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1 Executive Summary 

Irrigated agriculture has played an important role in the economic sustainability of Pakistan. The 

role of surface water irrigation remained pivotal in agricultural production and in recent decades 

the share of irrigation from groundwater has increased exponentially in Baluchistan, Punjab and 

in the freshwater zones of Sindh. In Sindh, farmers at the tail reaches are using marginal water 

conjunctively with surface water to fulfil the water demand. Sindh is unique with respect to 

groundwater. There are areas which are immensely exploited, and there are areas, which are 

facing water logging and salinization. It is essential to improve management of groundwater for 

sustaining the livelihood and agriculture land in the area. Presently, groundwater irrigation is 

neglected with respect to governance, and management. Its negligence will ultimately threaten 

the livelihood of people in Sindh, Pakistan. It is crucial to understand the hydrodynamics of the 

groundwater and establish sustainable yield thresholds that will support development of Sindh 

water policy and management protocols. 

In this report, we present a regional flow model of the northern part of the left bank of Sukkur 

Barrage command. These areas lie in the freshwater zones, where the groundwater is used in 

supplement with surface water. Hydrologically, the study area is bounded by the Indus River to 

the west, Nara Canal to the east, Sukkur Barrage on the north, southeast by Jamrao canal, and 

southwest by the Indus River. The area is irrigated by four main canals that offtake from the 

Sukkur Barrage. These canals are one of the major sources of groundwater recharge in the 

region, other recharge sources includes return flows from irrigated fields, precipitation and the 

Indus River. The study area has shallow and deep private tubewells (PTW), and SCARP (Salinity 

Control and Reclamation Project) tubewells which are installed at depth for controlling 

waterlogging and salinity. In the south of the model domain there are drains, which drain the 

excess groundwater from the study area. 

Water balances for the calibrated model: We assessed the water budget for the overall model 

domain from October 2010 till March 2014. The two major components of the water balance 

inflows are recharge from rainfall and irrigation, and river leakage and canal seepage, which 

accounts for 98.6% of inputs to the system. Evapotranspiration is also a major outflow due to 

high rates of evapotranspiration and prevalence of shallow water tables in Sindh. 

Evapotranspiration accounts for approximately 25.4% of outflows from the system. The net loss 

in storage over the simulation period is -1.04 BCM/yr. 

The current average annual pumping from the Left Bank Command of Sukkur Barrage 

encompassing districts of Khairpur, Naushero Feroze, and Shaheed Benazirabad is estimated 

at 2.942 BCM from layer 1 and 0.307 BCM from layer 2, totalling 3.249 BCM. The net decline in 

storage in layer 1 is 0.374 BCM and 0.665 in layer 2. The sustainable yield is estimated at 3±0.3 

BCM to allow for adaptive management during times of drought and inadequate surface supplies. 

We recommend that an allowance of 10% (0.3 BCM) will allow farmers to increase extraction 

during drought years and which will allow replenishment when rainfall and surface water flows 

increase. We further recommend that as the monitoring system is enhanced and additional data 

is collected the model calibration period needs to be extended to account for increased number 

of tubewells and ensure the robustness of calibration. Another consideration for the sustainable 

yield for the Left Bank Sukkur Barrage model is to manage the flows from the lower layer into 

the upper layer to prevent accelerated salinisation. These freshwater lenses provide a fraction 

of the groundwater irrigation as compared to the groundwater used in Punjab, nevertheless they 

are instrumental in allowing farmers in Sindh to increase cropping intensity and improve 
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livelihoods. Thus continued use of groundwater in this environment will need to be accompanied 

by investments in water productivity to minimise adverse impacts of waterlogging and salinisation 

and to preserve the freshwater lenses for the future of groundwater irrigation in Sindh.  

The water balance for irrigation divisions shows that the inflows from recharge and river/canal 

seepage, and outflows from pumping are significant in Moro and Khairpur East. Much of this 

recharge is a result of irrigation return flows, seepage from distributaries, minors and water 

courses at the farm level. It is recommended that SID develop a monitoring strategy for these 

irrigation divisions to monitor groundwater levels and salinity to ensure continued agricultural 

productivity. All division shows net decline in storage which over time will result in declining water 

levels, and increased salinity from lateral intrusion into freshwater lenses. The freshwater lenses 

provide groundwater irrigators supplementary water which allows increased cropping intensities. 

There needs to be a balance between recharge and pumping in these divisions to ensure 

continued use of these freshwater lenses. Increased pumping is likely to increase risk of 

salinisation which will result in forcing irrigators to reduce pumping and in-turn exacerbates 

waterlogging. 

The Nasrat Division shows relatively less decline in the net storage due to shallow water tables 

and high salinity of the underlying groundwater which limits farmers from using groundwater. To 

maintain productivity farmers in Nasrat Division will need to increase acreage of low delta crops 

and to improve irrigation efficiencies which will help to maintain a balance between inflows and 

outflows. SCARP tubewells and drains also need to be maintained in Nasrat Division to manage 

waterlogging and salinity. Implementing strategic monitoring with sufficient funding for operation 

and maintenance, along with investment in capacity building in groundwater management will 

allow SID to improve management of groundwater in Sindh. 

The Riverine zone in the model comprises the Indus River and covers an area of 2387 km2.  The 

Indus River contributes 971.69 MCM which is the major inflow to the groundwater system in this 

zone. Recharge from irrigation return flows and rainfall and floods. The majority of outflows 

(670.95 MCM) are from constant head cells which constitute outflows from layer 2 towards the 

right bank of the Indus.  The other major outflow is from evapotranspiration of 187.76 MCM in 

this zone. The Indus River is one of the main sources of groundwater recharge. The total 

recharge from river/canals for the model is 1160 MCM of which the Indus contributes 971.69. 

Thus seepage from the canal network contributes 188.31 MCM. By far the greatest source of 

recharge for the Left Bank of Sukkhur Barrage is from irrigation return flow which contributes 

3944 MCM and includes a minor component from rainfall recharge. What this means is that 

return flows from irrigated agriculture are the main contributor of recharge and rising water tables 

in the area. 

In Malwa distributary (Nawabshah-case study area) recharge from irrigation return flows is 

114.87 MCM, which is the main source of recharge for the Malwa CCA. Canal seepage is 

negligible as this distributary has been lined. There is a small flow component of 10.31 MCM 

from the eastern boundary of the Malwa CCA and a westward outflow of 8.74 MCM. However, 

groundwater extraction from the shallow freshwater lens at Malwa comprises the main outflow 

from the system. The evapotranspiration component is 36.85 MCM which is indicative of water 

tables within the root zone for some areas of Malwa. The net balance for Malwa is -61.69 MCM 

which will result in water level declines in the CCA over time. Moreover, the lining of the 

distributary means that the seepage which was recharging the groundwater has been curtailed. 

However, lining of the distributary also results in more surface water for tail end farmers which 

will result in higher irrigation return flows at the tail end.  Despite the lining of the distributary 

farmers in Malwa have indicated that sufficient water does not reach the tail-end of the 

distributary. 
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In Cheeho distributary (Naushero Feroze-case study area) recharge from irrigation return flows 

is 14.68 MCM, which is the main source of recharge for the Cheeho CCA. Canal seepage is 

negligible as this distributary has been lined. There are inflows of 2.40 and 1.54 MCM from the 

northern and western boundaries respectively and a southerly outflow of 0.87 MCM. However, 

groundwater extraction of 19.12 MCM from the shallow freshwater lens at Cheeho comprises 

the main outflow from the system. The evapotranspiration component of 5.5 MCM is the second 

largest outflow. The net balance for Cheeho is -5.97 MCM which will result in localised water 

level declines in the Cheeho command over the long term. Moreover, the lining of the distributary 

means that the seepage which was recharging the groundwater has been curtailed. Lining 

minors and distributaries is costly, and although it brings short term benefits for tail-end farmers 

as the distribution is theoretically more equitable; in the long term poorly constructed liners and 

lack of maintenance results in seepage from the canal.  

