Topographic Features 

Elevations data of study area was downloaded from ASTER GDEM (1.5 arc-

second Resolution) [http://asterweb.ipl.nsa.gov./gdem.asp] using Global Mapper 

software. The study area was clipped using Arc-GIS software and surface 

topography of the study area is shown in Figure 3.3.  The area slopes in the south-

west direction with the topographic relief varying from 193 m in the north-east side 

to 141 m in south-west side. The model area consists of 5656 km2 with 161 km 

length and a width of about 51 km at the widest point and mean gradient is 0.32 

m/km along the length of command area. 

Figure 3.3:  Elevation of study area 
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3.1.3 Soil Type 

Texture is eternal property of soil which remains same with passage of time; 

therefore, data of WASID survey was used to map textural classification. Soil data 

was collected from Water and Soil Investigation Division (WASID) WAPDA. In 

early sixties widespread survey was carried out to a depth of 3.05 m (10 ft). The 

intensity of observation in the surveys conducted by WASID (1960-65) was one 

auger hole per square mile. WASID also carried out excavation, description of soil 

pits, in addition to sampling and analysis of representative soil profiles. The soils 

were classified into five different groups based on horizontal textural variations and 

vertical variations. A brief description of classification for different textured soils is 

summarized in Table 3.1 and spatial variation in textured groups is presented in 

Figure 3.4.  

Farida, Moderately coarse grained (sandy loam and fine sandy loam): It 

comprises fine sandy and sandy loam textures and covers maximum 65.97 percent 

(373154 km2) area. These soils are formed from alluvial deposits and usually found 

where the topography is flat. These soils are mildly calcareous, reasonably high 

permeability and fairly retentive of soil moisture and nutrients.  They are relatively 

productive and capable of producing normal yield under proper water supply and 

management practices. 

Buchaian, Medium (loam, silt loam, silt): The Buchaian soils are derived 

mainly from older sediments. The textures of this group include loam, silt loam, silt 

and very fine sandy loam which cover 12.85 percent (72661 km2) of the total area. 

The soils are moderately permeable and contain good water holding capacity that 

makes soils favorable for farming. These soils have potential for diversified 

farming due to high productivity with proper water supply, sufficient fertilizer 

application and adequate drainage facilities.  

Jhang, Coarse grained (sand and loamy sand): Soils of the Jhang series covered 

10.10 percent (57084 km2) of total study area. These are coarse textured soils, high 

permeability with very low water and nutrient holding capacity. Soils are sandy and 

coarse therefore suspected to put up high level of salinity and fertility. Frequent 

irrigation, split of fertilizer and light management practices are recommended. 

Soils with fines textured are potentially productive for wheat, maize and rice.  
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Figure 3.4: Soil types and soil texture group over the command area 
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Table 3.1: Soil series and area under different soil textural groups 

Series 

(Local Name) 
Textural Group 

Area in  

Km2 
 Percentage 

Jhang Coarse (sand, loamy sand) 57085.4 10.10 

Farida Moderately coarse grained  

(Sandy loam,  fine sandy loam ) 
373154.0 65.97 

Buchaian Medium grained  

(loam, silt loam, silt) 
72661.9 12.85 

Chuharkana Moderately fine (sandy clay loam, 

clay loam, silty clay) 
6796.7 1.20 

Nokhar Fine grained (sandy clay, silty clay, 

clay) 
1146.4 0.20 

Miscellaneous Land type& No data* 54755.6 9.68 

Total 565600 100 

* No data, area near to Ravi River not covered in survey.  

 

Chuharkana, Moderately fine (silty clay loam, sandy clay loam, clay loam): 

Chuharkana soils occur in depressions; these soils have a compact substratum that 

supports a rather narrow range of crop adaptation. This group extends over 6796 

km2 (1.2 percent) of the area and have moderate permeability which can retain 

sufficient amount of moisture and nutrient. Salinity hazard for Chuharkana soils is 

high particularly in areas with high watertable. This group is suitable for high delta 

crops. Field operations in these soils are difficult therefore farmyard manure and 

green manure are recommended with proper ploughing operation.  

Nokhar, Fine (sandy clay, silty clay, and clay): The Nokhar series has 

moderately fine texture and with very poor internal drainage and surface drainage 

features are unfavorable. These soils occur only in a small fraction, stretch over 

1146 km2 (Less than 1 percent) of the area and are composed of clay, sandy clay 

and silty clay textures. These soils have low permeability, high water retention 

properties and hold plant nutrients. Due to fine textured they are very hard and 

sticky in dry form, and produce difficulty is field operations and developed cracks 

on alternate drying and wetting and also pose difficult workability for seed bed 
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preparation. These types of soils are only suitable for high delta crops. Their 

management practices are also the same as of moderately fine textural soils. 

3.1.4 Surface Water Resources 

The surface water is supplied to farmer's field through vast network of primary 

and secondary irrigation channels. The water is raised in Rivers at headwork for 

supplies to main canals and diverted to branch canals and further distributary 

channels takeoff from branch canals. These distributaries and minor are the main 

arteries for water through watercourse outlet to small irrigation service area called 

'chaks'. Discharge in outlets depends on water level in supply canal. 

During low flow period, supply has to be managed among secondary irrigation 

channels i.e. minors and distributaries channel. Surface water supplies in Rechna 

Doab was started in 1892 after construction of Lower Chenab Canal. The Chenab 

River follows the western flank and Ravi River flows along the south-eastern 

boundary of the Rechna Doab. Four headwork (Marala, Khanki, Qadirabad and 

Trimmu) situated on Chenab River to ensure the supply in the command of Rechna 

Doab and also to divert flow to other link canals. Two headwork Balloki and 

Sidhnai located on the River Ravi to ensure canal supplies to adjacent areas of 

Indus Basin. 

 

Figure 3.5:  Line diagram of canal network and River system 



 

36 

 

Area selected for present study located on south eastern side of the Rechna 

Doab along the Ravi River shown in Figure 3.5. Canal supplies in the study area 

have been regulated from Chenab River through Lower Chenab Canal (LCC) off 

take at Khanki headwork.  A link canal between Trimmu and Sindhai headwork is 

also touch the lower edge of the area. Ravi river flow on south eastern side of the 

study area has been monitored at Balloki and Sindhai headwork and no surface 

water is supplied to Rechna Doab from this river expect recharge to aquifer. The 

average annual flows of Chenab River at Khanki Headwork and Ravi River at 

Balloki and Sindhai Headwork for the year 2005-2013 were used to examine the 

surface water availability. Average annual flow in the Chenab River is 3465 m3/s 

and 1172 m3/s above and below the Khanki headwork respectively. Ravi River 

receives 803 m3/s above the Balloki and 251 m3/s below Sindhai headwork. 

 

Figure 3.6: Irrigation network of study area 
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Main and link Canals: The Lower Chenab Canal is 2nd largest in Rechna Doab 

and third oldest and largest canal in Punjab.  Lower Chenab canal was remodeled 

to change from non-perennial to perennial to improve the discharge capacity to 

increase the command area. Presently, designed capacity of LCC is approximately 

492 m3/s to irrigate a gross command area of 1.42 Mha. The Trimmu-Sindhai (TS) 

and Haveli Link canal are originated from Chenab River at Trimmu headwork 

below the confluence of Jhelum River. Both link canal supply flows to Ravi River 

during low flow period for onward transmission to Bari Doab. The TS Link Canal 

was constructed in early sixty with discharge capacity of 312 m3/s and has length 

of 70 km (Ahmad & Chaudhry, 1988). Haveli Link canal was constructed in late 

1930 with 140 m3/s discharge capacity. Mean monthly discharge of Lower Chenab 

Canal, Trimmu Sindhai and Haveli Link canals for the period of 2005-2013 were 

used for main canal flow. The study area is located in the command of Lower 

Chenab Canal (LCC) which off-takes from Khanki headwork and bifurcates in two 

branch canal namely Jhang (LCC-West circle) and Gugera Canal (LCC-East) at 

Sager headwork as shown in Figure 3.5.  

Lower Chenab Canal (LCC) East circle area has boundary with Ravi River in 

the eastern side and sandwich between the QB Link canal on upstream and TS Link 

canals on downstream end. The LCC East Circle contains Main Ali Branch Canal, 

Upper Gugera Branch Canal which is further split into Lower Gugera Canal and 

Burala Branch Canal at Bucheke Headwork shown in Figure 3.6. These two branch 

canals (Lower Gugera and Burala Canals) were selected for study area and line 

diagram of the irrigation network of command area is shown in Figure 3.5 and 

Figure 3.6. Detail line diagram of design feature and surface water supply for 

distributary channels and both branch canals is given in Appendix III. 

3.1.5 Hydrological Zones 

The study area comprises command area of two divisions Lower Gugera and 

Burala branch canal which is further split into six subdivisions, three in each for 

administrative control as shown in Figure 3.7.  
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Burala Branch (Unit B): The Burala branch canal covered 248981 ha area out 

of which 206413 ha area is under cultivation. The Burala Branch canal has 64 

irrigation channels with total length of 588.12 km to carry design discharge of 

47.07 m3/s. Average area per watercourse is 194.06 ha and total 960 outlets are 

distributing water to farmer’s field on fixed rotation basis.  

Unit B-1 Tandilianwala: This unit located at head of Burala division is irrigated 

through the Burala branch canal, which off takes from the Upper Gugera canal at 

Bucheke headwork. Tandilianwala subdivision has GCA of 110879 ha and CCA of 

84752 ha with design discharge of 22.74 m3/s. The length of channel network in 

Tandilianwala subdivision is 239.24 km and the supply network consists of 35 

channels and average area per watercourse is 193.06 ha with total of 439 outlets. 

Unit B-2 Kanyan: unit is located at middle of Burala canal covered a GCA of 

138102 ha and CCA of 56114 ha and is irrigated by a distribution system of 15 

channels and 302 outlets. The design discharge of unit is 13.05 m3/s and average 

area under each w/c is 185.81 ha. The length of irrigation channels is 178.21 km. 

Unit B-3 Sultanpur: The unit covered 60629 ha gross command area located at 

tail reach of branch canal. Sultanpur subdivision irrigates 44524 ha area with 

design discharge of 11.27 m3/s. The sub unit has vast distribution network of 14 

channels and 170.67 km length of irrigation channels. Average area under each 

watercourse is 203.31 ha and total outlets are 302 to ensure the supply to fields. 

Lower Gugera branch (Unit G): covered 265786 ha and 206413 ha gross 

command area and cultivable command area, respectively. The design discharge 

allocated is 46.93 m3/s through the network of 58 channels and 610 km total length 

of channels. Average area per watercourse is 198.21 ha and total 1046 outlets 

supplied water to farmer's field on fixed rotation basis.  

Unit G-1. Buchaian: is sub unit has GCA of 81151 ha and 64178 ha CCA and 

located at head reach of the Lower Gugera branch. Allocated designed discharge is 

13.10 m3/s through the network of 21 channels with 194.96 km length. Average 

area per watercourse is 212.5 ha with 302 outlets.  
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Table 3.2: Description of irrigation administrative units (IAUs) of study area 

 

DIVISION 

/Subdivision 

GCA 

(ha) 

CCA 

(ha) 

Nos. of 

Distri. 

Nos. of 

Minor 

Nos. of 

Outlets 

Q 

(m3/s) 

Average Area 

/Watercourse 

(ha) 

Q1000 

(m3/s) 

Length 

of Distri 

(km) 

Lower Gugera 265786 206413 58  1046 46.93 198.21 0.23 610.99 

Bhagat 96394 75167 6 13 389 17.33 193.23 0.23 255.47 

Buchaian 81151 64178 13 8 295+7* 13.1 212.5 0.2 194.96 

Tarkhani 88240 67068 10 8 355 16.5 188.92 0.25 160.56 

Burala 248981 185390 64  960 47.07 194.06 0.25 588.12 

Kanyan 77473 56114 8 7 302 13.05 185.81 0.23 178.21 

Sultanpur 60629 44525 8 6 219 11.27 203.31 0.25 170.67 

Tandilianwala 110879 84752 15 20 439 22.75 193.06 0.27 239.24 

LCC East 802986 622434 182  3133 139.64  0.22  

Source: (Qureshi, Hussain, & Makin, 2002) 
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Unit G-2. Tarkhani: This sub unit include Tarkhani subdivision located at middle 

of Lower Gugera branch canal. The gross command area of sub unit is 88240 ha, 

while 67068 ha area is under cultivation. Tarkhani has 18 channels with total 

length of 160.56 km for carrying discharge of 16.5 m3/s. Surface water is spreading 

to farmer’s fields in Tarkhani command area through 355 outlets and on average 

188.92 ha per outlet. 

 

Figure 3.7:  Irrigation Administrative Units (IAUs) of study area 

Unit G-3. Bhagat: The Bhagat unit covered 96394 ha and 75167 ha gross 

command area and cultivable command area, respectively. The Bhagat subdivision 

is located at tail of branch canal and received 17.33 m3/s flow rate. Bhagat has 19 

channels and 355 outlets with total length of 255.47 km. Average area per 

watercourse is 193.23 ha per outlet. Same Irrigation Administrative Units (IAUs) 
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were used for spatial analysis of different hydrological parameters. The detail 

features of each irrigation administrative units and sub-unit are given in Table 3.2.   

3.1.6 Aquifer Characteristics 

Different studies were report (Greenman, Bennett, and Swarzenski, 1967; 

Khan, 1978) about geological and hydro-geological conditions of Rechna Doab. 

WASID, WAPDA drilled 327 test holes to determine subsurface lithology and 62 

pumping tests were performed to estimate groundwater resources during 1957-60. 

Hydrology Division of WAPDA drilled 60 more test holes to cover the piedmont 

area on upstream of MR-Link canal. Project Planning Organization drilled 29 test 

holes during 1976-77 and 9 test holes were drilled by Republic Engineering 

Corporation. Khan, (1978) reported hydro-geological investigations by various 

organizations in the Rechna Doab area are given in Table 3.3. Total 68 boreholes 

located within 5 km periphery of study area (Figure 3.8) were used to derive 

hydraulic properties of the aquifer. The hydro-geological condition of Lower 

Chenab Canal East was extracted from these reports are summarized in subsequent 

paragraph. 

Greenman et al., (1967) reported that the upper 200 m depth of Rechna Doab is 

composed of thick alluvial sand and silt with an absence of thick clay layer and 

behave considerably heterogeneous both vertically and horizontally. Despite this, it 

is observed that the aquifer forms a fairly transmissive unconfined aquifer system. 

The uppermost 90 m of the aquifer is the most productive zone and yields of 4900 

to 9800 m3/d (57 to 113 l/s) are common throughout the doab. Study of lithologic 

logs of boreholes showed that the soils of various areas are moderately 

homogeneous containing high percentage of fine to very fine sand with silt 

contents and clay percentage is higher in depression areas. A thick layer of 6-15 m 

of clay/silt is also significantly present. Thick layers of 40 m width of very fine to 

medium sand were also marked at deeper depths of the aquifer. Detailed study of 

aquifer characteristics has shown sandy nature toward tail of Doab without any 

marked clay layer. The lower zone near Shorkot (Khikhi to Sultanpur) appears with 
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a greater predominance of sand and rare clay/silt material. The accurate maximum 

depth of the aquifer is not exactly known, however, logs of test wells represent 

thickness of alluvium is over 200 m almost everywhere. Therefore, in present study 

150 m depth of aquifer with four layers was considered for model development and 

top layer was specified as 20 m to understand the interaction of river and irrigation 

network with groundwater and pumping. 