Model scenarios: Scenario assessment was performed to evaluate the impact of policy 

intervention to ensure sustainable use of groundwater in Sindh. This will help in supporting 

groundwater policy guidance in the National Water Policy. The scenarios were designed to 

inform SID management of the impact of surface water supplies on groundwater, and to help in 

sustaining groundwater use and agricultural productivity in Sindh. Two sets of scenarios were 

simulated: one based on historical climatic data; and other based on the future time-series of the 

climatic input data for RCP 4.5 and RCP 8.5 predictions for input datasets, which includes rainfall 

and temperature prediction. The starting point for these scenarios was initial head conditions 

observed in October 2010. Table 1.1 below shows the scenarios and its results. 

Table 1.1. Scenarios undertaken with the Left Bank Sukkur Barrage Model 

Scenario Description Results 

Scenario 1 (S1): 
Baseline/No change 

This scenario assumes that the 
pumping will remain same as of 
calibrated model. This scenario was 
used as a base case to compare other 
scenario and help to compare the 
results. 

The net loss in all model layers for 
baseline scenario is -1.244 BCM/yr. 
 

Scenario 2 (S2) 
 
10 % Decrease in surface 
water supplies 

This was undertaken in consultation 
with SID to assist in understanding 
impact on the freshwater zones. In this 
scenario water supplies in early Kharif 
period (i.e. April to July) is reduced to 
10 % as of historical supplies. 

Net storage will decrease from -1.244 
to -1.343 BCM/yr as compared to the 
baseline scenario due to curtailing 
seepages to aquifer due to reduced 
supplies. 

Scenario 3 (S3) 
10% Increased pumping 

In this scenario, pumping was 
increased in freshwater zone for early 
Kharif period (i.e. April to July). This will 
help in identifying threshold depth and 
time scale of depletion. It will also set 
extraction limit for freshwater lens.  

This 10 % increase in the pumping will 
decrease net storage from -1.244 to -
1.436 BCM/yr due to enhanced 
groundwater extractions. 

Scenario 4 (S4) 
10% Increased pumping 
and 10% decrease in 
water supplies 

In this scenario, pumping was 
increased for freshwater zone and 
overall surface water supplies were 
decreased for early Kharif period (i.e. 
April to July). 

Decrease net storage from -1.244 
BCM to -1.535 BCM/yr as compared 
to the baseline due to both enhanced 
groundwater extractions and 
curtailing seepages to aquifer due to 
reduced supplies. 

Scenario 5 (S5) 
Climate change Scenario 

In this scenario, a detailed future water 
balance assessment was performed for 
the future time-series of the climatic 
input data for RCP 4.5 and RCP 8.5 
predictions. Sustainable yield 
thresholds were established for future 
climatic conditions. 

For the RCP 4.5 scenario the net 
storage over the simulation period 
(2010-2047) declined from -1.244 
BCM for the baseline scenario to -
2.185 BCM. 
For RCP 8.5 scenario the net storage 
over the simulation period declined 
from -1.244 BCM for the baseline to -
2.214 BCM. 
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The groundwater level assessment for the simulation and predictions are suggesting decreasing 

trends (see Figure E1). The modelled areas with shallow (1.5 - 3.0 m) to moderate (3.0 – 10.0 

m) ground water levels are trending towards the moderate to deep (>10 m) category. Figure E1 

shows declining groundwater level trends for five irrigation division and case study areas when 

pumping is increased or surface water supply is reduced. It is interesting to note that the in 

Khairpur East, Moro and Nasrat Divisions the RCP scenarios show greater declines than 

Scenario S4 whereas in the other remaining Divisions the RCP scenarios show lesser declines 

than Scenario S4. The declines in the Dad Division for the calibrated model shows a steeper 

decline than for the rest of the simulations which is due to the drains which initially export more 

water from Dad Division which results in greater declines. Once the model calibration period is 

extended to cover 10 years of simulation, and improved data on drain water levels are monitored this 

the results would most likely be in line with other Divisions. 

 

 

Figure 1.1. Groundwater level trends for 5 irrigation Divisions and cases study areas for the calibrated 

model and 6 scenarios. 

Note: S0-2010-14 - Calibrated model; Scenario S1 – Business as usual; Scenario S2 – 10% decrease in canal 

supplies; Scenario S3 – 10% increase in pumping; Scenario S4 – 10% decrease in canal supplies and 10% 

increase in pumping, Scenario 5a– RCP 4.5; Scenario 5b – RCP 8.5 

Table 1.2. Groundwater level trends for five irrigation division and case study areas 

  Average Change in GW Level m/yr under Scenario- 

Canal Command/Sindh 
Irrigation Divisions  1 2 3 4 5 

     RCP4.5 RCP8.5 

Khairpur East Division -0.87 -0.91 -0.96 -1.00 -1.07 -1.10 
Khairpur West Division -1.03 -1.07 -1.12 -1.16 -0.99 -1.03 
Rohri (Moro) Division -0.72 -0.75 -0.81 -0.84 -0.84 -0.90 
Dad Division -0.77 -0.80 -0.85 -0.89 -0.79 -0.77 
Nasrat Division -0.05 -0.07 -0.06 -0.08 -0.11 -0.08 
Canal Study Areas       
Malwah Distributary -0.70 -0.74 -0.80 -0.83 -0.79 -0.79 
Cheeho Minor -0.58 -0.79 -0.86 -0.89 -0.85 -0.88 

 

Monitoring of groundwater resources is not being undertaken by SID as there are significant 

capacity constraints within SID as well as the absence of a Groundwater Division within SID. We 

recommend that SID take up the challenge and establish a Groundwater Directorate dedicated 

to groundwater Monitoring, Mapping, Modelling and Management. Monitoring must be 

conducted using continuous monitoring loggers which provide SID up to date information on the 
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state of the aquifer. Developing a strategic monitoring strategy and implementation of this 

strategy with sufficient funding for operation and maintenance, along with investment in capacity 

building in groundwater management will allow SID to improve management of groundwater in 

Sindh. 

The lack of data on groundwater in Sindh and the lack of technical capacity within SID is a major 

impediment to improving management of groundwater. This project has taken the first steps 

towards building capacity by training over 20 SID engineers, several students at MUET, and 1 

engineer from SMO Sindh in groundwater monitoring and modelling. Building on this for the 

future of groundwater users in Sindh is essential.  

We recommend that each of the five divisions (i.e. Khairpur East, Khairpur West, Moro, Dad and 

Nasrat) be designated as groundwater management areas to ensure that groundwater depletion 

is managed within acceptable limits. The overall guidance for recommended sustainable 

extraction limits is given for the entire model and improving irrigation efficiency and replacing a 

percentage of high water use crops with low delta crops will allow adjustments in groundwater 

abstractions. We further recommend that by 2022 the model calibration be tested by extending 

the model from 2015 to 2021 and to update the model and to undertake improvements in model 

calibration where required. Extension of the model will also allow review of the sustainable yields 

recommended in this report. 
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2 Introduction 

Increasing population in Pakistan, coupled with changing climatic condition, has imposed huge 

pressure on natural resources such as water. This has led to a change in water use in the country. 

Pakistan, historically a surface water supply dependent country, has experienced rapid growth 

in groundwater usage in recent decades (Qureshi et al. 2010). In Pakistan, where agriculture 

production is of prime importance for its economic development, the increasing dependence on 

groundwater for irrigation and drinking purposes makes it vitally important to assess its present 

situation and recommend policy recommendation for its sustainable management. 

Water resources are critical to Pakistan’s economy and for the health, wellbeing and prosperity 

of its communities. The Indus Basin is the heartland for irrigated agriculture in Pakistan, with the 

largest contiguous irrigation network in the world (GoP, 2009). The annual surface water supply 

through this network is around 205 BCM with a canal command area of 16.2 million ha and 125 

BCM of annual canal diversions (Young et al. 2019). The canal irrigation system in Pakistan was 

designed for a cropping intensity of 67 percent. The alluvial aquifers of the Indus Basin contain 

significant quantities of fresh and marginal quality groundwater. Accessing groundwater has 

allowed farmers to increase cropping intensities, thereby improving farming livelihoods and food 

security.   

The aquifer in Sindh is extensively saline with freshwater lenses that have formed as a result of 

the shifting course of the Indus and the advent of canal irrigation. In contrast to Punjab, where 

access to fresh groundwater is widespread, in Sindh fresh groundwater can be accessed from 

about 20 percent of the irrigated area in Sindh. In particular, seepage of water from the unlined 

earthen canals has created fresh groundwater lenses along the Rohri canal network.  This 

groundwater now provides important supplementary water for irrigation by farming communities 

in Sindh.   