Table 3.3: Hydro-geological investigation in Rechna Doab 

Number of 

Test Holes/ 

Wells 

Organization Year 

Bore Depth 

(m) 

Min Max 

327 WASID, WAPDA 1957-60 91 457 

62 WASID. WAPDA 1957-60 40 122 

60 Hydrology Division, WAPDA - 107 107 

9 Republic Engineering Corporation 1976-1977 61 76 

29 Project Planning Organization 1976-1977 91 91 

Source: (Khan, 1978)  

Aquifer material is highly porous and is able to store and transmit water more 

readily and similar results were reported by (WAPDA, 1980). According to 

pumping test results of Greenman et al., (1967) horizontal hydraulic conductivity 

of aquifer is greater than vertical hydraulic conductivity. Vertical hydraulic 

conductivity varies from 0.27 to 10.7 m/day with an average value of 1.3 m/day 

and horizontal hydraulic conductivity varies from 25 to 173 m/day with an average 

value of 104 m/day. The hydraulic conductivity varies from 26 to 52 m/day in areas 

where alluvium is less permeable. The 65 to 75 percent of alluvium contains highly 

transmissive sand beds and remaining 25 to 35 percent contain lenses of clay, silt 

and silty sand. The porosity of water bearing formation varies from 35 to 45 

percent with an average specific yield of 14 percent. Estimates of specific yield are 

from 0.07 to 0.25, with a few values as low as 0.01 and as high as 0.40. The 

average value for all tests was 0.14. The actual porosity will probably be lower 

than these estimates. 
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Figure 3.8:  Drill log location of study area 

3.2 FIELD DATA COLLECTION 

The required data for research work was collected from different Govt. 

organizations and independent surveys were conducted under the ACIAR funded 

project. 

1. Groundwater depth of 119 piezometers was collected from Directorate of Land 

Reclamation (DLR), Punjab Irrigation Department (PID) for the period of 

2005-13. 

2. Water quality data of 176 Tubewells was collected from Punjab Irrigation 

Department for the period of 2005-13. 

3. Lithological data of 69 bore holes was collected from the Water and Soil 

Investigation Division (WASID), WAPDA. 
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4. Mean monthly climatic data for the period of 2005-13 was collected from 

Pakistan Meteorological Department (PMD). 

5. Canal water supplies and channel design parameters were collected from the 

PMIU, Punjab Irrigation Department. 

6. Seasonal survey was conducted for land use and land holding data at 18 

selected watercourses at three selected distributaries i.e. Bhalak, Tarkhani and 

Khikhi under ACIAR project from rabi 2008-09 to rabi 2012-13. 

7. Monthly survey was conducted for groundwater abstraction in selected farmer 

field having private tubewell in the command of 18 watercourses. 

3.2.1 Field Survey 

Three distributaries in Lower Chenab Canal (LCC) East circle were selected on 

the basis of their groundwater quality and cropping pattern. A total of six 

watercourses on each distributary were selected by considering head-tail end 

perspective and side of watercourse and details of each watercourse are given in 

Table 3.4. Randomly 40-60 farmers were selected from each location of 

distributary i.e. head, middle and tail. Location of distributary, command area and 

sampling position is shown in Figure 3.9. Primary data for present study was 

collected for the period of 2009 kharif to 2012 kharif. 

Bhalak: is the distributary of Burala canal. The Bhalak distributary has a total 

length of 47.43 km. The gross command area of the distributary is 16821.6 ha. The 

cultural command area of the distributary is 13186.7 ha. This distributary is in the 

Tandilianwala distributary.  

Tarkhani: is the distributary of Lower Gugera canal. The Tarkhani distributary 

has a total length of 49.26 km. The gross command area of the distributary is 

27494.4 ha. The cultural command area of the distributary is 23317.6 ha. 

Khikhi: is the distributary of Lower Gugera canal. The Khikhi distributary has a 

total length of 42.37 km. The gross command area of the distributary is 18185.4 ha. 



 

45 

 

The cultural command area of the distributary is 14664.6. The total 47 no. of 

tubewells were selected on this distributary.  

3.2.2 Surface Supplies Data Collection 

Field data collection was carried out in three selected distributaries under the 

ACIAR research project for a period of four year kharif 2009 to kharif 2012. Data 

of canal water supplies and groundwater abstraction from selected farmers were 

recorded for four year from kharif 2009 to kharif 2012. Detail data and design 

parameters of three distributaries and selected watercourse were obtained from the 

Punjab Irrigation Department given in Table 3.4. The actual discharge being drawn 

by each distributary was measured by using current meter and float method. 

 

 

Figure 3.9: Selected distributaries and sampling points 
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Table 3.4: Details of selected watercourses 

Bhalak Under Study 

Location RD 
Village 

(Chak) 

Qd 

 (m3/s) 

GCA 

(ha) 
Farmers  

Area 

(ha) 

T/Ws 

(No.) 

Head-L 10613 435 0.037 211.1 23 78.2 4 

Head-R 11049 435 0.036 209.5 22 83.3 3 

Middle-L 60535 608 0.035 200.0 18 54.3 7 

Middle-R 60550 606 0.040 290.5 19 127.9 2 

Tail-L 135925 618 0.031 165.0 26 89.7 5 

Tail-R 136386 614 0.026 148.9 26 92.4 1 

Tarkhani Under Study 

Location RD 
Village 

(GB) 

Qd 

 (m3/s) 

GCA 

(ha) 
Farmers  

Area 

(ha) 

T/Ws 

(No.) 

Head-L 9297 228 0.036 201.2 50 99.4 2 

Head-R 11485 226 0.040 213.3 48 90.1 2 

Middle-L 69783 203 0.030 177.8 26 51.0 2 

Middle-R 70697 210 0.041 261.3 26 62.9 4 

Tail-L 124510 190 0.043 240.7 27 94.9 3 

Tail-R 124993 190 0.035 161.3 23 107.8 3 

Khikhi Under Study 

Location RD Village 
Qd 

 (m3/s) 

GCA 

(ha) 
Farmers  

Area 

(ha) 

T/Ws 

(No.) 

Head-R 9875 338 0.037 218.5 32 58 3 

Head-L 9956 338 0.033 204.1 36 102.8 3 

Middle-R 47050 343 0.043 226.7 23 106.2 5 

Middle-L 47210 341 0.051 329.8 27 85.6 5 

Tail-L 121332 702 0.014 79.4 33 41.6 5 

Tail-R 121332 326 0.011 131.6 41 50.6 3 
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3.2.3  Cropping Pattern 

Preplanned regular field visits were carried out in the command of selected 

distributaries along head-tail end perspective. Crop data of farmer field was 

collected by interviewing farmers according to questionnaire and detail about 

number of interviewed farmers is given in Table 3.4 for three distributary and 

eighteen water courses. Data collected for cropping area in different distributaries 

is given in Appendix-IV.  

3.2.4 Groundwater Level Observations 

A total of 173 piezometers are under observation in study area, 119 piezometers 

were installed and monitored by Directorate of Land Reclamation (DLR), Punjab 

Irrigation Department (PID) and remaining 54 were installed at three selected 

distributaries in 2008-09 under ACIAR project and monitored by project staff. Data 

of groundwater depth was collected from 2005 to 2013. Database of 173 

piezometers was developed using Arc-GIS software for detail analysis. Directorate 

of Land Reclamation measures groundwater level in each piezometer twice a year. 

Some piezometers close/clogged/damaged due to field operation or other redundant 

reason for certain period. Some minor discrepancies were adjusted by plotting 

hydrograph of groundwater depth and further; only 87 DLR piezometer and 30 

project piezometers were used to examine the spatial and temporal variations in 

groundwater level as shown in Figure 3.10. All the data were available in the form 

of depth to watertable (feet). These data were converted into groundwater heads 

(meters) using DEM data. 

GWH = NSL-GWD ------------------- (3.1) 

Whereas  

GWH = Groundwater head of specific piezometer above mean sea level (m) 

NSL = Natural Surface level of specific piezometer above mean sea level (m) 

GWD = Depth to groundwater at specific piezometer (m) 

The piezometers were renamed according to subdivision name, location in 

subdivision (head, middle, tail) and GIS no. according to database of Punjab 

Irrigation Department. Renamed samples of piezometers are shown in Table 3.5. 
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Groundwater heads of all selected piezometer were analyzed from kharif 2005 to 

rabi 2013 time period. At present PID is monitoring water levels in several hundred 

piezometers. There is a strong case for rationalizing the monitoring and better 

targeted monitoring not only spatially but also with depth and increased temporal 

frequency.  

 

Table 3.5:  Piezometers rename status 

DLR No. 

according  

to PID database 

GIS No. 

according  

to PID database 

Subdivision  

Name 

Location in 

subdivision 

Rename 

as 

LCE-132 132 Buchaian Head BuH_132 

LCE-196 196 Buchaian Tail BuT_196 

LCE-290 290 Tarkhani Middle TrM_290 

LCE-296 296 Bhagat Tail BhT_296 

LCE-201 201 Tandilianwala Middle TnM_201 

 

Figure 3.10:  Location of piezometers 
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3.2.5 Groundwater Quality 

The groundwater sample are collected two times every year (pre-monsoon and 

post monsoon) from farmer tubewells by DLR. Chemical analyses were performed 

for TDS, SAR and RSC. Groundwater samples were classified into three categories 

as usable, marginal and hazardous for irrigation purposes according criteria 

adopted by (WAPDA, 1979) for Indus Plains of Pakistan. Samples were marked as 

useable if all three parameters (TDS, SAR and RSC) fall within acceptable criteria. 

Categorization of groundwater quality was performed in Arc-GIS software using 

selection on quarry. Interpolation technique was used to develop groundwater 

depth map for 2005-2013 (Appendix-XIII). Interpolated data was converted into 

integer and integer values were used for polygon creations. These polygons were 

classified into three zones. Groundwater zones was used for scenario simulation.  

3.3 PMWIN MODEL DEVELOPMENT 

Groundwater model was developed using Processing MODFLOW and Arc-GIS 

software package. According to research (Kori, Qureshi, Lashari, and Memon, 

2013) calibrated model can be capable to simulate the different scenario for safe 

abstraction of groundwater. Geographical Information System Software (Arc-GIS) 

was used for preparation of input files and presentation of output generated by 

MODFLOW. The steps for numerical model development for time constant and 

time variable data for rabi and kharif season are: 

 Defining the area limits to be model 

 Assessment of hydrological features 

 Aquifer parameters estimation 

 Selection of model resolution and descritization 

 Defining boundary conditions 

 Entry of time constant input parameters 

 Entry of time variant flow packages 

 Simulation of model 

 Calibration and validation of model  

 Scenario and production run 
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3.3.1 Time Constant Input Parameters 

MODFLOW required several time constant input parameters i.e. model 

dimension, layers, boundary condition, time parameters, lithological parameters 

and initial hydraulic heads. In this study, model area covered the 123 km from east 

to west and 110 km from south to north and a uniform grid was superimposed on 

LCC-East command area. The coordinates of modeled area on lower left corner 

were 3145985 and 7061941 as X1, Y1 coordinates, and for upper right corner were 

3267985 and 8151941 as X2, Y2 coordinates, as shown in Figure 3.11. The model 

covered an area of 13.53 x 109 km2, which contain 13530 cells, having 123 

columns and 110 rows. Each cell was square size of 1000 m x 1000 m, thus covers 

an area of 1000000 m2 (100 ha) with 5656 active cells per model layer (white 

color) and 7874 inactive cell (grey color) outside the model area shown in Figure 

3.12. The similar cell size 1000 m x 1000 m was used by (Sehatzadeh, 2011) for 

southern Malawi area of 2941 km2 and (Lalehzari, Tabatabaei, and Kholghi, 2010) 

for Shahrekord Plain of 551 km2. (Schoups et al., 2005) used 2000 m resolution 

grid to calibrate numerical model of Yaqui Valley, located along the sea of Cortez 

in Sonora, Mexico. In another study (Hou and Zhang, 2008) used a uniform grid of 

4000 m x 4000 m in an area of 139000 km2. 

Layers: Greenman et al., (1967) reported that the upper 200 m of aquifer is 

contain thick sequences of alluvial silt and sand with an absence of thick clay 

layers and behave considerably heterogeneous both vertically and horizontally. It is 

observed that the aquifer forms a fairly transmissive unconfined aquifer system and 

upper 90 m of the aquifer is the productive zone and yields of 4900-9800 m3/d (57 

to 113 l/s) are common throughout the doab.  

Therefore, in present study 150 m depth of aquifer with four layers was 

considered for model development and top layer was specified as 20 m to 

understand the interaction of river and irrigation network with groundwater and 

pumping. Model consisted of four layers (0-20 m, 20-50 m, 50-80 m and 80-150 

m) described in Table 3.6. The bottom of each layer was specified by subtracting 

thickness of layer from top of specific layer.  
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Figure 3.11:  Model area coordinates 

 

 

Figure 3.12:  Model domain and cell status of 1st layer 
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Table 3.6:  Layers description adopted in model development 

Layer  

Number 

Thickness 

of Layer 

(m) 

Bottom of 

layer from 

NSL 

General 

aquifer 

characteristics  

Layer Type 

1 20 20 Fine Sand, Silt 

and Clay 

Unconfined 

2 30 50 Fine to coarse 

sand and Silty 

Sand 

Confined/unconfined 

(Transmissivity varies) 

3 30 80 Confined/unconfined 

(Transmissivity varies) 

4 70 150 Confined/unconfined 

(Transmissivity varies) 

Time parameters: The transient flow condition and “days” time unit was used 

for simulation of groundwater model due to variation of groundwater flow with 

time. The model was developed for eight years from kharif 2005 to rabi 2013 with 

183 days kharif stress (cropping) period and 182 days rabi stress (cropping) period 

and total of sixteen stress (cropping) period. Every stress (cropping) period have 

six computational time steps with multiplier of 1.2 to demonstrate the temporal 

variation in observed heads. The major stress components in model include rainfall 

recharge, seepage losses from irrigation network, and percolation losses from 

agricultural fields, evapotranspiration and discharge from groundwater by private 

tubewells. The calibration for model was carried out from kharif 2005 to rabi 2009 

and remaining period was used for model validation. The starting groundwater 

heads for simulation were specified as kharif 2005 i.e. pre-monsoon groundwater 

heads. Preconditioned Conjugate-gradient 2 (PCG2) solver was used to solve the 

finite difference equations. 

Initial hydraulic head: MODFLOW requires initial heads in all active model 

cells in order to simulate the flow conditions. Initial groundwater heads were 

assigned to each cell by interpolating the 87 piezometers data. Groundwater head 

for each piezometer was determined by subtracting groundwater depth from natural 
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surface level. Initially 87 piezometers were used for interpolation of groundwater 

heads. Value of heads for each grid was calculated at mid of each cell by using 

Arc-GIS software package. Ahmadi and Sedghamiz, (2008) recommended the co-

kriging as most suitable choice for generating smooth dataset. The interpolated 

values of groundwater heads showed highest value of 180 m at head reach and 

lowest value 140 m at tail reach for kharif 2005. The initial heads of kharif 2005 is 

shown in Figure 3.13 represent the gradient of 0.1 m/km from north-west to south-

east of canal command area.  

 

Figure 3.13:  Initial groundwater head contours of kharif 2005 

Hydraulic properties: The values of hydraulic parameters used for different 

aquifer materials are given in Table 3.7. Horizontal hydraulic conductivity for each 

layer was derived by multiplying the depth of material in each layer with their 

respective horizontal conductivity. Transmissivity of each layer was obtained by 

dividing the summation of transmissivity of material with total depth of layer. 

Initial values of horizontal hydraulic conductivity (Kh), vertical hydraulic 
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conductivity (Kv) and specific yield (Sy) were derived using following equations 

3.2, 3.3 and 3.4. Hydraulic properties were adjusted during model calibration phase 

to match the observed and simulated heads.  

 …………………. (3.2) 

 …………………. (3.3) 

 …………………. (3.4) 

The calculated values of hydraulic conductivity vary from 0.39 to 190.89 

m/day, and similar values for hydraulic conductivity was also reported by different 

researchers (Khan et al., 2008;  Ahmad, 2002; Arshad et al., 2005). 

Effective Porosity: The porosity is ratio of volume of voids to unit volume of 

soil matrix and effective porosity comparatively lower than porosity due to some of 

fluid is partially immovable in pore spaces. Effective porosity is more important in 

fine textured soils where adhesion forces are present. In present study 25 percent 

effective porosity was assigned to all cells and all layer. Many researchers 

(McWhorter and Sunada, 1977; Khan, 1978; Gibb, Barcelona, Ritchey, and 

LeFaivre, 1984; Wilkinson, 2012) was recommended 25 percent effective porosity. 