Although groundwater used for irrigation in Sindh is only about 10 percent of that in Punjab, there 

is a significant trend towards greater irrigation exploitation of the limited fresh groundwater lenses.  

As much of the deeper groundwater system in the Indus Basin is saline, high rates of extraction 

from freshwater lenses increases the risk of upconing of the underlying saline groundwater and 

also increases the risk of saline intrusion from surrounding areas where the native groundwater 

is high in salinity, thereby accelerating the loss of the freshwater resource. 

The most extensive freshwater lenses in Sindh lie in an extensive area of the Left Bank of Sukkur 

Barrage (Figure 1.1). These areas cover the irrigation divisions of Khairpur East, Khairpur West, 

Rohri (Moro) Division, Dad Division, and Nasrat Division in the Districts of Khairpur, Naushero 

Feroze and Shaheed Benazirabad. The Indus River forms the western boundary of the model 

area shown in Figure 1.1, and the Nara Canal on the eastern boundary. The central portion of 

the study area is covered by a network of canals and distributaries of which the Rohri Canal is 

the major canal. The study sites of Malwa distributary in Shaheed Benazirabad district and 

Cheeho minor are also shown in Figure 1.1. 
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Figure 2.1: Location of Study area in Sindh, Pakistan. Western Boundary Indus River and Earstern 

Boundary Nara Canal 

Sindh being the lower riparian experiences deficiency of water in both summer and winter 

seasons, and to overcome the deficiency farmers resort to extracting groundwater from the thin 

fresh layer that has accumulated over saline groundwater. This is also resulting in increasing 

secondary salinization of the land and over the longer term may result in complete loss of the 

agriculture land to salinization. Salinity and waterlogging is not new for Sindh, it was anticipated 

in early 1930’s and was taken seriously in 1970’s, when it was reported that 70% of the water 

table in Sindh has increased to water depth of less than 1.5 m and 20 % to 2 m (Butt 1998). To 

remediate the situation of rising water table in Sindh, Government of Pakistan (GoP) initiated a 
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comprehensive program to lower the water table. Under the salinity control and reclamation 

projects (SCARP) deep and shallow tubewells with subsidized energy cost were installed. 

SCARP helped in lowering the water table and controlling of the salinity thus bringing prosperity 

to the area. Later on the SCARP transition of handing over the project to the community took 

place. Despite the benefits of this intervention, the operation of SCARP tubewells diminished 

with the cut off of government subsidies. Poor maintenance and high operation cost resulted in 

shutdown of deep tubewells. In some cases, where the tubewells were used to supplement the 

irrigation water, these remained functional. Tubewells used for irrigation caused additional 

problem of overexploitation of freshwater lens, and upconing of saline water in freshwater aquifer.  

Recently, in Sindh a major shift towards converting groundwater pumping systems from grid 

supplied and diesel power to decentralized on-site solar powered pumping systems is taking 

place. This is in addition to SCARP tubewells. The major drivers for this shift include unreliable 

grid supplied electricity (frequent breakdowns and interruptions) and high energy costs. Solar 

powered pumping is seen as a solution to these problems. However, it may be noted that until 

now the lack of electricity supply was also a limiting factor on how much water was pumped out 

of the ground. With that constraint gone (at least for the daylight hours) and the seeming ‘free’ 

supply of energy, pumping of groundwater is going to increase. Since water metering is absent 

and billing is flat-fee based, the (mis)use of water is expected to grow significantly.  

Recently different schemes have been introduced by the government, where subsidies are given 

for installation of solar tubewells. This kind of intervention without any prior background study 

does not incentivise sustainable extraction of groundwater. Prevention and control of aquifer 

exploitation is necessary for sustainable use of groundwater. The first step towards formalization 

of the policy for sustainable groundwater use is to assess the present situation of the areas that 

are most susceptible to the contamination, and exploitation of the aquifer. 

2.1 Project objectives and outputs 

The aim of the project is to build capacity to improve groundwater management to enhance 

agriculture and farming livelihoods in Pakistan. 

The first of three key objectives is to develop a shared understanding of sustainable groundwater 

use and the need for improved management in Balochistan, Punjab and Sindh provinces. 

Developing a participatory research methodology and the stakeholder engagement strategy with 

our stakeholders at our field sites provided the foundation for developing a shared understanding 

of the issues, and also a mechanism to learn from others. This output of this objective which 

includes the PRA (Participatory Rural Appraisal) reports is a key part of helping to develop 

groundwater models that are useable and useful for stakeholders such as SID. The household 

surveys undertaken also provided valuable and practical information on how groundwater is used 

in the study area. 

The key project objective directly relevant to the development of the groundwater model is to 

develop with stakeholder groundwater management tools and options that have the potential to 

enhance livelihoods of farming families. 

The groundwater models being developed in Sindh, Punjab and Baluchistan together with the 

Irrigation Departments from each of the provinces is the central focus for building capacity in-

country to improve monitoring, modelling and management of groundwater. The development of 

the groundwater model includes the districts of Sukkur, Khairpur, Naushero Feroze and Shaheed 

Benazirabad where groundwater exploitation is occurring from the freshwater lens that has 

accumulated due to the River Indus and the main Rohri Canal and other branch canals. The 

groundwater model allowed an in-depth analysis of the water balance in order to estimate 

sustainable yield from the freshwater lens.  Moreover, the model allowed scenario analysis to be 

undertaken to improve understanding of the impact of growth in groundwater usage, and the 
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impact of an uncertain climate future. This sub-regional model also allowed interrogation of zonal 

water balances to better understand groundwater dynamics at the case study sites for the Malwa 

and Cheeho distributaries.  

The main issues facing the development of models in Sindh is the paucity of groundwater 

monitoring data. Although some disparate data sources do exist, there is a real need for Sindh 

Irrigation Department (SID) to take the lead on establishing a groundwater monitoring strategy 

for regular and strategic monitoring of the resource base. In contrast Punjab has a more 

systematic monitoring strategy particularly in the Eastern doabs. Good spatial and temporal 

monitoring data are key elements for improving understanding of groundwater resources and for 

governments to make informed decisions. This project has also made a small investment in 

establishing two (02) monitoring sites on Malwa and Cheeho which monitor depth to water and 

EC on a 6 hourly interval. Establishing several monitoring sites is constrained by the lack of 

monitoring wells in the study areas. In this case monitoring bores were drilled specifically to 

install loggers. The aim here is to demonstrate the importance of groundwater monitoring and 

also to demonstrate the value of understanding both short term (seasonal) trends and longer 

term trends in water level and salinity. Additionally, monitoring data can be used visually to 

demonstrate to farming communities how groundwater is responding to continued use of 

groundwater both in terms of quantity and quality. 

The model also played an important role in addressing aspects of the third objective: to enhance 

capacity and institutional arrangements for post project adoption of tools and options developed 

by stakeholders. Thus our project team has invested in capacity development of stakeholders to 

improve monitoring, modelling and management of groundwater resources which is central to 

improving sustainable use of groundwater resources, and to allow stakeholders which includes 

the farming community to make informed decisions that will improve livelihood outcomes. 