General Head Boundary: The south-west boundary of the study area was 

assigned as General Head Boundary (GHB) package.  In general head boundary 

package flow into cell or out of a cell from any external source was assigned in 

proportion to head difference between reference head and specific cell head. The 

function of flow boundary condition is general to represent heads in model area 

that are influenced by inflow from outside of model domain having known water 

heads. The reason of using GHB condition is to provide limit to extension of model 

domain. General Head cells may become dry cells because these cell do not act as 

infinite sources of water like constant head cells. Model solves head values in 

General head cells whereas in constant head package model used specified head 

values for simulation (Rumbaugh and Rumbaugh, 2010).  
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Table 3.7:  Aquifer parameters of different soil type 

Sr.   

No 

 Material  

Code 

Aquifer material type Kh  

(m/day) 

Ss  

(1/m) 

Sy 

1 Clay Clay 0.05 1×10-3 0.05 

2 clays   Silty clay 0.10 1×10-3 0.07 

3 clayss  Silty clay with sand 1.00 1×10-3 0.10 

4 Cwios Clay with interbed of sand 5.00 1×10-3 0.10 

5 cwg Clay with gravel 10.00 1×10-4 0.15 

6 sand sand 100.00 1×10-6 0.25 

7 sandf Fine sand 30.00 5×10-6 0.15 

8 sandm  Medium sand 50.00 1×10-6 0.20 

9 sands Sand with silt 30.00 1×10-5 0.20 

10 scwg Coarse sand with gravel 150.00 1×10-7 0.25 

11 mixed Mixed sand and silt 100.00 1×10-6 0.20 

12 silt Silt 1.00 1×10-5 0.15 

13 gravel Gravel 200.00 1×10-7 0.25 

Source: (Khan et al., 2003) 

3.3.2 Time Variant Data 

Processing MODFLOW provides packages for precise input of time variant 

data of different hydrological parameters i.e. evapotranspiration, recharge, wells, 

river, general head boundary, constant head cells and drains etc. In present study 

five flow package were incorporated i.e. Evapotranspiration (.EVT), River (.RIV), 

Recharge (.RCH), and General Head Boundary (.GHB) and well (.WEL) packages. 

Evapotranspiration: package required the following input data to each cell 

 Maximum evapotranspiration rate (RETM), m/day 

 Evapotranspiration surface (hs), m 

 Extinction depth of evapotranspiration (d), m  

 Soil layer indicator (IET) 

 Parameter number 
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The evapotranspiration surface and extinction depth are remains same for all 

stress period. Extinction depth varies for different land cover and different soil 

type, in present study extinction depth was decided on basis of soil type given in 

Appendix-V and values was assigned to each cell. Evapotranspiration surface was 

decided as 1.5 m below ground level. Maximum evapotranspiration value is 

constant during crop period (stress period) but different for different stress periods 

and also varies spatially. The CROPWAT model was used to calculate 

evapotranspiration and Arc-GIS was used to estimate the evapotranspiration for 

different irrigation administrative units. The calculation in CROPWAT are based 

upon Penman Monteith Equation recommended by FAO-56 and applicability of 

same method has been confirmed by many researchers (Cavero, Farre, Debaeke, 

and Faci, 2000; Nazeer, 2009; Al-Najar, 2011; Gohari, 2013; Iyanda, Pranuthi, 

Dubey, and Tripathi, 2014). Reference evapotranspiration of Faisalabad station was 

calculated and used as base line for other irrigation administrative units. Spatial 

variation in ETo along the length of the command was estimated by interpolation of 

ETo at selected weather stations. Reference evapotranspiration was converted into 

actual evapotranspiration by multiplying with crop coefficient (Appendix-VI). 

Firstly, crop water requirement (CWR) of each crop was calculated separately for 

each month and each year because the ETo varies monthly and yearly. Total crop 

water requirement was estimated for kharif and rabi cropping season for each crop 

separately. Crop water requirement of individual crop was converted into ETc per 

unit crop area by multiply the percent area of specific crop and actual crop water 

requirement of specific crop. 

Actual Crop Water Requirement = (Area% of crop1 x CWR1) + (Area % of crop2 x 

CWR2) + ---------------- + (Area of cropn x CWRn) ……………..  (3.5) 

Shakoor, (2015) estimates the evapotranspiration rate per day by dividing the 

cumulative evapotranspiration during a period with its duration in days. He used 

0.006 m/day for kharif period and 0.003 m/day for rabi stress periods throughout 

the model period. He used 0.5 m depth for evapotranspiration surface and 1.5 m 

uniform extinction depth for Lower Chenab Canal West circle. Ullah et al., (2001) 

determined the evapotranspiration in the IBIS of Pakistan and reported the 

maximum evapotranspiration 462 mm of different rabi crops and 1004 mm for 
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kharif crops. Estimated values of evapotranspiration used in model development 

are in line with these values. 

Recharge package: module simulate the rainfall recharge and field application 

losses to groundwater system. Recharge flux (m/day) was assigned to each cell of 

model. Recharge package offer three choices for contribution of recharge to 

groundwater system, recharge is only applied to the top grid layer or vertical 

distribution of recharge is specified in layer Indicator array, or recharge is applied 

to highest active cell. The recharge module was applied to simulate rainfall 

recharge, field application losses. The assessment of contribution of recharge in 

groundwater system is problematical and involves various unknown factors, which 

produce error in estimation. Ahmad and Chaudhry, (1988) conducted a field study 

to determine the recharge contribution to groundwater from rainfall and water 

delivered in irrigation fields in Upper Gugera Branch canal. Shakoor (2015) used 

0.00065 to 0.0013 m/day as minimum and maximum recharge values for kharif 

stress periods and 0.00026 to 0.0005 m/day as minimum and maximum for rabi 

stress period. Approximately 15 percent of water delivered to field was considered 

as recharge to groundwater based on the study reported by Ahmad and Chaudhry, 

(1988). Contribution of rainfall in groundwater recharge was 17 to 20 percent of 

total rainfall, in present study 20 percent of rainfall was used as groundwater 

recharge and same percentage was used by Arshad et al., (2005) in a field and 

modeling study in Rechna Doab, Punjab, Pakistan. The effective rainfall was 

calculated using US soil conservation standard method and the detail of the 

procedure is given below for monthly time period. 

Peff = Pmonth x (125 - 0.2 x Pmonth)/125  for Pmonth<= 250 mm ……… (3.6) 

Peff = (125 + 0.1 x Pmonth   for Pmonth> 250 mm ………   (3.7) 

River Package: The canal network and river was incorporated as river package 

in the MODFLOW. River module commonly used to incorporate the river and 

irrigation network flow over surface of modeled area. The MODFLOW River 

Package simulates the surface and groundwater interaction by means of a seepage 

layer straightening out the surface water from the groundwater system. The input 

parameters required for river package include stage/head in the river, river bottom 
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elevation (RBOT) and river hydraulic conductance (L2/T) parameters i.e. width of 

river (W), thickness (D), hydraulic conductivity and length of the river (L) in each 

cell though which it passes. Elevation of riverbed bottom and conductance is 

constant for different stress periods. The river stage is varying for each stress 

period depending on river flow. The value of the conductance of the canal and river 

bed for each cell was estimated using equation 3.8 (Jackson, 2007; Chiang and 

Kinzelbach, 1998). Length of river/canal/distributary channels in representative 

model cell was calculate using Arc-GIS software package.  

 …………………….. (3.8) 

C = River Bed Conductance [L2/T] 

K = Vertical Hydraulic Conductivity (L2/T),  

D = the River Bed Thickness/depth of River Sediments  

W = Width of River/Canal/Distributary (L) 

L = Length of River/Canal/Distributary in cell (L)  

Hydraulic Conductivity of the river bed material was used between 1-1.5 

m/day, as reported by (Knipe, Lloyd, Lerner, and Greswell, 1993). The 

longitudinal, cross-section design parameter and discharge, gauge data of canal 

network were obtained from PMIU, Punjab Irrigation Department, Lahore office. 

The complete database for longitudinal and cross-sectional design parameters was 

developed in Arc-GIS and unique ID was assigned to each longitudinal section of 

distributary/branch canal. Design feature, unique ID and hydraulic parameters of 

both branch canal and large capacity distributaries was collected from Punjab 

Irrigation Department. These line features of canal network were intersected with 

1000 m x 1000 m grid of area and canal length in each cell was estimated using 

geometry calculation. The value of hydraulic conductance of each cell was 

calculated by using equation 3.8. It was observed that conductance of all irrigation 

channel decrease toward tail end due to decrease in cross-sectional area of channel. 

Groundwater abstraction: Commonly, the irrigation requirement is fulfilled 

through canal supplies, effective rainfall and groundwater. Monthly canal supplies 

and effective rainfall available to crop were estimated for each irrigation 

administrative unit and crop water deficit in each unit were calculated. 
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Groundwater requirements were calculated by subtracting volume of water 

required (VC) from net crop water requirement (VNCWR) as the deficit between 

demand and supply of water, using equation 3.9 and 3.10. 

VGW = VNCWR - VC ……………………………….  (3.9) 

VNCWR = VCWR - Peff ……………………………….  (3.10) 

VGW = Groundwater requirement to meet crop water demand (million m3) 

VNCWR = Net crop water requirement (million m3) 

VCWR = Total crop water requirement (million m3) 

VC = Water available from canal flow (million m3) 

Peff = Effective Precipitation (million m3) 

The overall minimum and maximum groundwater demand ranged from 829.16 

to 1978.61 million m3 depending on the canal water supplies and net crop water 

requirement after accounting for water losses (Khan et al., 2003). The high ranges 

of groundwater abstraction in kharif season were due to hot climatic conditions and 

more water demand. 

3.3.3 Summary of Groundwater Model Inputs 

Different parameters were used for groundwater model input along with 

corresponding constant and variables. Various inputs i.e. boundary condition, 

initial conditions, time constant parameters, time variant parameters and flow 

package are summarized in Table 3.8.  

3.4 MODEL CALIBRATION & VALIDATION 

Groundwater model calibration is an iterative process through which simulated 

groundwater heads results are matched with observed heads by adjusting model 

different input parameters within an acceptable range. Calibration process is 

required for calibration target, which is referred to as a goodness of fit criterion. 

Calibration process is difficult due to number of aquifer parameters, the variables 

available for calibration targets and possibility of achieving non-unique model 

solution.  
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Table 3.8:  Groundwater model input parameters 

Input/Parameter  Data source  Explanation/Remarks  

Layers/Rows/ 

columns 

 

-  4 layers/110 rows/123 

columns/and grid with 1000 m 

spatial resolution 

Time 

discretization  

-  kharif-183 days, rabi-182 days 

Two stress periods per year, each 

with 6 time steps:  

Top of Layer SRTM 30 meter 

resolution digital 

elevation model  

1st Layer bottom 20 m,  

2nd & 3rd Layer 30 m 

4th Layer 70 m  

Initial heads  Field observation by 

DLR 

July 2005groundwater heads 

Regional 

groundwater flow  

Adjacent groundwater 

elevations  

GHB package  

Hydraulic 

conductivity  

WASID test holes Hydraulic conductivity contours 

for all layer varied 

Specific yield  WASID test holes  Specific yield ranges from 0.10 to 

0.32 with an overall mean of 

0.229 

Groundwater 

abstraction  

Crop water deficit 

approach  

Groundwater abstraction was 

calculated for each stress period 

based on canal supplies and 

rainfall,  

Recharge from 

different sources  

River package (BCs) 

for seepage of channels 

Recharge package for 

other losses 

Geometry and canal supplies data  

Recharge based on literature  

 

Calibration targets  87 field observation 

points  

Converted to groundwater heads 

using grid bases DEM values  

Solver PCG2 50 outer and 25 inner iterations.  

Head change criterion: 0.001 m  
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The fundamental objective of comparison is to reduce the residuals by adjusting the 

parameters as much as possible but keep values in ranges. Residual mean error, 

sum of squares of residual errors, absolute mean, root mean square errors are 

commonly used to define the success of model calibration. PEST and UCODE are 

alternative inverse modeling technique for calibration of groundwater model 

(Doherty, Brebber, and Whyte, 1994). An iteration process need ten to hundreds 

attempts to match the simulated heads with field observed heads within a plausible 

range. In present study 87 observation points located in Lower Gugera and Burala 

Divisions were used for calibration. The aquifer in study area is unconfined and the 

purpose of groundwater depth measurement is to monitoring variations in 

watertable depth in the area. The initial step in calibration process is the 

identification of target points. Field observed groundwater heads in the Lower 

Gugera and Burala Command area were used for model calibration. In second step 

acceptable range of residual was determined and in third step inverse simulations 

were performed until the calibration parameters were obtained within plausible 

range of errors. Residual errors between observed and simulated heads were 

calculated during calibration process. This task was done manually without using 

MODFLOW calibration module. The model parameters that were altered include 

hydraulic conductivity, bed conductance of irrigation canal network and 

conductance of GHB cells. After calibrating the groundwater model for four years 

from kharif-2005 to kharif-2009, the model was validated for the data set from rabi 

2009 to rabi 2013. In validating the model, the time constant model parameters 

were kept same and time variant model parameters were studied. The process of 

model verification may result in further calibration or refinement of the model. The 

statistical evaluation of the validation was also performed like that for the 

calibration period. 

3.5 SENSITIVITY ANALYSIS 

Sensitivity analysis is a process to observe the model response by changing 

model input parameters within a rational range. The sensitivity analysis was 

performed on simulated model to quantify the uncertainty in estimating aquifer 
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parameters such as recharge, specific yield and hydraulic conductivity.  Sensitivity 

analysis was performed by systematically changing the calibrated values of 

conditions (Anderson and Woessner, 1992). Sensitivity analysis was performed by 

adopting 11 different parameter values (0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4, 

and 1.5 times) for each. 

3.6 STATISTICAL ANALYSIS 

Statistical analysis was also conducted to check the calibration performance of 

computed heads with the corresponding observed heads. Parameters used for 

statistical analysis included Residual Mean (RM), Absolute Residual Mean (MAE), 

Root Mean Square Error (RMSE). Saatsaz, Chitsazan, and Sulaiman, (2011), and 

Moriasi et al., (2007) reported that these statistical parameters are most commonly 

used in model evaluation. Root mean square error (RMSE) is recommended error 

index statistics according to (Chu and Shirmohammadi, 2004; Singh, Knapp, and 

Demissie, 2004; Vazquez-Amabila and Engel, 2005). If Hs is the simulated head, 

Ho the measured head, bar indicates the average value of the respective heads and i 

represent ith value; then the statistical parameters which is an indication of linear 

relationship between the simulated and measured heads were computed by the 

following formula. 

Residual Mean (RM)   

    ……………….... (3.11) 

Absolute Residual Mean (ARM) 

 ……………….... (3.12) 

Root Mean Square Error (RMSE) 

   ………… (3.13) 



 

63 

 

3.7 PREDICTIVE SIMULATIONS 

Calibrated model can be used to evaluate various remediation alternatives. 

After calibrating and validating the model, simulation runs were made for future 

scenario assessment. Possibilities of errors and uncertainties in calibrated model 

make only better approximation rather exact identification remedies/management 

alternatives. Therefore, scenario prediction needs to express as predilection for 

irrigation water management strategy that reflect the approximation, assumption 

and uncertainty in model input parameters.  Different scenarios were developed for 

model simulations. 

3.7.1 Present Situation Continues for Next 24 years (Scenario-P) 

The calibrated model was used to predict the impact of present situation (2005-

2013) of groundwater abstraction and surface supplies for next 24 years. Estimated 

hydrological parameters for eight year (2005-13) were considered for next 24 years 

under Scenario-P. 

3.7.2 Groundwater Quality Zones (Scenario-Q) 

Increase 20 percent groundwater abstraction in fresh groundwater zones 

situated mainly in Burala Division i.e. Sultanpur and Kanyan subdivision and 

increase 20 percent surface supplies in hazardous groundwater quality zone 

situated in Lower Gugera i.e. Bhagat and Tarkhani subdivision. 

3.7.3 Groundwater Depth Zones (Scenario-D) 

Increase 20 percent groundwater abstraction in shallow watertable areas of 

head reach i.e. Buchaian and Tandilianwala subdivision and increase surface 

supplies in deep watertable areas at middle of both divisions i.e. Tarkhani and 

Kanyan subdivision. 
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Chapter 4CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 GROUNDWATER DEPTH AND ELEVATION 

Spatial variations in groundwater level were analyzed for six irrigation 

administrative units (subdivision) and temporal variations were analyzed for 

sixteen cropping periods from kharif 2005 to rabi 2013. Groundwater head 

hydrographs of observed piezometers located in Lower Gugera division and Burala 

division are given in Appendix I. Temporal variations in groundwater depth are 

shown in Figure 4.1. Groundwater depth varies from 01 m to 19.47 m from head 

toward tail of canal command area. Figure 4.1 demonstrates heterogeneous 

variations in groundwater depth over different observation points. However, 

increase in groundwater level has been noticed in shallow groundwater areas. 

Slightly decreasing pattern in groundwater level has been seen in deep groundwater 

area. Similarly, decline in groundwater level is more pronounced from kharif 2005 

to kharif 2008 and recovery to groundwater has been taken place from rabi 2008 to 

rabi 2013. Improvement in groundwater level are take place in different extent 

depending upon distance of piezometer from irrigation channels.  

Anomalous variations in groundwater level are apparent from head to tail reach 

of the canal command area and observation wells located in different subdivisions 

are also shown in Figure 4.1. Lopsided recovery to groundwater is might be 

acceptable to some farmers but also alarming at the same time to other farmers. 

The present situation of groundwater recovery at head areas of branch canal 

command shows that recharge exceeds the water demand due to more rainfall in 

2010 and 2012 and more canal water diversion, which cause waterlogging in some 

areas. Piezometers located at Tarkhani subdivision shows more rising trend as 

compare to other areas. These variations represent stable condition of groundwater 

over the canal command except a depression already present in lower central area 

of Lower Gugera and Burala division. However, any large variation in recharge 

and discharge pattern can lead due toward waterlogging or groundwater mining.  
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Figure 4.1: Groundwater depth hydrographs for selected piezometers in 

different subdivisions 
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Spatial variations in groundwater depth and groundwater elevation shown in 

Figures 4.2 and Figure 4.3, respectively. Groundwater depth varies considerably 

along the length of canal command area. Maps of groundwater depth for different 

crop period are given in appendix-XIII.  Maximum groundwater depth contour of 

18 m has been observed in the tail reach of Tarkhani subdivision. Shallow 

groundwater depth contour of 2 m has been observed at head reach of Tarkhani 

subdivision and tail reach of Buchaian subdivision. Interviews conducted with 

farmers of three selected distributaries pointed out that depth of tubewell sump 

increased in shallow groundwater areas of the Tarkhani subdivision. Due to 

dropping watertable, the use of centrifugal pumps becoming restricted because of 

low suction head of centrifugal pump. Farmers located at tail of Tarkhani 

distributary are using turbine pump operated by diesel engine or electricity which 

causes high irrigation cost. Different condition has been observed at head reach 

where shallow groundwater support the farmer to pump groundwater with low 

pumping cost. Groundwater elevation has been observed higher in Burala 

command area due to more recharge along the boundary River Ravi.  

Table 4.1 shows drop in groundwater depth in Sultanpur, Tarkhani and Bhagat 

administrative units. Temporal variation in groundwater depth was pronounced in 

all subdivisions however, positive changes are more prominent as compared to 

negative change. Figure 4.2 also demonstrate two depressions of 18 m and 16 m 

depth in tail reach and similarly, shallow groundwater area also presents in head 

reach with depth 2 m or lower. Depression in groundwater head is also present at 

tail end due to high reach from Trimmu-Sindhai link canal flow at feet of command 

area. Groundwater depth at the feet of study area has been observed higher as 

compared to remaining area of tail subdivisions. Groundwater depth has been 

observed higher in tail of Burala division i.e. Sultanpur as compared to tail of 

Lower Gugera division due to recharge from Ravi River and Sidhnai headwork. 

Groundwater depth zones were marked for scenario simulation as shown in Figure 

4.4. A deep groundwater depth (12-20 m) zone was found in lower central part of 

canal command and shallow groundwater depth (0-5m) zones was found in head 

reach of canal command (Figure 4.4). Slope of groundwater heads has been 

observed steeper in tail reach as compared to head reach due to more groundwater 

abstraction at tail areas.  
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Figure 4.2:  Groundwater depth (m) contour 

 

Figure 4.3: Groundwater heads, (m) for Oct 2012 
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Table 4.1:  Groundwater depth variation in different IAUs for different Periods 

July 2005 to July 2008 

Subdivision 

Nos of Piezometers 

Change in Watertable depth 

(m/yr) 

Total Rising Declining 

Max 

Rise 

Max 

Decline 

Avg 

Change 

Buchaian 16 14 2 0.48 -0.11 0.22 

Tarkhani 16 13 3 0.74 -0.33 0.16 

Bhagat 18 9 8 0.79 -0.27 0.06 

Tandilianwala 9 6 3 0.31 -0.40 0.03 

Kanyan 9 7 2 0.21 -0.49 -0.01 

Sultanpur 19 9 10 0.49 -0.35 0.01 

Oct-2008 to Oct-2012 

Buchaian 16 13 3 0.44 -0.07 0.14 

Tarkhani 16 16 0 0.87 0.05* 0.32 

Bhagat 18 17 1 0.26 -0.24 0.11 

Tandilianwala 9 8 1 0.50 -0.31 0.19 

Kanyan 9 9 0 0.50 0.01* 0.23 

Sultanpur 19 17 2 0.38 -0.21 0.15 

July 2005 to October 2012 

Buchaian 16 16 0 0.38 0.11* 0.22 

Tarkhani 16 16 0 0.44 0.03* 0.28 

Bhagat 18 15 3 0.19 -0.02 0.08 

Tandilianwala 9 7 2 0.36 -0.41 0.14 

Kanyan 9 8 1 0.41 -0.04 0.18 

Sultanpur 19 17 2 0.26 -0.11 0.10 

Note: *represents  rising values, there is no decline  
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Steeper groundwater heads also observed along Ravi River due less surface 

supplies in Burala branch canal and more groundwater abstraction. Groundwater 

level depression is expanded toward Burala Division. As given in Table 4.1, higher 

groundwater depletion was observed during 2005 to 2008 in Kanyan and 

Tandilianwala subdivision at the rate of .49 m/year and 0.40 m/year, respectively. 

Stable groundwater level was observed in Buchaian and Tarkhani subdivision. On 

an average, for Buchaian and Tarkhani subdivisions, the rate of variation in 

groundwater level was 0.22 m/year and 0.16 m/year for the period from 2005 to 

2008. However, in mostly areas crop water deficit is commonly met by 

groundwater pumping, which can cause drop in groundwater level if supplies in 

canal water reduced to climatic change. In present conditions the groundwater level 

is comparatively improving but situation is not permanently satisfactory. 

 

 

Figure 4.4: Groundwater depth zones for Scenario-D 



 

70 

 

4.2 GROUNDWATER QUALITY 

Groundwater quality for six different irrigation administrative units of Lower 

Gugera and Burala divisions and sixteen cropping period has been compared in 

Table 4.2 in terms of percentage samples falling under useable (U), marginal (M) 

and hazardous (H) classification. Graphical presentation of groundwater quality for 

different cropping periods is given in the Appendix-XIV. Results revealed minor 

variation in hazardous and useable quality. The variations in groundwater quality 

has been restricted to observation points having marginal quality. According to 

results, less than 10 percent tubewell changes their status either from useable to 

marginal or marginal to hazardous. Maximum variations has been observed during 

kharif 2011 and subsequent seasons due to heavy rainfall and more recharge in 

shallow groundwater areas. Figure 4.5 and Table 4.2, shows the hazardous quality 

groundwater has been observed at tail of Lower Gugera branch canal and 

comparatively good quality groundwater found at head areas. Whereas, reverse 

situation was observed for Burala command area, fresh quality groundwater has 

been found at tail of Burala branch canal. Sultanpur subdivision contain maximum 

percentage of good quality water due to heavy recharge from River Ravi and Link 

canals flowing at tail of command area. 

The tail of Lower Gugera i.e. Bhagat has most hazardous conditions of 

groundwater and Tail of Burala i.e. Sultanpur has most suitable water quality for 

irrigation (Figure 4.5). Percentage of marginal quality samples have increased in 

whole command area but no trend was realized about useable quality samples. 

Similar results were concluded by Khan et al., (2003) and reported that many well 

was improved their quality but deterioration in water quality was more pronounced. 

Seepage losses and field percolation losses is causing dilution of underlying 

marginal and hazardous groundwater due to flow of water in downstream direction. 

The interpretation of results is limited due to samples from the farmer tubewells 

and abstraction of water from different quality layers. Three different zones were 

identified on basis of groundwater quality (Figure 4.6) for scenario-Q simulation. 
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Figure 4.5:  Comparison of groundwater quality in different subdivisions 

 

Figure 4.6:  Groundwater quality zones for Scenario-Q  
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Table 4.2:  Temporal comparison of groundwater quality in different subdivisions 

Groundwater 

Quality 

Class/ 

Observation 

Month 

Name of Subdivision 

(Total number of sampling tubewell) 

Lower Gugera Division Burala Division 

Buchaian 

(26) 

Tarkhani 

(17) 

Bhagat 

(19) 

Tandilianwala 

(31) 

Kanyan 

(26) 

Sultanpur 

(26) 

H 

% 

M 

% 

U 

% 

H 

% 

M 

% 

U 

% 

H 

% 

M 

% 

U 

% 

H 

% 

M 

% 

U 

% 

H 

% 

M 

% 

U 

% 

H 

% 

M 

% 

U  

% 

Jul-05 11.5 88.5 0.0 29.4 58.8 11.8 57.9 26.3 15.8 9.7 54.8 35.5 23.1 57.7 19.2 0.0 0.0 100.0 

Oct-05 7.7 92.3 0.0 29.4 52.9 17.6 52.6 31.6 15.8 16.1 48.4 35.5 23.1 53.8 23.1 0.0 0.0 100.0 

Jul-06 7.7 92.3 0.0 29.4 52.9 17.6 47.4 36.8 15.8 12.9 51.6 35.5 23.1 50.0 26.9 0.0 0.0 100.0 

Oct-06 7.7 92.3 0.0 29.4 52.9 17.6 57.9 26.3 15.8 16.1 48.4 35.5 23.1 53.8 23.1 0.0 0.0 100.0 

Jul-07 7.7 92.3 0.0 23.5 64.7 11.8 52.6 31.6 15.8 12.9 51.6 35.5 19.2 57.7 23.1 0.0 3.8 96.2 

Oct-07 11.5 88.5 0.0 35.3 47.1 17.6 52.6 31.6 15.8 22.6 38.7 38.7 19.2 57.7 23.1 0.0 0.0 100.0 

Jul-08 7.7 92.3 0.0 29.4 52.9 17.6 52.6 31.6 15.8 12.9 45.2 41.9 15.4 61.5 23.1 0.0 0.0 100.0 

Oct-08 7.7 92.3 0.0 29.4 52.9 17.6 47.4 36.8 15.8 12.9 45.2 41.9 15.4 61.5 23.1 0.0 0.0 100.0 

Jul-09 11.5 88.5 0.0 29.4 58.8 11.8 63.2 21.1 15.8 12.9 45.2 41.9 15.4 65.4 19.2 0.0 0.0 100.0 

Oct-09 11.5 88.5 0.0 29.4 52.9 17.6 47.4 31.6 21.1 12.9 48.4 38.7 23.1 53.8 23.1 0.0 0.0 100.0 

Jul-10 11.5 88.5 0.0 35.3 52.9 11.8 47.4 42.1 10.5 12.9 48.4 38.7 23.1 53.8 23.1 0.0 0.0 100.0 

Oct-10 11.5 88.5 0.0 35.3 52.9 11.8 47.4 42.1 10.5 12.9 48.4 38.7 23.1 53.8 23.1 0.0 0.0 100.0 

Jul-11 11.5 46.2 42.3 11.8 58.8 29.4 47.4 36.8 15.8 9.7 35.5 54.8 11.5 73.1 15.4 0.0 0.0 100.0 

Oct-11 7.7 53.8 38.5 11.8 52.9 35.3 47.4 26.3 26.3 9.7 32.3 58.1 7.7 73.1 19.2 0.0 3.8 96.2 

Jul-12 3.8 50.0 46.2 11.8 52.9 35.3 47.4 26.3 26.3 6.5 35.5 58.1 11.5 69.2 19.2 0.0 3.8 96.2 

Note:  H = Hazardous (EC >3 ds/m),   M= Marginal (EC 1.5 - 3.0 ds/m),    U = Useable (EC <1.5 ds/m) 
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4.2.1 Fresh and Brackish Groundwater Zones 

Chemical ingredient of groundwater in Lower Gugera and Burala command 

areas varies with depth and spatially. Location of different categories of 

groundwater samples i.e useable, marginal or poor quality is shown in Figure 4.6. 

Groundwater quality data of July 2005 was interpolated (based on EC) to examine 

the spatial variations. Percent distribution of sample of different water quality 

falling in various categories demonstrated in Figure 4.7. Hazardous groundwater 

falls in tail reach of Lower Gugera command area and useable quality observed in 

tail of Burala command area along Ravi River and near to Trimmu-Sidhnai (TS)  

link canal. Larger portion more than 60 percent falls under marginal water quality 

lies at head reach of both divisions and center of the command area. Figure 4.7 

compares the maximum, average and minimum EC (dS/m) values, along with 

number of samples for the three different years. Over eight-year time span, water-

quality improved in 2 out of 6 sub-irrigation administrative units, no change was 

observed in two (2) IAUs, while quality was deteriorated in two (2) IAUs. Higher 

EC ( >3 dS/m) was observed in Bhagat and Tarkhani subdivision and lower EC (<2 

dS/m) was observed in Sultanpur subdivision. 

 

Figure 4.7:  Comparison of groundwater quality (EC, dS/m) in IAUs  



 

74 

 

4.3 SURFACE SUPPY EQUITY 

The full supply coefficient was calculated for distributary channels off-takes 

from Lower Gugera and Burala branch canal. Full supply coefficient for different 

distributary channels is shown in Figure 4.8 and full supply coefficient for Lower 

Gugera and Burala branch canals for different crop (stress) periods is shown in 

Figure 4.9. Average full supply coefficient for eight years (2005-2013) varies from 

0.3 to 0.9 as shown in Figure 4.8. Result reveals that the values 0.78, 0.58 and 0.88 

average, minimum and maximum full supply coefficient for kharif period and 0.60, 

0.33 and 0.71 averages, minimum and maximum for rabi period, respectively. 

Kaller distributary receives minimum flow during both cropping season as 

compared to other distributary. Khikhi distributary have highest full supply 

coefficient and receive maximum flow during all cropping period. The distributary 

channel with maximum full supply coefficient is located at tail of Lower Gugera 

i.e. Bhagat subdivision. Overall, variations in full supply coefficient among 

distributary channels are found random without any trend towards tail end. Lower 

Gugera branch canal have higher full supply coefficient as compared to Burala 

branch canal through all crop period as shown in Figure 4.9. Lower Gugera Branch 

canal receives 10 to 20 percent more supply as compared to Burala Branch canal 

during all cropping periods and yearly details are given in Appendix -IX. 

Figure 4.8:  Equity of canal diversions to distributaries channels 
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Figure 4.9:  Full supply coefficient of Lower Gugera and Burala branch canals 

 

Figure 4.10:  Daily surface supplies pattern of Lower Gugera and Burala canal 

Canal water diversion into six irrigation administrative units during different 

cropping period is summarize in Table 4.3. The maximum canal water was diverted 

into Bhagat subdivision during all stress periods as compared to other subdivisions. 

Burala division receives less canal water as compared to Lower Gugera division. 

The surface supplies has increasing trend toward tail subdivision of Lower Gugera 
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command area, whereas reverse trend has been observed in Burala Division. The 

subdivision at tail of Burala Branch canal i.e. Sultanpur has received lowest 

volume of water on the other hand the tail of Lower Gugera branch canal i.e. 

Bhagat subdivision has received maximum volume of water. Whereas, variations 

among distributary channels have not any specific trend along the length of branch 

canal. Average discharge supplied to both branch canals is shown in Figure 4.10. 