2.2 Report Structure 

In chapter 2 we cover a review of groundwater studies in Sindh to highlight the lack of 

groundwater studies particularly in recent years in Sindh. Chapter 3 and 4, include a description 

of study sites and the area covered by the sub-regional model of the left bank of Sukkur Barrage, 

followed by the model development process. Model Calibration is described in Chapter 5 which 

is followed by a detailed analysis off the water balance for the model, model layers and each 

district. In this chapter we propose our estimated sustainable yields for each district based on 

the model calibration period. Finally, Chapter 7 covers the scenarios undertaken which include 

scenarios specifically requested by SID and two climate change scenarios for RCP 4.5 and RCP 

8.5, followed by conclusions and recommendations including specific recommendations for the 

Sindh Irrigation Department to consider.
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3 A Review of Groundwater Studies in Sindh 

A number of studies pertaining to groundwater investigations, development and monitoring have 

been carried out in the past. For the most part, these studies have focused on hydrological 

investigations and monitoring of groundwater under different scenarios of soil salinity and 

waterlogging, and groundwater pumping through tubewells. While these studies provide useful 

background information and data, the studies on development of groundwater models are rather 

limited. Some of the studies pertaining to Sindh are listed below: 

3.1 Background Studies (Sindh) 

i. Groundwater in Hyderabad and Khairpur Divisions, Sindh (M.H. Panhwar, 1st edition in 1964 

and 2nd in 1969): 

ii. Lower Indus Report Volume 6 Groundwater (Hunting Technical Services and Sir MacDonald 

& Partners 1965): Hydrogeological investigations LIB and incorporated in LIR (Volume 6 

Groundwater). The project aimed at the preparation of a plan for the optimal development of 

the water and land resources of the LIR lands with concurrent control of waterlogging and 

salinity. The study was entrusted to Hunting Technical Services Ltd ./Sir M. Macdonald & 

Partners (HTS/MMP) to carry out extensive investigations in the fields of agriculture, irrigation, 

and drainage. A comprehensive plan for the agricultural development of the LIR was 

formulated in the form of the Lower Indus Report published in 1965, based on the analysis of 

basic data gathered in the region. Volume 6 of this report pertains to groundwater. 

iii. SCARP North Rohri Project (Hunting Technical Services and Sir M. MacDonald and 

Partners):  In SCARP North Rohri Project, WAPDA installed about 1,192 tubewells in two 

phases, initiated during the year 1969-70 and completing progressively up to June 1978. The 

aim of this project was to control water logging and provide supplement irrigation.  

iv. Feasibility studies for the SCARP Transition North Rohri Pilot Project (IDA Credit) in 1990: 

M/s Associated Consulting Engineers (ACE) and Zaheeruddin Consultants (Pvt) Ltd. carried 

out these studies which were based on the hydrogeological available data and some field 

checks.  

v. Groundwater monitoring by SM WAPDA. These studies include performance of STWs, water 

level observation and periodic checks on chemical quality of groundwater from STWs. This 

study has generated valuable data on water levels and water quality parameters. 

There have been few studies on groundwater resources of Sindh in recent times and even fewer 

groundwater modelling studies in the past and even more recently when compared to the number 

of studies that have been undertaken in Punjab. A more recent study is being undertaken by 

PCRWR for the Lower Indus Plain but that study is still in progress and will be reviewed at a 

future date. The modelling studies that were available to us are reviewed here. 

3.2 Groundwater in Hyderabad and Khairpur Division 

Some of the earliest pioneering work on groundwater was conducted by M.H. Panhwar who was 

the Superintending Engineer, in the Directorate of Agriculture, Hyderabad. His seminal book on 

groundwater in Hyderabad and Khairpur Divisions still serves as a very useful and insightful text 

on groundwater conditions of the time (Panhwar, 1964). The earliest groundwater maps of the 

freshwater zones (Figure 3.1) produced by Panhwar were remarkably accurate as confirmed in 

the later studies undertaken by Hunting Technical Services (1966) in the voluminous Lower 

Indus Project (LIP, 1965) reports.  

On the basis of the data, collected from the bores drilled over a period of five years (1958-63), a 

ground water map was finally prepared. The map showed that water from Kashmore to Sehwan 

on the right bank and from Ubauro to Miani Forests (8 miles north of Hyderabad) on the left bank 
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was sweet. The width of this belt varied. A close study of the material in hand, showed that 

generally speaking wherever Indus had flowed for more than two centuries or so, it left sweet 

water in a very wide belt, sometimes five miles on either side. Thus sweet water in the region is 

mainly due to seepage from the river and its branches, in historic times. 

 

Figure 3.1: Groundwater map of Sindh (after Panhwar 1964) 

3.3 Lower Indus LIP 

Very few regional or sub-regional groundwater investigations have been conducted in Sindh part 

of the Indus Basin. The most significant was the studies undertaken by Hunting Technical 

Services (1965) for the Lower Indus Project (LIP), for WAPDA. The hydrogeology of the Lower 

Indus Basin was studied extensively, including a program of drilling, estimation of aquifer 

parameters and water quality analysis of groundwater.  Although not a modelling study, it is a 

significantly important study on groundwater in Sindh and provides an assessment of the aquifer 

downstream of Kotri Barrage. 

The Lower Indus alluvial complex forms a large highly transmissive unconfined aquifer system. 

According to the LIP report (LIP 1965 Vol 6 GW) the thickness of the alluvium is not known 

accurately but it exceeds 182 m (600 ft) over large parts of the basin. They further state that it is 

less than 61 m (200 ft) only in small parts adjacent to bedrock outcrops (such as in Khairpur 

district). There are however, some bores that have been drilled to over 400 m and still not 
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reached bedrock (example bore LIPW117). This is consistent with the LIP report of a deep and 

highly transmissive aquifer system. 

To determine aquifer parameters, 10 pumping tests were performed from Kotri to the sea by the 

LIP Consultants. Depth of tubewells ranged from 140ft to 300ft (42.7m to 91.4m) while borehole 

diameter was 22 inches to 24 inches. Generally a 10-inch screen was used in all water bearing 

formations and 9 to 10 observations pipes were installed at various distances extending up to 

2,200 ft to record the water levels.  The analysis of pumping tests were carried out using 

analytical techniques ranging from Theis non-steady state, Jacob steady state, Hantush non-

steady state and Boulton’s method. The analysis in the LIP report shows estimated transmissivity 

of 1711 m2/d to 4740 m2/d with an average transmissivity of 2897 m2/d, horizontal hydraulic 

conductivity of 19.5 m/d, specific yield of 0.13 and vertical permeability estimate at 0.045 m/d. 

Although these tests were carried out downstream of Kotri Barrage, they give a good indication 

of the lower range of hydraulic conductivities. As pointed out by Basharat (2005) that horizontal 

hydraulic conductivities are less than half the hydraulic conductivities around Guddu Barrage.  

Prior to introduction of modern weir controlled irrigation system at Kotri Barrage, the groundwater 

regimen was in dynamic equilibrium. Sources of Recharge into the area were: 

• Subsurface inflow from upper areas 

• Seepage from river and inundation canals 

• Infiltration from precipitation 

This was balanced through: 

• Subsurface outflow to Arabian Sea 

• Evaporation from surface and sub-surface 

Depth to groundwater varied from about 5 ft near the Indus River to more than 30 ft far away 

from the river. 

Subsurface inflows from the upper areas and subsurface outflows to Arabian Sea almost 

balanced each other. The inflow/outflow from various river reaches during high and low flow 

conditions used to move in the closed vicinity of river and did not contribute significantly in 

groundwater quality far away from the river. 

After the commissioning of Kotri Barrage and its canal system in 1955, the groundwater system 

started responding to a new source of Recharge from the canals system and infiltration from an 

expanded cropping area. The gross command area (GCA) of Kotri Barrage is 1.308 million 

hectare (Mha) or 3.23 million acres (Mac). Of the total area, 1.126 Mha (2.782 Mac) is cultivable 

command area (CCA). Since commissioning of Kotri Barrage, average annual canal diversion in 

the area has been about 10.5 MAF, of which nearly 5 MAF is Recharged to groundwater reservoir 

as a result of seepage from canal system and infiltration from the cropped area. Water table 

started rising due to additional Recharge and average depth of groundwater table recorded 

during June 1964 on both banks of Indus River is shown in Table 3.1. 

Table 3.1: Average depth to water table on both banks of Indus upstream of Kotri Barrage 

Left and Right Bank of Indus 
upstream of Kotri Barrage 

Average depth to water table 
(ft) 

Right Bank 11.51 
Left Bank 18.06 
Average for both banks 16.66 

1. Average depth to water table as observed during June 1999 in the area irrigated by the four 

canals is shown in   
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Table 3.2 
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Table 3.2: Average depth to water table for canal command areas 

Canal command Average depth to water table 
(ft) 

Kalri Baghar Feeder  2.76 
Lined Canal  1.67 
Fuleli Canal  2.73 
Pinyari Canal  2.54 

The average depth on the left bank was 2.41 ft while on the right bank, it was 2.76 ft. As a result 

of rise of water table, new equilibrium system was established with the sources of Recharge and 

discharge shown in Table 3.3. 

Table 3.3: Source of Recharge and Discharge 

Source of Recharge Source of Discharge 

Recharge from canal system  Surface evaporation from the ponded area  
Sub-surface inflow from upper 

area 
Sub-surface evaporation from shallow 

groundwater areas 
Recharge from river system 

during high flow 
Sub-surface outflow to river during low flow and 

dry periods 
Infiltration from cropped area Sub-surface outflow to deltaic area/sea. 