Table 4.3:  Seasonal canal water diversions (MCM) at subdivision level 

Stress 

Period 

Lower Gugera Branch Burala Branch 

Buchaian Tarkhani Bhagat Tandilianwala Kanyan Sultanpur 

K05 176.03 222.74 234.47 212.27 147.78 116.01 

R06 162.87 202.14 219.96 201.80 133.63 110.49 

K06 189.64 236.13 269.66 194.86 136.08 113.53 

R07 118.09 172.81 177.59 135.87 110.29 67.15 

K07 182.68 237.75 251.67 202.20 137.06 102.51 

R08 151.37 180.76 214.13 158.71 122.04 83.21 

K08 208.13 249.74 277.32 230.19 186.61 145.56 

R09 124.02 169.89 186.40 141.31 116.90 73.72 

K09 193.73 240.16 254.35 233.81 181.27 142.01 

R10 135.86 177.31 179.69 158.02 118.39 84.03 

K10 169.37 207.73 217.27 222.34 158.49 129.50 

R11 167.00 202.88 219.41 208.43 157.65 141.98 

K11 186.47 233.25 253.40 238.18 184.00 160.92 

R12 149.39 190.70 205.04 180.34 134.81 108.25 

K12 194.53 233.14 257.92 216.35 164.04 133.09 

R13 140.45 174.40 197.35 139.35 149.88 114.35 

Manipulation in flow diversion was observed several times throughout the year. 

Every year canal closure was observed during January and February for sediments 

cleaning. Manipulation canal supply is planned by irrigation administrator to 

compensate the canal supply with River Ravi recharge in Burala division. Further 

increase in supplies in Lower Gugera branch canal may cause waterlogging 
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situation at head reach. Seepage losses from distributary channels was excluded at 

the rate of 6 percent from subdivision supplies to estimate the volume of water 

available at watercourse heads Table 4.4. Volume available at watercourse head for 

crop consumptive use has similar pattern as supplies of branch canals. Thus, it is 

viewed that there is considerable irregularity in canal water distribution in 

subdivision and divisions level.  

Table 4.4: Seasonal canal water diversions (MCM) available at watercourse head 

Stress  

Period 

Lower Gugera Branch Burala Branch 

Buchaian Tarkhani Bhagat Tandilianwala Kanyan Sultanpur 

K05 165.47 209.37 220.40 199.54 138.91 109.05 

R06 153.10 190.01 206.77 189.69 125.61 103.86 

K06 178.26 221.96 253.48 183.17 127.91 106.72 

R07 111.01 162.44 166.93 127.72 103.67 63.12 

K07 171.72 223.48 236.57 190.07 128.84 96.36 

R08 142.29 169.92 201.28 149.19 114.72 78.22 

K08 195.65 234.75 260.68 216.37 175.42 136.83 

R09 116.58 159.70 175.22 132.83 109.89 69.30 

K09 182.10 225.75 239.09 219.78 170.40 133.49 

R10 127.71 166.67 168.91 148.53 111.29 78.99 

K10 159.21 195.27 204.23 209.00 148.98 121.73 

R11 156.98 190.70 206.25 195.93 148.19 133.46 

K11 175.28 219.26 238.19 223.89 172.96 151.27 

R12 140.43 179.26 192.74 169.52 126.72 101.75 

K12 182.86 219.15 242.44 203.36 154.19 125.11 

R13 132.03 163.94 185.51 130.99 140.89 107.49 

These irregularities and inequities in primary and secondary irrigation channels 

(branch canal, distributaries and minors) are found random and may be due to 

increase in watercourses discharge, poor maintenance of irrigation channels and 

unlined channels. Irregularities and discrepancies in surface supplies has been 

reported extensively in literature by many researchers i.e.(Kuper and Kijne, 1992; 
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Bhutta and Velde, 1992; Latif and Sarwar, 1994; Khepar et al., 2000). Such 

irregularities may cause tails of a very few secondary/minor channels to be 

permanently dry or receiving less share. 

4.4 CLIMATE VARIABILITY 

Rainfall and evapotranspiration are most important hydrological parameters 

and their accurate estimation is necessary for any water balance study. In present 

research work spatial and temporal analyses for rainfall and evapotranspiration was 

performed using interpolation technique and presented below. 

4.4.1 Rainfall Variations 

Mean monthly variation of rainfall for selected stations is given in Appendix-II 

and seasonal variations over eight years has been presented in Figure 4.11. The 

result shows significant variations in different years but no regular pattern was 

observed between different years. However, more rainfall was observed in kharif 

season as compared to rabi season due to monsoon period in kharif. Results also 

shows consistence of heavy rainfall during kharif i.e. monsoon but fewer events in 

rabi season. The maximum mean annual rainfall 658 mm was observed in 2010 

kharif, meanwhile, lowest rainfall 33.3 and 12.5 was also noticed during next two 

rabi seasons.  

Figure 4.11:  Temporal variations in rainfall (mm) for different cropping seasons 
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Table 4.5:  Seasonally interpolated rainfall (mm) for the IAUs 

Stress 

Period 

Lower Gugera Branch Canal Burala Branch Canal 

Buchaian Tarkhani Bhagat Tandilianwala Kanyan Sultanpur 

K05 348 276 203 343 271 197 

R06 53 42 31 52 41 30 

K06 312 248 182 307 242 177 

R07 135 107 78 133 105 76 

K07 274 217 160 270 213 155 

R08 75 59 44 74 58 42 

K08 594 472 347 586 462 337 

R09 52 42 30 52 41 30 

K09 271 215 158 268 211 154 

R10 30 23 17 29 23 17 

K10 681 541 397 671 529 386 

R11 34 27 20 34 26 19 

K11 550 437 321 542 428 312 

R12 12 10 7 12 10 7 

K12 291 231 170 287 226 165 

R13 97 77 57 96 75 55 

The kharif season of 2008, 2010 and 2011 was observed wet comparative to 

other years. These anomalies in seasonal and mean annual rainfall have direct 

impact on surface supplies and groundwater recharge. The spatial variations in 

mean annual rainfall is presented in Figure 4.12. Annual rainfall has decreasing 

trend from head to tail; the maximum value 409 mm was observed at head and the 

minimum rainfall depth was noticed at tail of the canal command. The variations in 

annual rainfall along the length was almost linear toward the tail reach.  

The depth of rainfall for different stress period and over each irrigation 

administrative unit was estimated and summarized in Table 4.5. The subdivisions 

at the head of both division i.e. Buchaian and Tandilianwala received maximum 
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rainfall and subdivisions at tail end i.e. Bhagat and Sultanpur received minimum 

rainfall throughout the study period. The estimated rainfall available for crop 

consumptive use is given in Table 4.6. The contribution of rainfall for groundwater 

recharge have similar pattern of mean annual rainfall. The maximum recharge 

occurs at the head of the command area and recharged decreased toward tail. Due 

to flat topography and cultivable lands major portion of rainfall contribute to 

groundwater recharge. 

Table 4.6:  Effective rainfall (mm) i.e. available for crops using USDA soil 

conservation service formula 

Stress 

Period 

Lower Gugera Branch Canal Burala Branch Canal 

Buchaian Tarkhani Bhagat Tandilianwala Kanyan Sultanpur 

K05 159 152 137 159 152 135 

R06 49 39 29 48 38 28 

K06 156 149 129 155 148 126 

R07 105 88 68 104 87 67 

K07 152 141 119 152 140 116 

R08 66 54 40 65 53 39 

K08 184 172 159 183 171 158 

R09 48 398 29 47 38 28 

K09 152 141 118 151 139 116 

R10 28 23 17 28 22 16 

K10 193 179 164 192 177 163 

R11 32 26 19 32 25 18 

K11 180 168 157 179 167 156 

R12 12 10 7 12 9 7 

K12 154 145 123 153 144 121 

R13 82 67 51 81 66 50 
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Figure 4.12:  Spatial variations in annual rainfall over canal command area 

4.4.2 Evapotranspiration Variations 

The estimation of water loss from the plant and soil surface in term of 

evapotranspiration is key determinant to examine irrigation water requirement. The 

potential evapotranspiration (weather dependent factor) was analyzed on monthly, 

season, and yearly basis.  The results of monthly variations in reference 

evapotranspiration shown in Figure 4.13. Monthly analyses demonstrates two 

separate trend i.e. positive value indicates increase in evapotranspiration and 

negative values represent decrease in evapotranspiration as compared to previous 

month. Increasing trend was pronounced from January to June whereas decreasing 

trend was marked from July to December. Rise in evapotranspiration indicates the 

start of summer season and end of winter season and short spring season in 

between change of winter to summer. Similarly, decline in evapotranspiration 
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represents the end of summer and start of winter season. The maximum rise 53.33 

mm has been observed in April and maximum decline of 54.57 mm has been 

marked in October. The aridity index on mean monthly basis, reference 

evapotranspiration and monthly rainfall are shown in Figure 4.14. The value of 

aridity index varied from 0 to 1, higher values represent more arid and zero values 

indicate sufficient precipitation to meet the crop water demand. The graph in 

Figure 4.14 demonstrates the higher aridity index 0.7 except two months of 

monsoon period. Results also revealed that heavy rainfall during monsoon are not 

sufficient to meet the cop water demand on monthly basis. The maximum 

evapotranspiration was observed in June and lowest aridity index 0.5 found in July. 

 

Figure 4.13:  Mean monthly variations in reference evapotranspiration 

Seasonal and annual analyses (Figure 4.15) revealed more evapotranspiration 

during kharif season as compared to rabi season due to summer period. Major 

portion 78 percent evapotranspiration occur during kharif season and remaining 28 

percent in rabi season. The lowest evapotranspiration was observed in 2011-12 and 

maximum was observed in 2009-10. The annual variations (Figure 4.15) were 

observed less than 10 percent however; these variations can put direct impact on 

crop water requirement and such hot weather conditions enforced farmer 
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community to pump more groundwater. The spatial variation in evapotranspiration 

is presented in Figure 4.16. Reference evapotranspiration increases toward tail end 

and the maximum value 1777 mm/year was observed at tail reach while, the 

minimum value 1641 mm/year was noticed at head reach. These variations in 

evapotranspiration are due local and regional climatic conditions.  

 

Figure 4.14:  Aridity Index variation for canal command area 

 

Figure 4.15:  Temporal variations in ETo for different cropping season 
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Figure 4.16:  Spatial variations in evapotranspiration over canal command area 

4.5 CROPPING PATTERN VARIATIONS 

A survey to identify the cropping pattern was conducted for seven cropping 

seasons in command of eighteen watercourses at three distributaries. Mostly 

farmers have small land holding and were restricted to their selective crops. 

Variations in cropping pattern were found non-significant over three years’ 

consecutive survey. Different cropping pattern was observed for different 

distributaries however, change in cropping pattern in same distributary was non-

significant for rabi period. Figure 4.17 and Figure 4.18 shows the cropping pattern 

both kharif and rabi seasons at head, middle and tail locations along the 

distributaries. Cropping pattern for kharif season is shown in Figure 4.17. All 

location of three distributaries shows mixed cropping pattern for kharif season, 
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however cotton was found as major kharif crop as compared to other crops. The 

change in cropping pattern within the same distributary was observed for Tarkhani 

command area. Major crop at head and middle of Tarkhani was sugarcane with 

weighted area of 44 percent and 31 percent, respectively. Cotton was observed as 

major crop with 49 percent area at the tail of Tarkhani distributary. In Khikhi 

distributary aproximately 40 percent area was covered with cotton crop at all 

locations i.e. head, middle and tail. In Bhalak distributary mixed cropping pattern 

was found follow as cotton-sugarcane-maize, fodder and rice.  

Figure 4.17: Cropping patterns of selected distributaries for kharif season 

It can be seen from the Figure 4.18 during the rabi season, the weighted 

percentage area of wheat crop in all distributary was much higher than all other 

crops. Maximum percent area under wheat crop was observed in Khikhi command 

area as compared to other site. Maize crop was noticed as second major crop of 

rabi season for Bhalak and Tarkhani distributary command area and found 

negligible area under maize crop in Khikhi distributary command area. Graph also 
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shows 15-20 percent area covered by fodder crop in all distributaries with very 

minor variation. 

 

Figure 4.18: Cropping patterns of selected distributaries for rabi season 

4.6 VARIATIONS OF NET CROP WATER REQUIREMENT 

Crop water requirement of major crops was calculated using CROPWAT 8.0 

software. Variations in crop water requirement for various crops are presented in 

Table 4.7. Results showed that crop water requirements (ETc) varied in different 

stress periods due to the change in weather conditions, rainfall variability and 

change in cropping pattern and crop area. The crop of kharif season has highest 

crop water requirement due to the warm climate. Among all crop, sugarcane has 

maximum water requirement and remain above 1200 mm/year whereas maize rabi 

has lowest water requirement. Computations of monthly net crop water 

requirement of different crops are given in Appendix VII. The results are almost 

supported by Khan et al., (2003) for crop water requirement of major crop in 

Rechna doab.  
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Table 4.7:  Comparison of ETc (mm) of main crops for different crop periods 

Crop 

Season 

S-

Cane 

Wheat rabi-

Minor 

Cotton Maize  

Rabi 

Maize  

Kharif 

Rice kharif 

Minor 

K05 1259 - - 792 - 346 675 860 

R06 380 352 430 - 212 - - - 

K06 1299 - - 832 - 405 786 905 

R07 367 358 431 - 210 - - - 

K07 1275 - - 803 - 347 677 882 

R08 417 369 445 - 241 - - - 

K08 1332 - - 853 - 416 806 928 

R09 376 367 442 - 215 - - - 

K09 1360 - - 870 - 406 783 942 

R10 365 366 435 - 212 - - - 

K10 1221 - - 769 - 333 649 845 

R11 400 353 426 - 228 - - - 

K11 1223 - - 769 - 335 656 835 

R12 369 342 417 - 206 - - - 

K12 1272 - - 820 - 360 705 878 

R13 337 345 405 - 203 - - - 

The variations in crop consumptive use from head to tail across the canal 

command is given in Table 4.8 and shown in Figure 4.19, on irrigation 

administrative unit basis for different stress periods. The ETc increases from head 

to tail end for Burala command area whereas, maximum crop consumptive use was 

observed for Tarkhani subdivision located at middle of Lower Gugera division. 

The higher consumptive use in Tarkhani may be due to more area under sugarcane 

crop as compared to other subdivisions. Maximum crop consumptive requirement 

of 782 mm for Kharif 2009 in Tarkhani subdivision and minimum requirement of 

305 mm in Buchaian subdivision and details are given in Appendix-VIII. 
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Figure 4.19:  Crop consumptive use of different irrigation administrative units
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Table 4.8:  Crop evapotranspiration (mm) over IAUs for different crop season 

Crop 

Season 

Lower Gugera Branch Canal Burala Branch Canal 

Buchaian Tarkhani Bhagat Tandilianwala Kanyan Sultanpur 

K05 622 715 635 681 678 636 

R06 319 403 347 384 324 348 

K06 675 750 669 725 719 684 

R07 320 402 349 384 324 349 

K07 629 726 645 690 687 643 

R08 339 429 365 407 343 366 

K08 692 769 686 744 738 701 

R09 328 412 358 394 332 358 

K09 694 782 698 752 746 705 

R10 325 407 355 389 328 355 

K10 602 695 618 661 658 616 

R11 324 411 349 389 329 351 

K11 604 695 617 661 658 617 

R12 310 391 337 372 314 338 

K12 641 730 652 698 694 654 

R13 305 381 333 365 307 333 

4.7 GROUNDWATER PUMPING 

Crop water deficit (CWD) approach was used for estimation of groundwater 

pumping. The water available to crop consumptive use from canal and rainfall is 

given in Appendix X. Crop water deficit to be met from groundwater pumping 

(Appendix XI) was calculated by subtracting available canal water and rainfall 

from the total crop water requirement. Groundwater abstraction for different stress 

periods in Lower Gugera and Burala canal command area are shown in Figure 4.20 

and Figure 4.21 respectively. The groundwater abstraction in Lower Gugera 

command area was lower as compared Burala command area. Figure 4.20 

demonstrates the comparison of groundwater abstraction from different 

subdivisions of Lower Gugera command area during different cropping periods. 
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Results revealed that almost double groundwater abstraction during kharif seasons 

as compared to rabi seasons from both divisions. The maximum discharge 2000 

m3/day/100 ha was observed in kharif 2009 and lowest abstraction for kharif 

season was observed in 2010 and 2011. Whereas, groundwater abstraction in 2011 

rabi was observed higher as compared to other rabi seasons. Maximum 

groundwater abstraction was observed in Tarkhani subdivision at middle of Lower 

Gugera and abstraction in tail of Lower Gugera was also higher as compared to 

head. Groundwater abstraction per model cell is given in Appendix-XII. 