During the last three drought years from 1999/2000 to 2002/2003, there was lowering of water 

table in the area. The average depth of groundwater levels as evaluated from the field data were: 

• June 2002 - 13.16 ft 

• October 2002 - 6.46 ft 

Inflow-outflow studies carried out for the project area indicate that inflow and outflow components 

almost balance each other and do not significantly add to the groundwater reservoir. 

The major significant factor affecting groundwater fluctuations is sub-surface evaporation from 

the shallow groundwater levels prevailing in the area. The relationship developed for evaporation 

for Lower Indus Region by the LIP Consultants for various depths is given in Exhibit 7.3. The net 

annual evaporation from the GCA of Kotri Barrage for various average depth ranges is shown in 

Table 3.4. 

Table 3.4: Annual sub-surface evaporation for various depth to water table 

Average Depth (ft) Annual Sub-surface Evaporation (MAF) 

5 3.10 
4 4.65 
3 6.72 

The figures indicate that sub-surface evaporation is the major component draining the area in 

case of shallow water table and may be contributing in the salinization of soils. 

Specific yield of aquifer is about 13 percent in the upper reaches to less than 10 percent in the 

lower areas near the Arabian Sea, the groundwater fluctuations are highly sensitive to Recharge 

and discharge. Groundwater quality determined by LIP Consultants during the years 1960-1965, 

through 49 exploratory boreholes and 10 pump out tests gave the following results. 

Table 3.5: Groundwater Salinity at Various depths in Canal Command Area of Kotri Barrage 

(1960-1965). Source: (Hunting, 1965) 

Average groundwater salinity with depth Salinity ppm 

Groundwater Salinity Up to 100 ft. 22164 
Groundwater Salinity Up to 100 -200 ft. 29870 
Groundwater Salinity Up to 200 -300 ft. 37,903 
Groundwater Salinity for more than 300 ft. depth >35000 
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3.4 Hydrodynamic Groundwater Model for LBOD- Nawabshah 

This study aimed at developing a three-dimensional groundwater model for the LBOD-

Nawabshah area and evaluated the present and future management of drainage tubewells in 

order to reduce the drainable surplus. The project area lied under the jurisdiction of the Naushero 

Feroze, Nawabshah, and Sanghar Districts of the Sukkur and Hyderabad divisions. It involved 

calibration of the model to observed conditions, and predicted groundwater levels resulting from 

the operation of installed tubewells. Overall objective of the study was to prepare a management 

plan for tubewells in order to maintain an adequate root zone environment for optimum cropping 

and yield.  

Under the project, hydrogeological and groundwater model development studies were carried 

out to simulate the hydrodynamics of groundwater flow (using MODFLOW, a 3D Finite Difference 

GW Flow Model) and solute transport (using MT3D, a 3D Transport Model) to model the switch 

over from deep pumping wells to relatively shallow pumping wells. The simulation time was 

divided into the calibration period and prediction period. The calibration period is from May 1988 

to April 1998, covering pre- and post- LBOD Stage-I Project developments. The prediction period 

targets April 2010. Thus, the calibrated LBOD-Nawabshah GM Model is meant to simulate the 

aquifer response up to the year 2010. The model simulates from April 1988 to April 2010 for 44 

stress periods. The application of the developed model is limited to the appraisal of pre- and 

post-LBOD Stage-I Project developments in the study area, and the evaluation of predictions 

based on the continuation of the existing practices and implementation of proposed practices. 

The model compares the following scenarios: 

• April 1993-Before Functional Tubewells 

• April 1998-Current Management Practices 

• April 2010-Continuation of Existing Practices 

• April 2010-Tubewells Operation at Installed Capacity 

• April 2010-Tubewell Operation at Installed Capacity in Critical Areas only 

The LBOD-Nawabshah Groundwater Model is a valuable tool to identify areas with a water table 

within the critical limit of 1.5 m. The proposed management strategy of operating tubewells at 

their full capacity in critical areas only, show up to 30 percent saving in highly saline drainable 

surplus when compared to the operation of all tubewells at full capacity. The proposed strategy, 

when compared to the current operation of drainage tubewells, shows a significant reduction in 

the extent of the critical areas. Also, the LBOD-Nawabshah model has shown a high sensitivity 

to the net Recharge in the area. 

The current operation practice (April 1998) of tubewells at 41 percent of the installed capacity in 

the LBOD-Nawabshah component project area has shown reduction in the extent of waterlogged 

areas. This area is now 25 percent of the study area as compared to 51 percent in April 1993 

without tubewell operation. The continuation of the same practice in future will not reduce the 

waterlogged area significantly. The LBOD-Nawabshah GWM predicts that 24 percent of the area 

will remain waterlogged. Operating the tubewells at installed capacity will reduce the waterlogged 

area to mere 12 percent. The proposed strategy of operating tubewells in waterlogged area only 

at installed capacity and remaining at the current rate shows 30 percent saving in saline drainable 

surplus as well as adequately limiting the waterlogged area to 16 percent. 

An optimization of the groundwater system can provide further refinement to management 

strategies. This involves incorporation of various limitations and constraints of the hydrogeologic 

system and operation of tubewells while selecting the best management strategy for improved 

subsurface drainage. The study recommended that further research may be carried out to 

develop optimal strategies for drainage tubewell operations in the LBOD-Nawabshah component 

project area using the developed groundwater model. 
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3.5 Groundwater Model for Second SCARP Transition North Rohri 
Project (SSTNRPP) 

Under this project 382 SCARP Tubewells (STWs) have been transitioned and replaced by 1800 

Private/Community Tubewells (PTWs/CTWs). This switch over from deep pumping from STWs 

to relatively shallow pumping from PTWs/CTWs prompted the need for a study to assess the 

groundwater conditions under the changed scenario and project impact on the future 

groundwater flow system and solute transport. 

The Project Area comprised of Moro and Sakrand Units of SCARP North Rohri. MODFLOW and 

MT3D were used under ModIME (Modular Integrated Modelling Environment for groundwater 

flow, particle tracking, and solute transport models: MODFLOW, PATH3D, and MT3D). Model 

was used to simulate the groundwater flow system and solute transport in the aquifer under 

existing and future pumping conditions. The overall objective was to develop a sound basis for 

future management of groundwater resources in accordance with the safe yield of the aquifer(s). 

The main objectives of the model included: 

• Simulation of interaction between various groundwater Recharge, discharge and quality 

parameters; 

• Evaluation of impact of various pumping patterns/scenarios on future groundwater flow 

system and solute transport in the Project Area; 

• Simulation of future changes in groundwater flow and its chemical quality; 

• Development of Decision Support System for groundwater regulation; 

• Establish a base for similar applications in other SCARP projects in Sindh. 

Input data for the model has been mainly derived from the hydrogeological studies carried by 

PIA Consultants during the currency of the project. Seepage from Rohri Canal and its distribution 

system form the major source of Recharge whereas pumpage from tubewells and 

evapotranspiration from the shallow water table areas are the main source of groundwater 

discharge. The model area has been extended to the hydrologic boundaries in the east and west 

i.e. Rohri Canal and Indus River. It has been discretised into a mesh of 1200 cells of 2 km x 2km. 

There are 40 rows and 30 columns. The aquifer has been divided into three layers to represent 

pumpage from comparatively shallow PTWs and deep STWs. 

The calibration of the model has been carried out for the period April 1978 to March 1997 

comprising 38 stress periods representing Kharif and Rabi seasons. The model was calibrated 

against groundwater potential heads observed in various wells. The groundwater heads computed 

by the model are in close match with the potential heads observed in the selected calibration 

points, therefore, the calibrated model can reliably be used for assessing future behaviour of the 

aquifer in response to the changing groundwater withdrawals and changing pumping patterns. 

Calibrated flow model (MODLFOW) has been linked with regional solute transport model (MT3D) 

under the package ModIME to simulate future distribution of salinity in aerial and vertical extent. 

Hydraulic heads and groundwater salinity in April 1997 have been used as the initial conditions 

for the simulation of future response of the aquifer under various pumping rates and the distribution 

of water quality in future up to the time horizon of year 2017. 