 

Figure 4.20:  Groundwater abstraction for different stress period in Lower Gugera 

The variations in groundwater abstraction from subdivisions of Burala 

command area is shown in Figure 4.21. The maximum groundwater abstraction 

2300 m3/day/100 ha was observed in kharif 2009 and kharif 2006 and lowest 

groundwater abstraction 1500 m3/day/100 ha for kharif season was observed in 

2010 and 2011. Whereas, groundwater abstraction in rabi 2011 and 2013 was 

lowest as compared to other rabi seasons. Maximum groundwater abstraction was 

observed in Tandilianwala subdivision at head of Burala and minimum 

groundwater abstraction was observed in Sultanpur subdivision. Whereas minimum 

groundwater abstraction for rabi season was observed in Kanyan subdivision 

located at middle of Burala command. 
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Figure 4.21:  Groundwater abstraction for different stress period in Burala 

4.8 GROUNDWATER PUMPING DEPTH 

Groundwater depth and tubewell boring depth in selected distributaries is 

shown in the Figure 4.22. Bore depth is varied from 15 m to 80 m at different 

location of selected distributaries. The results revealed significant variations from 

head to tail end of distributaries. Pumping depth has direct relation with watertable 

level as shown in Figure 4.22. Pumping depth decreased toward tail of Khikhi 

distributary due shallow groundwater and availability of recharge source i.e. M.R 

link canal at tail of canal command. The fact that farmers located at upper reaches 

of Bhalak and Tarkhani distributaries get benefits of shallow groundwater and it 

progressively decreases downstream. Farmers located at tail of Khikhi distributary 

get benefits from recharge of link canal. Details of bore depth, screen length and 

groundwater depth at different locations of Bhalak, Tarkhani and Khikhi 

distributaries are given in appendix-XV. The depth of pumping in Bhalak 

distributary increased toward tail end whereas farmers were pumping from shallow 

groundwater depth at head areas. Screen length of well varied from 15 m to 35 m 

and most of the farmers was pumped from depth 30 m to 50 m. Results also 
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showed increase in length of screen pipe for deeper groundwater areas. The depth 

of pumping in Tarkhani command area also increased toward tail and found 

maximum bore depth of 78 m. Bore depth varied from 10 m to 78 m and length of 

screen pipe varied from 5 m to 35 m.  Results demonstrate drop of groundwater 

below the screen length of pipe at tail of Tarkhani distributary and most of the 

farmers at tail were pumped from deeper layers. The pattern of pumping depth in 

Khikhi distributaries command area was observed reversed to Bhalak and Tarkhani 

distributaries command area. Pumping depth decreased toward tail of Khikhi 

distributary and maximum pumping depth of 50 m was found at head and middle 

of command. The bore depth varies from 15 m to 50 m and mostly farmers were 

pumping from 20 m to 30 m layer. The fluctuation in groundwater pumping depth 

was found less as compared to Tarkhani command area. 

Figure 4.22:  Groundwater depth variations in surveyed distributaries 

4.9 GROUNDWATER RECHARGE VARIATIONS 

The total groundwater recharge in different subdivision, along with its 

components i.e. rainfall recharge, watercourse conveyance and field application 
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losses and groundwater return are given in Figure 4.23. The contribution of 

different components in total recharge were analyzed It was observed that rainfall 

contribute minimum in groundwater recharge as compare to groundwater return, 

watercourses and field application losses. Furthermore, rainfall contribution also 

varied in rabi and kharif season depends upon depth of total rainfall. The rainfall 

contribute maximum in kharif 2010 and kharif 2011 and add minimum in rabi 2011 

and rabi 2012. However, rainfall depth has direct influence on surface supplies and 

groundwater discharge. Results also revealed that the during kharif seasons 

watercourse conveyance losses and field application losses contribute almost equal 

to groundwater return, because groundwater abstraction have almost 50 percent 

share in crop consumptive use requirement. Conversely, during rabi season surface 

supplies contribute maximum in groundwater recharge as compared to rainfall and 

groundwater return. The recharge from watercourses and field application losses 

was observed maximum during rabi 2011 and in same season groundwater return 

was observed as minimum. Explicable temporal variations in different components 

of groundwater recharge are shown in Figure 4.25. 

 
Figure 4.23:  Temporal variations in recharge contribution of different sources 
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Figure 4.24:  Temporal variations of recharge at division level 

 

 

Figure 4.25:  Seasonal variations of recharge from different sources 
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Recharge in kharif season was noticed as doubled as compared to rabi season 

through all stress periods as shown in Figure 4.24. Maximum recharge was 

observed during kharif 2008 and kharif 2010 season due to heavy rainfall as well as 

more canal diversion. Figure 4.24 demonstrates the variation in recharge was found 

non-significant for rabi season and significant variations were observed for kharif 

season. Recharge to groundwater in Lower Gugera and Burala divisions for rabi 

and kharif seasons is shown in Figure 4.25 and details for subdivisions and division 

were also examined. Rainfall recharge was decreased toward tail of both branch 

canals. Average rainfalls recharge 54 mm was observed during kharif period 

whereas 10 mm was observed during rabi season.  The recharge from watercourses 

and field application was found higher in Lower Gugera command; conversely the 

groundwater return was higher in Burala command area as shown in Figure 4.25.   

4.10 AQUIFER PARAMETERS 

The horizontal hydraulic conductivity (Kh) had large variation from one to the 

other side of the study area. The results showed that horizontal hydraulic 

conductivity varied considerably in all layers. The maximum horizontal hydraulic 

conductivity value of 191 m/day was observed in 2nd layer and minimum value 

0.393 m/day was noticed in 1st layer. More than 50 percent of each layer fall in 

range from 76 to 110 m/day and this indicate that aquifer have good horizontal 

hydraulic conductivity. Lower part of study area contains low conductivity values 

due to presence of silty and clay layers. Mean horizontal hydraulic conductivity 

was calculated as 72.1, 103.1, 90.9, and 96.5 m/day for 1st, 2nd, 3rd and 4th layer 

respectively and details Kh for each layer are presented Figure 4.26. Categorization 

of area under different hydraulic conductivity is given Table 4.9 

The spatial variation of vertical hydraulic conductivity of each layer is shown 

in Figure 4.27. The estimation of vertical hydraulic conductivity was varied 

considerably in all layers. The maximum value of 18.9 m/day was observed in 2nd 

layer and minimum value 0.006 m/day was noticed in 1st layer. More than 50 

percent of each layer fall in range from 0.1 to 2 m/day and this indicate that aquifer 
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have low vertical hydraulic conductivity. Lower part of study area contains low 

conductivity values due to presence of silty and clay layers. Mean vertical 

hydraulic conductivity was calculated as 1.08, 6.57, 5.47 and 3.99 m/day for 1st, 

2nd, 3rd and 4th layer respectively and details Kv for each layer are presented Figure 

4.27. 

 

  
  

  

  
 

Figure 4.26:  Horizontal hydraulic conductivity of four model layers 

The specific storage (Ss) of a saturated aquifer is the volume of water that a unit 

volume of aquifer releases from storage under unit decline in hydraulic head. The 

specific storage of Layer-I was observed between 0.0001-0.001 m-1. The Figure 

4.28 shows that specific storage of Layer-I is relatively higher as compared other 
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three layers. Average specific storage was estimated 0.000340, 0.000133, 0.000165 

and 0.0000131 m-1 for 1st, 2nd, 3rd and 4th layer respectively and spatial variation in 

Ss for each layer are presented Figure 4.28. 

 

  

  

  

Figure 4.27:  Vertical hydraulic conductivity of four model layers 

The specific yield (Sy) is the volume of stored groundwater released per unit 

surface area per unit decline of watertable. The maximum value of 0.249 and 

minimum value 0.0083 was noticed in 4th layer. The specific yield of Layer-I was 

observed between 0.0506-0.249. The Figure 4.29 shows that specific yield of 

Layer-I is relatively lower as compared other three layers. Average specific yield 

was estimated 0.1778, 0.222, 0.214 and 0.219 for 1st, 2nd, 3rd and 4th layer 

respectively and spatial variation in Sy for each layer are presented Figure 4.29. 
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Table 4.9:  Estimated aquifer parameters value for different layers 

Aquifer Parameter 
Value  

Level 

1st Layer 

(0 - 20 m) 

2nd Layer 

(20-50 m) 

3rd Layer 

(50-80 m) 

4th Layer 

(80-150 m) 

Horizontal Hydraulic 

Conductivity 

(m/day) 

Min 0.393 1.387 2.284 18.487 

Max 167.102 190.885 189.452 165.250 

Avg 72.055 103.045 90.891 96.508 

Vertical Hydraulic 

Conductivity 

(m/day) 

Min 0.006 0.028 0.032 0.019 

Max 13.168 18.967 18.128 14.810 

Avg 1.084 6.573 5.471 3.995 

Specific Storage 

Min 0.0000039 0.0000013 0.0000013 0.0000011 

Max 0.0009970 0.0009885 0.0009777 0.0008985 

Avg 0.0003404 0.0001333 0.0001652 0.0001306 

Specific Yield 

Min 0.05058 0.05219 0.05447 0.00834 

Max 0.24905 0.24993 0.24993 0.24998 

Avg 0.17781 0.22232 0.21413 0.21952 

 

  

 
 

Figure 4.28:  Specific storage of four model layers 
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Figure 4.29:  Specific yield of each layer 

4.11 SENSITIVITY ANALYSIS 

The main objective of a sensitivity analysis is to understand the influence of 

various model input parameters and hydrological stresses on the aquifer system and 

to identify the most sensible parameters, which will need a special attention in the 

future studies. By running the calibrated model for the respective changed values of 

the input parameter and comparing the result with the calibrated head, the 

parameters sensitive to the model was established. The resulting hydraulic heads 

were then compared with the observed hydraulic heads and root mean squared 

error (RMSE) was calculated for each parameter.  

Then the calculated average errors in the hydraulic head were plotted against 

the multiplier as shown in Figure 4.30. It was found that slight changes in either the 
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hydraulic conductivity or slight changes in recharge affect impressively the 

distribution of hydraulic head throughout the area. The model output of the 

sensitivity run is shows that the recharge generates non-linear sensitive response 

while sensitivity towards hydraulic conductivity generates linear response. The 

model is equally sensitive to both increase and decrease of hydraulic conductivity 

on the other hand; the calibrated model is more sensitive to hydraulic conductivity 

reduction than to recharge reduction.  

Figure 4.30:  Sensitivity of model to recharge and hydraulic conductivity  

It showed that the model is more sensitive to the hydraulic conductivity and 

specific yield as compared to other parameters (Basharat, 2012). Variation of 

hydraulic conductivity contributed more in root mean square error. Khan et al., 

(2003) also showed that their model for Rechna Doab was sensitive to the 

hydraulic conductivity and recharge. 

4.12 MODEL CALIBRATION RESULT 

Calibration statistics for the model are summarized in Table 4.10. Residuals 

ranged from -1.7000 to +2.0150 m, with a mean of 0.2126 and an absolute residual 

mean of 0.3673 m.  Heads are reasonably well simulated in the model domain and 

head at 1283 observations out of total 1392 targets (92.16 percent) are within ± 1 m 
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of observed values and at 13921 out of 1392 targets (99.9 percent) are within ± 2 m 

of observed values.  

Table 4.10:  Model calibration statistics 

Sr. 

No. 
Calibration Value 

Sr. 

No. 
Calibration Value 

1. Residual Mean 0.2126 7. Max. Residual 2.015 

2. Absolute Residual 

Mean 

0.3673 8. Number of 

Observation 

1392 

3. Residual Standard 

Deviation 

0.5040 9.  Range in 

Observations 

49.89 

4. Sum of Squares 621.7 10. Scaled Std. 

Deviation 

0.0076 

5. RMS error 0.5038 11. Scaled Abs. 

Mean 

0.0062 

6. Min Residual -1.7000 12. Scaled RMS 0.0079 

 

Figure 4.31:  Computed versus observed groundwater elevations 
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Figure 4.32:  Observed groundwater elevations versus corresponding residual 

Model computed head versus observed head are plotted in Figure 4.31 and 

residual plot of observed groundwater elevations versus corresponding residual is 

shown in Figure 4.32, good match between simulated and field observed 

groundwater elevations can be seen in these two figures which shows the ability of 

model prediction. Further possible errors are due to converting well locations to 

projected coordinates, in overlaying these on non-projected model grid and also in 

converting groundwater depth to groundwater elevations either by using natural 

surface elevation values read from DEM. 

4.12.1 Water Level Contours and Hydrographs 

Comparison of the simulated and observed spatial variation of groundwater 

elevation shows the accuracy of model calibration and spatial variation of the 

interpolated observations. Hydrographs of observed and simulated groundwater 

elevations encompassing all the stress periods (rabi 2005-06 to rabi 2012-13) are 

shown in Appendix-I for 87 observation wells.  Figures 4.33 to 4.37 showed the 

twelve hydrographs of observed head and simulated groundwater elevations four 

from different accuracy level include good, satisfactory and poor matching 

respectively. Observation wells with good matching of observed and simulated 
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groundwater elevations are: BuH_341, TnM_205, SuM_365, BhM_374, with 

satisfactory match are: KnH_206, SuT_301, SuH_313, BhM_358 and observation 

wells with poor matching of observed and simulated groundwater elevations are: 

TrM_289, BuT_193, TrM_369, SuT_316 and rest of the hydrographs are shown in 

Appendix-I, as mentioned earlier 

Simulated groundwater elevations contour was superimposed on observed 

groundwater elevation contours for rabi 2008-09 (Figure 4.33) show that calibrated 

model satisfactorily reproduced the spatial distribution of groundwater levels. The 

model reproduces the interpreted direction of the groundwater flow and closely 

approximates water levels in most of the study area and there is no systematic over 

or under prediction of heads as depicted by closely matching observed and 

simulated groundwater elevation contours. Figure 4.37 is a plot of averaged 

observed and simulated groundwater elevation values for six different subdivisions 

of whole command i.e. Buchaian and Tandilianwala at head reach, Tarkhani, 

Kanyan at middle and Bhagat and Sultanpur at tail end. A close matching of the 

observed and simulated groundwater elevations as shown in Figures 4.37 is an 

indication of good calibration achieved. 

 

Figure 4.33:  Comparison of observed and simulated groundwater heads contour 



 

104 

 

 

 

 

 

 

 

Figure 4.34:  Good matching hydrographs 
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Figure 4.35:   Satisfactory matching hydrographs 
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Figure 4.36: Poor matching hydrographs 
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Figure 4.37:  Comparison of simulated and observed groundwater elevation in different IAUs 

 



 

 

109 

 

4.13 SCENARIO SIMULATIONS 

The calibrated model was used to predict future scenarios based on the 

influential factors and parameters related to groundwater movement in the study 

area. The present level of groundwater pumping and recharge pattern was 

considered to continue and the following expected scenarios were used to predict 

the future behavior of the aquifer. 

4.13.1 Present Situation Continues for Next 24 years (Scenario-P) 

It was considered that the groundwater pumping pattern of the last eight years 

is repeated in cyclic till rabi 2037. The water head in kharif 2005 was taken as an 

initial head for predicting the future scenario. It can be inferred from the Figure 

4.38 that groundwater depth will decrease from 1.7 to 4.2 m across different 

irrigation administrative units. Maximum increase in groundwater level would 

occur in Buchaian subdivision up to 4.2 m at the rate of 0.18 m/year due to high 

seepage losses from irrigation channel. These results show improvement in 

groundwater depth, however high increasing rate in Buchaian can produce 

waterlogging situation. Rise in groundwater would more at head of Lower Gugera 

branch canal at the rate of 0.18 m/year and comparatively rise in groundwater 

water would lower at the rate of 0.07 m/year in Tandilianwala at head of Burala. 