Input data for solute transport model have been derived from the relevant data collected through 

the previous investigations in the area and quality checks by SCARP Monitoring (SM) (WAPDA) 

and the Consultants.  

The major factor, which needs to be studied under future scenarios, is the impact on the flow 

system due to change in the pumping pattern. The major stress on the aquifer will be in layer 1 

as the STWs will be non-operational and relatively shallow PTWs/CTWs will be operating in 

future. This will affect the hydraulic equilibrium in the aquifer; as STWs were mainly installed 



Improving groundwater management in Pakistan: Balochistan groundwater models  

 

Page 25 

along the canals, generally at the head of watercourses (or directly pumped into the canal in 

case of saline STWs). PTWs/CTWs have generally been installed in the tail reaches of 

canals/watercourses where there is shortage of water and relatively the quality of groundwater 

may be poor as compared to the head reaches. 

Accordingly, considering the existing groundwater conditions (April, 1997) as "initial conditions" 

a number of future scenarios have been studied to simulate the future response of the aquifer 

under the changed pumping pattern. 

i. Regional flow model has been used to simulate the hydrodynamics of groundwater flow 

up to the year 2017. 

ii. Solute transport model has been linked with the flow model, to study the possible 

changes in the groundwater quality in layers 1, 2 and 3 with respect to the salinity of 

groundwater in these layers used as initial conditions in April 1997. 

iii. Critical area's models have been developed to study possible changes in the 

groundwater quality due to operation of tubewells of different discharges and installed at 

different depths. 

iv. Following future scenarios have been studied up to the time horizon of year 2017. 

v. The present rate of groundwater abstraction i.e.0.269 MAF continues in future. Seepage 

Wells and STWs are almost non-existent and the few operating STWs gradually close 

down. Groundwater is mainly pumped from layer 1. 

vi. The present rate of abstraction continues and seepage wells along Rohri Canal and 

STWs in SGW area are rehabilitated/ replaced. This will mean a total pumpage of around 

0.38 MAF (0.269 MAF from layer 1 and 0.11 MAF from layer 2). 

vii. Groundwater abstraction through PTWs/CTWs is increased to 0.333 MAF to meet the 

water requirement at 130-140% cropping intensity without seepage wells and STWs. 

viii. Pumping from PTWs/CTWs as in scenario No.3 with seepage wells and STWs 

rehabilitated/replaced. 

3.6 Groundwater modelling for assessment of seawater intrusion 
into the aquifer below Kotri Barrage.  

The study area covered the riverine area and the areas outside the embankments along the 

Indus River below Kotri Barrage, particularly a part of Pinyari Canal command area on the left 

bank and a part of Kalri Baghar command area on the right bank. A model to assess seawater 

intrusion was developed by Basharat (2005) which covered an area at the downstream end of 

Kinjhar Lake (about 12 km upstream of Thatta Town) up to the mouth of the Indus River. The 

model extent was 115 km long and 75 km wide. Aquifer parameters for the model were obtained 

from the Lower Indus Project Reports. The model was designed with three layers with the bottom 

elevation of the first layer at 50 m below the mean sea level, the second layer at 100 m below 

MSL and the third layer at 150 m below MSL.  

The bed of Indus River is below mean sea level (MSL) extending up to 130 km to 160 km 

landward. The depth varies from about 5 meters (16ft) to 10m (33ft). This large deep channel 

varies in width from 0.4 km to 1.5 km and has a total volume of about one MAF. This prism 

always remain filled with water either seawater or freshwater or mixture of the two 

Basharat (2005) indicated the general direction of groundwater movement is from north-east to 

south-west. In some parts of the river, the groundwater aquifer contributes to the river while in 

other parts the river acts as a losing stream. Large volumes of groundwater flow through various 

creeks on the left bank to the Arabian Sea. However, on the right side of the river, the direction 
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of flow is primarily from north-east to almost west, where the sub surface flow moves into large 

sea creeks. It has been observed that during wet season water table rises by three to seven feet 

or even more as a result of infiltration from rainfall, seepage from the canal system, percolation 

from cropped area and Recharge from some river reaches. Specific yield of aquifer is about 13 

percent in the upper reaches. 

Water quality of river flow varied from about 250 ppm in high flow to 500 ppm in low flow period 

during major part of the year. The salinity of the Arabian Sea was measured at 32,000 to 33,000 

ppm during field investigations. The three sources of water i.e. river, groundwater and sea with 

large variations in water quality play a major role during their mixing and movement. 

The boundary conditions used in the model included the sea and coastal creeks as the southern 

boundary; active tidal area along the sea acting as a source of groundwater Recharge; the Indus 

River flowing from North to South; Kalri Baghar Feeder and its distributaries; Pinyari Canal; Haleji 

Lake and Hadero Dhand on the right of Kalri Baghar Feeder command; surface drainage system 

in the canal commands. About 100 observation wells (in the command areas of Kalri Baghar 

Feeder and Pinyari Canal) were selected to develop depth to water table maps. The following 

hydrologic features were included in the model:  Indus River; Kalri Baghar Feeder and its 

distribution channels; Pinyari Canal and its distribution channels; major drains; Haleji Lake, 

Hadero Dhand, Coastal creeks; and tidal areas.  

There is interesting and important information for river bed conductivities carried out by Basharat 

(2005) which can provide valuable information for other modelling studies.  Permeability tests 

were carried out in the Indus River bed at different places using the Inversed Auger-Hole method 

shown in Table 3.6 below. 

Table 3.6: In-situ permeability test for Indus River bed 

In-situ Permeability test at Indus riverbed Depth of hole from reference (cm) K (m/d) 

Dandho (Sherazi Bander) on Right Bank 82.80 0.81769 
Dandho (Sherazi Bander) on Left Bank 90.00 0.35104 
Dhandri on Left Bank 161.32 0.83686 
Thatta-Sujawal Bridge Left Bank 115.82 3.41208 

Calibration of the model was undertaken using a steady state river flow of 5000 cfs (141.58 

cumecs) downstream of Kotri Barrage. Groundwater elevation contours showed that the canal 

system in the area has a major contribution to groundwater Recharge from the surface. The 

contours show that groundwater is flowing away from the major canals in the area on both sides 

of the river. The seepage from canals is being captured by the Indus River starting from the 

upper face of the model up to 10 km upstream of Sherazi Bander. The major part of seepage 

from the main/branch canals along the river goes to the Indus River, because the water level in 

the river is lower than the surrounding aquifer groundwater level. profile across the river near 

Thatta Town, the river water level is 2.9 m, whereas the minimum groundwater elevation in the 

aquifer along this section is 4.3 m, that is, the groundwater is flowing into the river. The same 

situation was found for the cross-sectional profile near Chuhar Jamali. Again here, the Indus 

River is gaining water from the aquifer and acting as a drain during a river discharge of 5,000 

cfs. What this shows is that as long as the flows downstream of Kotri remain at low levels the 

river will act as a drain draining groundwater to the sea. 
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Table 3.7: Groundwater Balance 

Boundary Condition  Inflows (m3/s)* Outflows (m3/s)* Inflows (ft3/s) Outflows (ft3/s) 

River (including canals, 
lakes)  

35.29 4.12 1245.27 145.31 

River Indus only  9.07 4.12 320.12 145.31 
Canals left side  12.28 - 433.32 - 
Canals right side  11.28 - 398.12 - 
Lakes (Haleji & Hadero)  2.64 - 93.17 - 
Sea (Constant Head Cells)  68.39 26.91 2413.22 949.56 
General Head boundary  0.31 0.07 10.95 2.57 
Upstream side  0.31 0.00 10.94 0.07 
Right side  0.00 0.06 0.00 2.12 
Left side  0.00 0.01 0.01 0.38 
Drains  - 6.97 - 246.03 
Recharge from irrigation + 
sea tides  

92.75 - 3272.91 - 

Irrigation field losses  52.46 - 1851.24 - 
Tidal Recharge to 
groundwater  

40.25 - 1420.41 - 

Evapotranspiration  0.00 158.69 0.00 5599.67 

Total  196.74 196.76 6942.35 6943.15 

Groundwater levels were also reviewed at other locations in the modelled area. At Bhagan, a 

town near Gharo, on the right bank of the river, there is low risk of seawater intrusion because 

the groundwater level at Bhagan is 0.6 m (2 ft) above the mean sea level. Similarly, near the 

towns of Laduin, Chuhar Jamali and Jati, the elevation of groundwater table is about 1.7 meters 

above the mean sea level.  