 

Figure 4.38:  Present situation continues for Next 24-years (Scenario-P) 
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4.13.2 Groundwater Quality Zones (Scenario-Q) 

The effect of groundwater abstraction was predicted with increase of 20 percent 

abstraction from fresh groundwater areas located along River Ravi in Burala 

division. It can be inferred from Figure 4.39 that groundwater depth will fall in 

Kanyan and Sultanpur irrigation administrative units due to increase in pumping 

and existing low surface supplies in Burala Branch Canal. There would be a 

drawdown of 7.9 and 5.2 m in Kanyan and Sultan subdivision in 24 years which 

would result in a decline rate of 0.33 m/year and 0.22 m/year. Increase in surface 

supplies in hazardous through Lower Gugera Branch canal would result in rise in 

groundwater depth. Watertable in Buchaian subdivision would reach near to 

ground surface within 10 years and severe waterlogging can occur in whole 

command and similar rising trend can be except in Tarkhani subdivision 0.24 

m/year. Increase in groundwater depth in Bhagat would also with rate of 0.20 

m/year as similar to Tarkhani subdivision but their conditions are acceptable due 

deeper initial depth. Further increase in groundwater discharge from fresh 

groundwater areas and increase in surface supplies in Lower Gugera Branch canal 

can make alarming circumstances and cause waterlogging and mining both at same 

time. 

 

Figure 4.39:  Groundwater quality zones (Scenario-Q) 
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4.13.3 Groundwater Depth Zones (Scenario-D) 

The effect of abstraction from shallow groundwater subdivisions was predicted for 

the period of 2013 to 2037. In third scenario the discharge from Buchaian and 

Tandilianwala subdivision was increase by 20 percent and surface supply to 

subdivision located at tail i.e. Bhagat and Sultanpur was increased by 20 percent. 

Almost stable groundwater condition would be achieved with this scenario as 

shown in Figure 4.40. Groundwater depth would rise in all subdivision at the rate 

of 0.028 m/year to 0.20 m/year. Expansion in waterlogged area in Buchaian can be 

controlled due to slower rise at rate of 0.13 m/year as compare to 0.18 m/year in 

present scenario. Mining in groundwater due to excessive pumping during dry 

season would also be modified by supplying more 20 percent surface flow. Under 

Scenario-D, an overall rise from 2 to 4.6 m would occur in different irrigation 

administrative units in a period of 24 years from (2013-2037). Consequently, low 

hydraulic gradient would achieve in whole command, while low gradient would 

discourage the lateral migration of saline water into fresh zones. Comparatively, 

such positive changes in all subdivision are because of low hydraulic gradient and 

more abstraction from shallow groundwater area and more surface supplies in deep 

groundwater area. Scenario-D, proved to be a most suitable strategy in curtailing 

the inequity of irrigation water in head-tail end perspective which otherwise 

predominant due to spatial climatic variability. 

 

Figure 4.40:  Groundwater Depth Zones (Scenario-D) 
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CONCLUSIONS 

Irrigated agriculture of Pakistan is mainly practiced in Indus Basin. 

Unfortunately, largest irrigation system is not fulfilling agricultural water needs 

due to lack of storage facility and high conveyance losses. Therefore, ground water 

is life line for agriculture and contributing above 50 percent in total water demand. 

The study was conducted in two divisions of Lower Chenab Canal East to examine 

the spatio-temporal variations in surface and groundwater resources and to develop 

groundwater pumping zone for sustainable irrigated agriculture. The main 

conclusions drawn from research work are given below; 

1. Results confirmed 39.6 percent reduction in annual rainfall and 8.3 percent 

increase in reference evapotranspiration toward tail of canal command area. 

The annual normal rainfall is decreased from 469 mm to 283 mm and reference 

evapotranspiration is increased from 1641 mm/year at head end to 1777 

mm/year. The aridity index of whole command area remains above 0.7 except 

two months of monsoon period. 

2. Monthly crop consumptive use is increased from head to tail end in Burala 

command area. Maximum crop consumptive use was observed in Tarkhani 

subdivision located at middle of Lower Gugera division due to more area under 

sugarcane crop as compared to other subdivisions.  

3. The significant disparity was also observed in canal supplies at Bucheke 

headwork. Lower Gugera branch canal is received 10-30 percent more water as 

compared to Burala branch canal. Sultanpur subdivision is received minimum 

share of water and Bhagat subdivision is received maximum share of water. 

4. Groundwater abstraction is found higher in Burala Division as compare to 

Lower Gugera Division due lower surface supplies in Burala branch canal. 

Maximum discharge is driven from Tarkhani subdivision located at middle of 

Lower Gugera due to large area under sugarcane crop. 

5. Groundwater depth varies significantly from 1 m to 19.47 m from head toward 

tail with an average slope of 0.14 m/km. Well bore depth is varied from 10 m to 

78 m and length of screen pipe is varied from 5 m to 35 m. Anomalous 
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variations in groundwater level is causing groundwater mining at tail area and 

waterlogging at head area.  

6. Groundwater quality is varied significantly across different irrigation 

administrative units. Good quality groundwater is limited along River Ravi in 

Sultanpur subdivision and hazardous quality groundwater is found in Bhagat 

subdivision. It has been found that groundwater quality of less than 10 percent 

tubewells changes from useable to marginal or marginal to hazardous and vice 

versa. 

7. Simulated model revealed that the groundwater depth improved at rate of 4.3 x 

104 m3/d. The recharge rate into model domain is 6.3 x 106 m3/d and discharge 

from aquifer through groundwater abstraction is 5.75 x106 m3/d. 

8. According to present scenario (Scenario-P), the groundwater level will rise 

from 1.7 to 4.2 m across different irrigation administrative units. Rapid rise of 

about 0.18 m/year in groundwater head would occur in Buchaian subdivision 

compared to slowest rise of 0.07 m/year in Bhagat subdivision. Current 

groundwater situation presents that there is no intimidation regarding aquifer 

mining or water logging under normal conditions in Lower Chenab Canal East. 

9. According to (Sceanrio-Q) where 20 percent more abstraction from fresh 

groundwater was considered, groundwater level would rapidly decline in 

Kanyan and Sultanpur subdivision at the rate of 0.33 to 0.22 m/year. On the 

other hand, with 20 percent increase in canal supplies in hazardous 

groundwater zone would further increase in waterlogging condition in 

Buchaian subdivision. Groundwater table would rise in the range of 0.15 to 

0.24 m/year in shallow groundwater areas at head reach.   

10. It was found from Scenario-D, where 20 percent more abstraction from shallow 

groundwater zone was considered, that groundwater level will rise in range of 

0.08 m/year to 0.18 m/year. Waterlogging in Buchaian would be reduced if 

abstracting 20 percent more groundwater. Such positive changes in all 

subdivisions are because of abstracting 20 percent more groundwater from 

shallow zone and supplying 20 percent more canal water in deep groundwater 

zone. 
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RECOMMENDATIONS 

The results of this study led to the following specific recommendations: 

1. Punjab Irrigation Department should consider groundwater depletion expanded 

toward fresh groundwater zone and waterlogging in Buchaian subdivision. 

Situation can be improved by sanctioning designed surface supplies to Burala 

branch canal.  

2. Punjab Irrigation Department, policy maker and other concern agencies may 

consider the operation and management of surface supplies at distributary level 

by considering groundwater level and spatial climatic variability.  

3. Solar pumping, skimming well and other subsidizing scheme should be limited 

to shallow groundwater zone but the more canal supplies should be sanctioned 

to distributary channels located in deep groundwater zone identified in study 

area.  

Some general recommendations drawn from present research are following 

1. Climate change is a burning issue now a day and has great impact on water 

resources. Therefore, climate change scenario should be considered in future 

studies. 

2. Future study may be extended to incorporate economic analysis of groundwater 

pumping and surface supply.  
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SUMMARY 

Pakistan inherited a major part of longest gravity flow Indus Basin Irrigation 

System. Pakistan's economy is predominantly agricultural, accounting over 21 

percent of GDP and remains by far the largest employer, absorbing 45 percent of 

the country’s total labor force. Irrigated agriculture of Pakistan is mainly practiced 

in Indus Basin. Presently, system operates at less than 40 percent efficiency due to 

high degree of conveyance and application losses. Continuous seepage over the 

years from unlined earthen canals, distributing channels, watercourses and 

percolation losses from irrigated fields, the groundwater level increased rapidly 

within the crop root-zone. To manage the waterlogging and soil salinity problems, 

the Government of Pakistan had installed deep public tubewells and encouraged the 

installation of private tubewells. The rising irrigation water requirements due to 

high population growth rate has shifted the farmer reliance on both canal water and 

groundwater at present. The crop water demand is increased in head-tail end 

direction whereas, annual rainfall, surface supplies and recharge to groundwater 

from irrigation network is decreased in head-tail end. These anomalies in 

groundwater recharge and discharge demand irrigation water management 

strategies by means of pumping zones demarcation depending upon crop water 

demands, surface and groundwater resources availability.   

Therefore, study was conducted in selected area of Lower Chenab Canal East 

of Rechna Doab to examine the irrigation water management strategy while 

keeping in view the different scenarios. Present study was carried out in Lower 

Gugera and Burala division which covered 0.515 Mha gross command area and six 

subdivisions. All necessary data was collected from different organizations 

regarding surface supplies, groundwater depth and quality, lithological parameters 

and climatic data. Field visits and periodic survey were also conducted under 

ACIAR Project for groundwater depth, cropping pattern and groundwater use. A 

hydrological geo-data base was developed in Arc-GIS for spatial and temporal 

analysis of surface and groundwater resources. The groundwater flow model of 

1000 m x 1000 m resolution was developed by using Processing MODFLOW, 

which contains 123 columns and 110 rows and four layers. Model was developed 



 

 

116 

 

for sixteen (16) crop periods from kharif 2005 to rabi 2013 and initial conditions 

for model simulation were specified as kharif 2005. Calibration of model was 

performed using 87 piezometers data. The time variant data of evapotranspiration, 

river; recharge and tubewell were estimated on kharif and rabi season basis. The 

model simulation was reasonably acceptable based on model evaluation indicators 

includes residual mean, root mean square error, sum of squares. Sensitivity of the 

model shows that the model was more sensitive to the hydraulic conductivity. 

Three different pumping scenarios were simulated from 2013-2037 to understand 

aquifer behavior and to assess sustainable groundwater abstraction zone. Present 

groundwater abstraction trend was simulated for next 24 years (2013-37) under 

Scenario-P. In Scenario-Q and Scenario-D, 20 percent abstraction is increased from 

fresh groundwater zone and shallow groundwater zone, respectively. Alternatively, 

20 percent surface supplies are increased in hazardous groundwater zone and 

deeper groundwater zone, respectively. The most plausible pumping zone was 

established for sustainable groundwater abstraction and to ensure equity in 

irrigation water to avoid anomalies in recharge and discharge of groundwater. 

Results confirmed that the annual rainfall is varied from 469 mm to 283 

mm with 39.6 percent reduction and potential evapotranspiration is varied from 

1641 mm/year to 1777 mm/year with 8.3 percent increase in head-tail end 

direction. Seasonal variations confirmed that 70-90 percent of annual rainfall and 

72 percent evapotranspiration occurs during kharif cropping season and remaining 

minor in rabi season. Farmers in study area are restricted to selective crops 

according to availability of irrigation water and climatic conditions. Monthly crop 

consumptive requirement is increased from head to tail end and maximum crop 

consumptive requirement and maximum groundwater abstraction was observed in 

Tarkhani subdivision due to more area under sugarcane crop as compared to other 

subdivisions. Lower Gugera branch canal is received 10-30 percent more supplies 

as compare to Burala branch canal. Results indicate that variations in canal water 

diversion amongst the distributary channels are found random without any trend in 

head-tail end perspective. Pumping depth is varied considerably in head-tail end 

perspective, however shallow groundwater depth is found at tail of Bhagat 

subdivision due to high recharge from M.R link canal. Groundwater depth is varied 
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from 1 m to 19.47 m from head toward tail with an average slope of 0.14 m/km. 

Groundwater quality is varied in less than 10 percent tubewell located near to 

margin line of zones contain good quality and hazardous quality groundwater. 

Simulated model reveals improvement in groundwater depth with the rate of 

change of 4.3 x 104 m3/d while total inflow into model domain is about 1.09 x 106 

m3/d and outflow is 1.047 m3/d. The recharge rate into model domain is 6.3 x 106 

m3/d and discharge from aquifer is 5.75 x106 m3/d. Current groundwater situation 

presents that there is no intimidation regarding aquifer mining or water logging 

under current normal climatic conditions. However, there is need to manage 

groundwater to maximize productivity and manage salinity for sustainable irrigated 

agriculture in verse climatic conditions. Predicted results of Scenario-Q revealed 

that groundwater would decline more rapidly in fresh groundwater zone and 

groundwater table would rise in shallow groundwater areas at head reach. Under 

Scenario-D, an groundwater level would rise up to 2 to 4.6 m in different irrigation 

administrative units in 24 years from (2013-2037). Pumping under Scenario-D, is a 

most suitable strategy in curtailing the inequity of irrigation water in head-tail end 

perspective. In addition, Groundwater mining expanded toward fresh groundwater 

zone should consider immediately either by managing discharge or by sanctioned 

more surface supplies to Burala branch canal. Abstraction from shallow 

groundwater areas may be increased by 20 percent to manage water logging in 

head reach and pumped groundwater may be shifted to tail area either by mixing 

with canal supplies or any other economic way. Future study may be extended to 

incorporate the vertical zoning of groundwater quality. There is an urgent need to 

revamp the monitoring and operation of the irrigation system. Integrated regional 

database of all hydrological parameters need to be established to develop the 

pertinent strategies for irrigation water management.  
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Chapter 5APPENDIX 

Appendix-I Observed and simulated heads for different observation points 
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Appendix II:  Weather stations data 

 

Month Temperature  

(°C ) 

Humidity Wind 

speed 

Sun 

Shine 

Rainfall ETo 

Min Max Mean (%) (m/sec) (Hour) (mm) (mm/month) 

FAISALABAD 

Jan 4.70 19.00 11.80 51.90 0.72 6.20 11.10 47.92 

Feb 7.50 22.10 14.80 44.40 1.44 6.75 19.10 76.46 

Mar 12.90 27.10 20.00 40.10 1.54 7.81 23.80 120.95 

Apr 18.30 34.10 26.20 29.30 1.80 8.89 23.70 176.25 

May 23.70 39.10 31.40 25.50 1.95 9.55 14.90 228.85 

Jun 26.70 40.20 33.50 31.80 2.26 8.89 43.80 238.51 

Jul 27.20 37.30 32.30 50.00 2.37 7.98 100.80 212.55 

Aug 26.70 36.40 31.60 54.70 2.26 8.08 87.00 194.19 

Sep 24.00 35.60 29.80 47.20 1.75 8.88 42.50 168.62 

Oct 17.40 32.80 25.10 39.20 0.82 8.72 4.70 112.33 

Nov 11.00 27.30 19.20 45.10 0.41 7.79 2.00 61.22 

Dec 5.80 21.70 13.70 50.10 0.41 6.62 7.10 49.07 

LAHORE 

Jan 7.40 19.20 13.30 51.50 0.77 6.34 23.20 50.49 

Feb 10.40 22.30 16.30 44.80 1.44 7.13 35.30 78.87 

Mar 15.30 27.30 21.30 40.20 1.80 7.75 36.00 130.27 

Apr 20.60 34.20 27.40 27.20 1.85 9.28 21.60 183.82 

May 25.00 38.80 31.90 24.50 1.54 9.76 22.40 211.46 

Jun 27.40 39.40 33.40 33.20 1.54 9.11 55.10 208.10 

Jul 27.10 35.80 31.40 57.00 1.44 7.46 190.90 175.06 

Aug 26.90 34.90 30.90 62.30 1.18 7.54 179.40 156.46 

Sep 25.10 34.80 29.90 52.50 1.08 8.32 60.40 142.53 

Oct 19.40 32.40 25.90 42.60 0.62 8.86 15.30 104.80 

Nov 13.30 27.50 20.40 47.80 0.31 8.23 6.80 59.66 

Dec 8.60 21.90 15.20 52.70 0.36 6.55 9.80 49.56 
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MULTAN 