If the canals are to operate for a whole year, about 2 MAF of water would have been Recharged 

to the aquifer in the model area. Evapotranspiration from this canal commanded area is 2344.59 

ft3/s. Thus, the net Recharge to groundwater is 431.26 ft3/s.  

The main findings from Basharat (2005) study are summarised below: 

• There is low risk of seawater existing in the river below Thatta-Sujawal Bridge to 

contaminate the groundwater aquifer from Kotri Barrage to Dandari. The Indus River in 

this reach is acting as a drain during low river flows. 

• Below Dandari, the interaction below the river flow and the groundwater is very complex. 

The river flow could potentially Recharge the aquifer dependent upon the seawater tides 

and the magnitude of river discharge. 

• In the canal command areas, the water table is sufficiently high and risk of seawater 

intrusion is low. The high salinity groundwater is of ancient origin and is not contaminated 

by seawater intrusion. 

The model conclusions are based on a steady state model with constant river flow of 5000 ft3/s 

downstream from Kotri Barrage. Thus the conclusions have to be viewed in light of the model 

limitations. Further work should include the use of a transient seawater intrusion model. 

Additionally, the study indicates the bed of the river is below sea-level and that as long as there 

is low flow the river acts as a drain. Under these conditions high tidal incursions could transport 

seawater upstream to a considerable distance along the river channel.  Scenarios should also 

be run where the downstream flow is reduced to zero as is the case during Rabi season. 
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3.7 Irrigation Management in Sindh 

The province of Sindh is located in South-East of the country. It is the third largest by area and 

second largest by population province of Pakistan. The landscape mainly consists of alluvial 

plains. In the East the Thar Desert borders with India. The population of Sindh is 30.4 Million 

(1998 Census) and now it is estimated at 47.89 Million (2017 Census). The River Indus is the 

main source of surface water supply for agriculture, industry and domestic usage. There are 

three barrages; Guddu, Sukkur and Kotri on river Indus at considerable intervals from where a 

number of main canals emanate, forming an irrigation network.   

The groundwater shares a substantial amount in fulfilling the water requirement for agriculture 

and domestic use. But, unfortunately, more than 80% of lands in Sindh are underlain by the 

saline groundwater unfit for irrigation that is a major constraint in irrigated agriculture. The fresh 

groundwater is found mostly in a strip parallel to the left bank of Indus River, along parts of the 

right bank of Indus and isolated pockets of freshwater in other areas. (SIDA 2006). 

3.7.1 Role and extent of groundwater compared with surface water for 
irrigation: 

The overuse of groundwater is like withdrawing from a bank account more money than you 

deposit into it for its fair maintenance. Similarly, Indus Basin Irrigation System (IBIS) is facing 

more extraction of groundwater than its Recharge. At the head reaches of branch canals, major 

distributaries and minors the groundwater extraction is limited due to availability of surface water; 

however, as we move down to the tail reaches, we witness substantial amount of groundwater 

pumping. The use of groundwater for irrigation in Sindh is far less as compared to that of Punjab. 

The sole reason being the unavailability of fresh groundwater; however, in certain regions along 

the Indus River freshwater pockets exist in meagre amounts. These pockets get Recharged by 

means of seepage in flood seasons or if there is any substantial increase in the flows of Indus 

River. A large part of the groundwater use in Sindh is from the riverine areas where there are no 

irrigation canals and soils are relatively sandy. In the canal command areas, there is relatively 

limited use of groundwater (Lashari et al. 2015).  

The Indus is almost the sole source of surface water for the Province of Sindh. About 40 percent 

area of the province is under irrigation through the canals off-taking from three Barrages in Sindh: 

Guddu, Sukkur and Kotri. Irrigation supplies to Sindh Province are around 56 BCM (Billion Cubic 

Meters) or 45 MAF (Million Acre Feet), (Lashari et al. 2015). In other words, groundwater use 

stands at less than 4-8% of surface water use, whereas in the canal areas of Punjab the use of 

surface and groundwater at farm level are approximately 50:50. (Lashari et al 2015). 

3.7.2 Demand and supply analysis: 

The use of groundwater is very diverse, ranging from domestic, municipal, and industrial to 

agricultural activities. The major consumer is agriculture sector. Insufficient supply of surface 

water triggers the use of groundwater at large scale. Also, the intensity of agriculture has also 

increased as compared to past, giving enormous rise to demand for water. The following figures 

from a report by IWASRI show the growth in cropping intensity in Sindh (Table 3.8): 

Table 3.8: Growth in cropping intensity for Sindh 

Year Cropping Intensity 

1960 102.8% 
1972 110.5% 
1980 121.7% 
2012 172.0% 
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The domestic and municipal demand of water has also increased substantially due to population 

growth and urbanization in past decades. Groundwater in Sindh is saline in 80 percent of irrigated 

areas (Habib 2006) and is unfit for both drinking and irrigation. Currently, 2.5 MAF of groundwater 

is pumped for agriculture (including livestock) and domestic usage (Ghazanfar, 2009). This 

meager amount has little significance in meeting the demand for water. There is greater reliance 

on surface water in Sindh, as it is the only viable resource to meet irrigation, industrial and 

domestic demand.  

In Sindh, the water demand cannot be fulfilled by groundwater alone. Therefore, surface water 

supply is mandatory for survival. Mangan et al. (2016) conducted a study in four districts of Sindh 

to assess the impact of tubewell irrigation on underground water, soil quality and crop yields. It 

was concluded that 23% of farmers were fully dependent on groundwater for irrigation and the 

majority (77%) were using groundwater and surface water conjunctively. By using marginal 

quality water, the soil gets affected and ultimately the cost of land per acre decreases due to 

increased land salinistaion. 

3.7.3 Legislation and policies: 

Groundwater is a very significant and integral part of water reserves. Its value cannot be 

overlooked for it is a good supplement to cater to the water needs of the province. However, 

unfortunately, proper legislation regarding groundwater use is still a distant dream. In fact, the 

management and legislation of groundwater is a multidimensional issue. It requires a reliable 

assessment of water in an aquifer, its quality, Recharge capacity, probable pollution and 

distribution, and demand. On the other hand, a greater responsibility lies on society, farming 

community, and industry for its managed utilization. According to Agriculture Statistics of Sindh 

(2009), there has been a drastic increase in public and private tubewells in the past decade: 

The above figures reveal a very bleak situation of groundwater abstraction. There has been 

tremendous increase in number of private tubewells as compared to public tubewells. It implies 

that groundwater is extracted without any management of aquifer Recharge. With least 

Recharge of aquifer, only abstraction would cause a heavy drop in water table.  

Table 3.9: Growth in public and private tubewells in Sindh 

Year Public tubewells Private tubewells Total 

1998-99 7090 21501 28591 
2002-03 12234 53225 65459 
2006-07 12880 74696 87576 

Recent estimates suggest over 100,000 tubewells in Sindh compared to over 1.2 million 

tubewells in Punjab. The use of groundwater for agriculture is far less in Sindh as compared to 

Punjab. However, where there are fresh groundwater strips along the Indus River and along the 

main canals, the extractions are unrestricted. Tubewell installation was promoted to control 

waterlogging and salinity problem and to use the marginal water for agriculture. This practice led 

to an increased number of private tubewells in Sindh. In order to tackle this situation, there is a 

dire need for regulatory mechanism for use of groundwater (as is the case for surface water) so 

that groundwater resources can be used sustainably over the long term. 

3.7.4 Irrigation structures  

The practice of conjunctive use of water is common in areas where surface water is insufficient. 

In those areas, the water is applied in a cyclic way. For instance, if a crop requires water three 

times per month then one time water is applied from surface water, and two times from 

groundwater through tubewell. This practice is common in tail end command areas of any branch 
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canal, major or minor distributary. However, at certain places, farmers are solely dependent on 

groundwater. Resultantly, water tables in these areas are considerably lower and declining. 

For managed Recharge of the aquifer, small dams are constructed in Sindh. In the areas of 

Kohistan (Western side) of Sindh; and in areas of Nangarparkar (Eastern side) of Sindh, these 

small dams are constructed for harvesting rainwater from hill torrents. Construction of small dams 

in Sindh started in 2007 and it has achieved great success by recharging the aquifer of those 

areas. Revival of natural wetlands and water ecosystems may help to provide additional sources 

of Recharge to aquifers. 