Jan 5.40 20.50 12.90 46.00 0.72 6.38 7.60 53.55 

Feb 8.40 23.50 16.00 40.40 1.59 6.86 15.50 87.34 

Mar 14.10 28.80 21.20 37.20 1.90 7.87 18.40 140.43 

Apr 19.90 35.90 28.40 25.70 1.90 9.07 14.20 191.64 

May 25.30 41.00 33.20 22.70 2.06 9.26 11.90 242.67 

Jun 28.70 42.10 35.40 29.10 2.57 8.66 13.10 262.36 

Jul 28.90 39.10 34.00 46.30 2.67 8.23 49.60 237.35 

Aug 28.00 37.50 32.40 51.80 2.78 8.68 41.80 221.29 

Sep 25.10 36.60 30.90 47.40 2.06 8.93 24.60 183.27 

Oct 18.60 34.10 26.40 38.80 0.87 8.42 5.60 119.18 

Nov 11.80 28.60 20.20 46.90 0.26 7.81 1.20 61.03 

Dec 6.70 22.90 14.80 51.40 0.21 6.73 5.70 48.32 
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Appendix II: Weather variability at LHR & MLT station 30-year average basis  
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Appendix III Irrigation network line diagram of Burala Branch Canal 
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Appendix III Irrigation network line diagram of Lower Gugera Branch Canal 
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Appendix IV:  Kharif season crop area at selected sites 
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B
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2
0
1
0
 

H 343.50 30.42 3.35 7.13 10.04 33.33 2.18 86.46 

M 454.50 31.90 5.94 12.65 10.12 26.18 0.99 87.79 

T 430.50 22.76 0.35 17.25 16.61 28.57 2.32 87.86 

2
0
1
1

 

H 392.50 16.82 15.22 14.14 8.83 26.22 2.93 84.15 

M 443.00 13.40 11.29 20.65 6.99 22.80 1.81 76.93 

T 441.75 14.22 16.19 15.28 8.75 24.00 2.94 81.37 

2
0
1
2
 

H 392.50 18.22 14.01 18.90 6.55 22.93 1.53 82.14 

M 443.00 17.83 13.70 20.20 5.67 26.75 1.81 85.96 

T 442.50 14.80 13.22 16.16 8.75 24.69 2.49 80.10 

T
ar

k
h
an
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2
0
1
0
 

H 323.25 43.72 1.55 6.53 10.55 9.47 5.88 77.70 

M 238.50 25.16 6.87 6.71 6.39 15.67 14.88 75.68 

T 325.75 11.90 0.00 0.61 3.53 48.43 8.29 72.76 

2
0
1
1

 

H 262.00 45.61 2.39 6.58 7.92 8.78 8.02 79.29 

M 134.25 37.24 7.08 8.57 8.19 13.15 3.72 77.95 

T 212.50 7.18 0.00 8.59 9.88 47.53 2.82 76.00 

2
0
1
2
 

H 230.25 43.87 3.26 5.75 7.98 9.07 3.47 73.40 

M 131.00 31.30 7.06 10.11 5.73 13.65 8.40 76.24 

T 246.70 12.77 0.00 4.97 4.76 52.49 3.04 78.03 

K
h
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h
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2
0
1
0
 

H 126.50 14.62 0.00 3.95 13.44 44.66 2.77 79.45 

M 120.00 9.58 0.00 5.00 12.92 44.17 4.17 75.83 

T 104.50 6.70 0.00 0.96 13.40 47.37 7.18 75.60 

2
0
1
1

 

H 120.00 9.17 0.00 6.67 17.92 42.50 2.08 78.33 

M 119.00 14.29 0.00 4.20 11.34 41.18 4.20 75.21 

T 101.00 12.62 0.00 3.96 11.88 44.06 2.97 75.50 

2
0
1
2

 

H 133.00 7.52 0.00 14.29 15.41 32.71 2.63 72.56 

M 127.00 6.89 0.00 12.99 13.19 37.01 1.57 71.65 

T 115.00 13.48 0.00 10.00 13.91 31.30 3.48 72.17 



 

 

158 

 

Appendix IV:   Rabi season crop area at selected sites 
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 H 396.0 49.7 18.5 14.4 2.9 85.5 

M 463.0 58.1 16.4 8.9 1.3 84.7 

T 357.8 55.9 21.2 8.7 2.7 88.5 

2
0
1
0

-1
1
 H 389.5 51.7 13.5 18.1 2.6 85.9 

M 449.5 56.1 13.6 17.6 2.2 89.4 

T 430.5 56.1 13.6 16.9 6.6 93.2 

2
0
1
1
-1

2
 H 378.5 62.1 17.2 6.9 0.6 86.8 

M 463.5 67.3 16.2 3.3 0.8 87.6 

T 357.8 61.2 18.6 5.3 1.3 86.4 

T
ar

k
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2
0
0
9
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0
 H 337.8 53.6 6.3 27.8 0.7 88.5 

M 221.3 37.5 17.2 17.4 8.8 80.8 

T 330.5 58.8 8.0 15.8 3.8 86.4 

2
0
1
0

-1
1
 H 261.0 60.7 9.4 13.2 0.6 83.9 

M 154.8 48.5 7.1 9.4 16.2 81.2 

T 168.5 68.8 8.9 7.4 1.2 86.4 

2
0
1
1
-1

2
 H 293.0 62.0 10.6 15.9 0.6 89.1 

M 154.8 53.0 9.7 11.3 13.7 87.7 

T 168.5 66.4 8.3 12.2 1.8 88.6 

K
h
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h
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2
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0
9
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0
 H 195.5 64.5 18.2 0.0 2.3 84.9 

M 233.0 63.9 12.7 0.0 1.5 78.1 

T 86.5 67.1 16.2 0.6 2.3 86.1 

2
0
1
0
-1

1
 H 320.0 66.3 11.6 0.0 2.5 80.3 

M 198.5 58.4 16.9 0.0 4.3 79.6 

T 190.5 58.3 15.2 0.0 5.8 79.3 

2
0
1
1
-1

2
 H 195.5 66.5 19.8 0.0 1.8 88.1 

M 233.0 64.8 17.7 0.0 1.3 83.7 

T 86.5 65.9 17.3 0.0 3.8 87.0 
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Appendix V:  Extinction depth (cm) for different soil types 

Soil type Bare soil Grass Forest 

Sand 50 145 250 

Loamy sand 70 170 270 

Sandy loam 130 230 330 

Sandy clay loam 200 300 400 

Sandy clay 210 310 410 

Loam 265 370 470 

Silty clay 335 430 530 

Clay loam 405 505 610 

Silt loam 420 515 615 

Silt 430 530 630 

Silty clay loam 450 550 655 

Clay 620 715 820 
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Appendix VI:  Crop coefficient values 
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M
in

o
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Jan 10th 
 

0.91 1.00 
     

Jan 20th 
 

1 0.98 
     

Jan 30th 
 

1.1 0.96 
     

Feb 10th 0.28 1.1 0.93 
     

Feb 20th 0.37 1.1 0.88 
     

Feb 30th 0.45 1.1 0.85 
     

Mar 10th 0.53 1 0.81 
     

Mar 20th 0.60 0.88 0.76 
     

Mar 30th 0.70 0.71 0.67 
     

Apr 10th 0.91 0.56 0.63 
     

Apr 20th 0.99 0.43 0.52 
     

Apr 30th 1.12 0.23 0.31 
    

0.37 

May 10th 1.13 
  

0.32 
   

0.49 

May 20th 1.14 
  

0.39 
   

0.56 

May 30th 1.15 
  

0.52 
 

0.03 
 

0.61 

Jun 10th 1.20 
  

0.72 
 

0.05 
 

0.68 

Jun 20th 1.20 
  

0.93 
 

0.1 
 

0.74 

Jun 30th 1.20 
  

1.09 0.09 0.21 0.18 0.8 

July 10th 1.20 
  

1.12 0.12 0.45 0.23 0.84 

July 20th 1.20 
  

1.12 0.23 0.72 0.3 0.95 

July 30th 1.20 
  

1.09 0.32 1.03 0.38 0.95 

Aug 10th 1.20 
  

1 0.63 1.3 0.49 0.95 

Aug 20th 1.20 
  

0.85 0.77 1.35 0.66 0.95 

Aug 30th 1.20 
  

0.74 0.79 1.4 0.8 0.95 

Sep 10th 1.20 
  

0.67 0.82 1.4 0.92 0.95 

Sep 20th 1.20 
  

0.63 0.83 1.35 0.98 0.84 

Sep 30th 1.20 
 

0.18 0.51 0.82 1.13 0.97 0.79 

Oct 10th 1.20 
 

0.24 0.47 0.72 0.96 0.93 0.73 

Oct 20th 1.20 
 

0.38 0.42 0.56 0.69 0.83 0.63 

Oct 30th 1.20 
 

0.45 0.36 0.33 0.55 0.68 0.46 

Nov 10th 1.20 
 

0.56 0.3 
 

0.42 0.38 
 

Nov 20th 1.13 0.28 0.72 0.37 
 

0.3 0.23 
 

Nov 30th 1.01 0.38 0.80 
  

0.18 
  

Dec 10th 0.52 0.45 0.84 
     

Dec 20th 0.46 0.54 0.88 
     

Dec 30th 0.42 0.71 0.93 
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Appendix VII:  Seasonal crop water requirement (mm) of major crops 

Stress 

(Cropping) 

Period 

S-

Cane 

Wheat rabi-

Minor 

Cotton Maize Rice Sorghum kharif 

Minor 

K05 1259.9   792.3 346.0 675.6 455.0 860.3 

R06 380.8 352.8 430.0  212.5    

K06 1299.1   832.5 405.9 786.0 521.4 905.2 

R07 367.1 358.2 431.2  210.5    

K07 1275.3   803.0 347.9 677.6 460.2 882.2 

R08 417.8 369.4 445.4  241.0    

K08 1332.4   853.8 416.3 806.1 534.8 928.4 

R09 376.6 367.4 442.2  215.9    

K09 1360.7   870.8 406.3 783.8 516.1 942.4 

R10 365.5 366.0 435.3  212.7    

K10 1221.5   769.2 333.2 649.1 440.8 845.0 

R11 400.2 353.8 426.6  228.0    

K11 1223.2   769.2 335.9 656.0 441.7 835.2 

R12 369.7 342.5 417.5  206.3    

K12 1272.5   820.5 360.4 705.7 459.1 878.2 

R13 337.0 345.4 405.0  203.5    
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Appendix VIII:  Seasonal crop water requirement (mm/day) of subdivisions  

Year Tandilianwala Tarkhani Bhagat Buchaian Kanyan Sultanpur 

K05 3.72 3.91 3.47 3.40 3.71 3.48 

R06 2.11 2.22 1.91 1.76 1.78 1.91 

K06 3.97 4.10 3.66 3.69 3.93 3.74 

R07 2.11 2.21 1.92 1.76 1.78 1.92 

K07 3.77 3.97 3.53 3.44 3.76 3.52 

R08 2.24 2.36 2.01 1.87 1.89 2.02 

K08 4.07 4.21 3.75 3.78 4.03 3.83 

R09 2.17 2.27 1.97 1.81 1.83 1.97 

K09 4.11 4.28 3.81 3.80 4.08 3.86 

R10 2.14 2.24 1.95 1.79 1.80 1.95 

K10 3.61 3.80 3.38 3.29 3.60 3.37 

R11 2.14 2.26 1.92 1.79 1.81 1.93 

K11 3.61 3.80 3.37 3.30 3.60 3.38 

R12 2.05 2.15 1.85 1.71 1.73 1.86 

K12 3.82 3.99 3.57 3.50 3.80 3.58 

R13 2.01 2.10 1.83 1.68 1.69 1.83 
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Appendix IX:  Surface supplies of Lower Gugera and Burala branch canal 
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Appendix -X Availability to crop consumptive use from canal and rainfall (mm) 

Stress 

Period 

Lower Gugera Branch Burala Branch 

B
u

ch
a
ia

n
 

T
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rk
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B
h

a
g
a
t 

T
a
n

d
il

ia
n

w
a
la

 

K
a
n

y
a
n

 

S
u

lt
a
n

p
u

r 

K05 162.4 196.7 184.7 148.3 156.0 154.3 

R06 150.3 178.5 173.3 141.0 141.0 147.0 

K06 175.0 208.5 212.5 136.2 143.6 151.0 

R07 109.0 152.6 139.9 94.9 116.4 89.3 

K07 168.6 209.9 198.3 141.3 144.7 136.3 

R08 139.7 159.6 168.7 110.9 128.8 110.7 

K08 192.1 220.5 218.5 160.8 196.9 193.6 

R09 114.4 150.0 146.9 98.7 123.4 98.1 

K09 178.8 212.1 200.4 163.4 191.3 188.9 

R10 125.4 156.6 141.6 110.4 124.9 111.8 

K10 156.3 183.4 171.2 155.4 167.3 172.2 

R11 154.1 179.1 172.9 145.6 166.4 188.8 

K11 172.1 206.0 199.6 166.4 194.2 214.0 

R12 137.9 168.4 161.5 126.0 142.3 144.0 

K12 179.5 205.9 203.2 151.2 173.1 177.0 

R13 129.6 154.0 155.5 97.4 135.7 152.1 
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Appendix XI  Crop water deficit (mm) i.e. crop consumptive use requirement 

minus availability from canal and rainfall 

Stress 

Period 

Lower Gugera Branch Canal Burala Branch Canal 

B
u

ch
a
ia

n
 

T
a
rk

h
a
n

i 

B
h

a
g
a
t 

T
a
n

d
il

ia
n

w
a
la

 

K
a
n

y
a
n

 

S
u

lt
a
n

p
u

r 

K05 300.28 366.59 313.75 373.67 370.54 346.72 

R06 120.38 185.16 144.50 194.69 144.41 172.28 

K06 344.09 392.36 328.04 433.75 427.46 406.25 

R07 105.84 161.04 141.12 184.92 120.57 193.51 

K07 308.49 374.34 328.25 396.90 402.75 390.67 

R08 133.67 216.04 155.43 230.79 161.82 216.33 

K08 316.12 376.98 308.60 399.85 369.83 349.40 

R09 166.00 223.57 182.64 247.90 170.80 232.34 

K09 363.64 429.13 379.25 436.91 415.23 400.82 

R10 171.28 227.74 196.81 251.05 181.00 227.06 

K10 253.55 333.03 282.46 313.63 313.67 280.84 

R11 138.27 206.01 157.33 211.97 137.19 143.60 

K11 252.35 320.43 260.44 315.84 296.86 247.42 

R12 159.93 213.14 168.46 234.46 162.80 186.86 

K12 307.49 379.08 325.92 393.75 376.95 355.73 

R13 93.73 159.74 126.27 186.67 105.20 130.98 
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Appendix XII  Groundwater pumping (m3/day) per model cell 

 

Stress 

Period 

Lower Gugera Branch Canal Burala Branch Canal 

B
u

ch
a
ia

n
 

T
a
rk

h
a
n

i 

B
h

a
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a
t 

T
a
n

d
il

ia
n

w
a
la

 

K
a
n

y
a
n

 

S
u

lt
a
n

p
u

r 

K05 1640.9 2003.2 1714.5 2041.9 2024.8 1894.7 

R06 661.4 1017.3 794.0 1069.8 793.4 946.6 

K06 1880.3 2144.1 1792.6 2370.2 2335.9 2219.9 

R07 581.5 884.9 775.4 1016.0 662.5 1063.2 

K07 1685.7 2045.5 1793.7 2168.9 2200.8 2134.8 

R08 734.5 1187.0 854.0 1268.1 889.1 1188.6 

K08 1727.4 2060.0 1686.3 2185.0 2020.9 1909.3 

R09 912.1 1228.4 1003.5 1362.1 938.5 1276.6 

K09 1987.1 2345.0 2072.4 2387.5 2269.0 2190.3 

R10 941.1 1251.3 1081.4 1379.4 994.5 1247.6 

K10 1385.5 1819.9 1543.5 1713.8 1714.0 1534.6 

R11 759.7 1131.9 864.5 1164.7 753.8 789.0 

K11 1378.9 1751.0 1423.2 1725.9 1622.2 1352.0 

R12 878.7 1171.1 925.6 1288.2 894.5 1026.7 

K12 1680.3 2071.5 1781.0 2151.7 2059.8 1943.9 

R13 515.0 877.7 693.8 1025.7 578.0 719.7 
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Appendix XIII  Groundwater depth map of different stress periods  
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Appendix XIV  Groundwater quality map of different stress periods 
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Appendix XV  Groundwater pumping depth in different distributaries  

 

Pumping depth in Khikhi distributary command area 

 

Pumping depth in Tarkhani distributary command area 

 

Pumping depth in Bhalak distributary command area 