3.7.5 Distribution management and practices, including decision making, 
and how information is accessed: 

In most of the areas, traditional practice of free flooding and furrow irrigation is followed. A farmer 

gets its share of irrigation water on the basis of a document called ‘share list’. This share list is 

prepared by the Canal Assistant who is an employee of Sindh Irrigation Department. However, 

another practice called warabandi is also common when there is less availability of water and it 

has to reach the tail-end of the branch canal.  

In some canal command areas which are operating under Sindh Irrigation and Drainage 

Authority (SIDA), there are Farmers’ Organizations (FO’s). The primary role of FOs is to ensure 

the fair share of irrigation water and collection of water charges (Abiyana) from farmers. 

However, there is acute need of training and capacity building of farmers to use efficient irrigation 

techniques, because there is a prevalent notion that ‘more drops more crops’. 

Water losses are also a chronic problem at farm level. In order to address the issue, lining of 

canals, distributaries and minors is done. Therefore, certain reaches are lined every year. 

3.8 Lessons learned from previous studies 

3.8.1 Groundwater and modelling studies 

There is an urgent need for groundwater models where groundwater use is on the increase in 

districts of Sindh. Also needed in conjunction with flow models are solute transport models to 

improve understanding of salinity dynamics, provide reliable estimates of sustainable yield from 

freshwater zones, and for improved management of saline groundwater for drainage. From 

previous modelling studies for the LBOD the following conclusions are summarised: 

i. By maintaining the existing pumping rates 0.33 BCM (0.27 MAF) through PTWs/CTWs 

there are no adverse effects in solute concentrations in larger part of the Project Area. 

However, poor groundwater quality zones of localized nature may be formed in the 

vicinity of Daulatpur, Mir Jono and Sakrand areas. Introduction of canal irrigation in 

Sakrand area through Shahbaz Minor will, however, reduce the adverse effect on 

groundwater quality, as the groundwater abstraction will also decrease. 

ii. In case of increase in groundwater abstractions to meet the water requirements at 130-

140% cropping intensity (0.33 MAF) the above-mentioned areas will be further subjected 

to salinity problems. However, the groundwater quality in the shallow aquifer(s) in other 

parts of the Project Area will remain unaffected. The northern part of the Project Area 

(about 1/3 of the area) holds further potential for the development of groundwater for 

irrigated agriculture. 

iii. As envisaged in the original project plan the STWs (installed in the saline groundwater 

areas) and seepage wells were to be continued through necessary 

rehabilitation/replacement. Future simulations with existing and projected pumpage 

through PTWs/CTWs and deep pumping through STWs and seepage wells have also 
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been carried out. The study shows that operation of STWs and Seepage wells, results 

in formation of large zones of poor-quality groundwater. 

iv. The models show that in places where shallow fresh groundwater is underlain by saline 

groundwater, the depth of the tubewells should not exceed 130 feet and discharge should 

preferably be less than 1.0 cfs. 

v. Supplying additional canal water should relieve stress on the aquifer in Sakrand area. 

vi. Any further development of groundwater in Daulatpur and Mir Jono areas should be 

highly restricted and in necessary cases only shallow tubewells of half-cusec capacity 

may be allowed. 

vii. Groundwater potential in the northern part of the Project Area can be tapped; however, 

the depth of the tubewells should not exceed 130 feet. 

The literature review shows that there are glaring deficiencies in model coverage in upper, middle 

and lower Sindh and also in the delta regions of Sindh. The few groundwater models that have 

been developed are now over 20 years old and are not representative of present day field 

conditions. Moreover, agriculture in Sindh is at risk from increased waterlogging and salinisation 

which covers 80% of Sindh. To allow agriculture to flourish in the future will require new 

approaches. More broadly the following needs to be taken into consideration in future studies: 

i. Rapid increase in tubewells in Sindh in the freshwater zones which cover 20 percent of 

Sindh requires systematic and expanded monitoring of groundwater resources to monitor 

impacts on hydrodynamics and solute concentrations in the aquifer due to actual 

changes in stresses and field operating conditions.  

ii. Management of freshwater zones in Sindh should be a priority and unregulated 

expansion of private tubewells for irrigation needs investigation and regulation. 

iii. Improved knowledge of spatial and temporal dynamics of increased soil salinity due to 

use of poor quality groundwater for irrigation. 

iv. Lack of regulatory and policy frameworks for managing groundwater require urgent 

attention. 

v. Need to capitalise on opportunities for enhancing Recharge where conditions are 

favourable, 

vi. Need for improved understanding of how groundwater is used at the farm scale, canal 

command scale, and basin scale. 

vii. The need for farming community participation in improving understanding of groundwater 

use and impacts on crop production and livelihoods. 

viii. Need for demand side management for improving management of groundwater 
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3.8.2 Improving irrigation management 

Through the literature review and PRA conducted in Sindh, it is concluded that groundwater 

extraction in Naushero Feroze and Shaheed Benazirabad district has increased due to frequent 

droughts, shortage of surface water availability especially in the tail reaches, poor understanding 

of hydrogeological conditions, population growth, poor assessment of water demand, increased 

cropping intensity, poor groundwater governance and lack of coordination among different 

stakeholders.  

Sindh’s irrigated agriculture needs to drastically improve water productivity, some of these 

measures are suggested below: 

• Undertake assessment of crop water demand.  

• Reallocation/rationalization of canal water supplies is needed. In irrigated areas with 

deep fresh groundwater, the canal supplies could be reduced. 

• Revenue generation mechanism should be enforced. 

• Irrigation water structures at tertiary level should be maintained and thereby improve the 

equity of water distribution to the farmers. 

• Assessment of optimum groundwater potential for different areas is required. Rules and 

regulations for groundwater usage followed without any political compromises.  

• Solar pumping tubewells in the waterlogged and marginal saline groundwater areas be 

encouraged with the conjunctive use of surface and marginal saline groundwater.  

• In areas with shallow fresh groundwater, skimming wells need to be promoted. 

• Manage equilibrium between discharge and Recharge. Sub surface fresh groundwater 

reservoirs must be maintained. 

• Provide estimates of sustainable yield based on models for policy and regulatory 

guidance. 

The overall improvement in governance of canal and groundwater in the province is a first and 

foremost requirement. For that, capacity building of the irrigation department, both technical and 

managerial, along with ownership of groundwater resource management is necessary. 
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4 Physical Setting 

Constructed and commissioned in second and third decade of the twentieth century, Sukkur 

Barrage (GCA 3.34 MHa) is one of the most important and strategic structures of the Indus Basin 

Irrigation System (IBIS) and has the largest unified irrigation network in the world (Figure 4.1). 

About 80 percent of the agriculture land in Sindh depends on the Sukkur Barrage. About 600,000 

farming households are directly benefitted by the barrage. The barrage is located at longitude 

68° 51’E and latitude 27°41’N across the River Indus about 478 km from Karachi. Sukkur city 

(population 0.523 million) is located on the left bank of the barrage while Rohri town is located 

on the right bank. Guddu Barrage is located about 185 km upstream while Kotri Barrage is about 

550 km downstream of Sukkur Barrage. 

 

Figure 4.1: Sukkur Barrage Command Area 
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The barrage has seven canals, four on the left bank (Nara, Khairpur Feeder East, Rohri and 

Khairpur Feeder West) and three on the right bank (Dadu, Rice and North Western).  The left 

bank canals serve twelve districts of Sindh (Sukkur, Khairpur, Naushero Feroze, Shaheed 

Benazirabad, Sanghar, Mirpurkhas, Umarkot, Tharparker, Badin, Hyderabad, Tando Allahyar 

and Matiari); while the right bank canals serve four districts of Sindh (Shikarpur, Larkana, 

Shahdad Kot and Dadu) and one district of Baluchistan (Dera Allah Yar). A total of 1,805 villages 

comprising of 13,746 settlements are located in the command areas of the seven canals. The 

barrage is also used for river control and flood management, acts as a source of water supply 

for all sectors of the economy, and functions as a bridge over the River Indus. The current flood 

capacity of Sukkur Barrage is 0.9 million cusec (25,485 m3/s) 

At Sukkur Barrage, the 1991 Water Apportionment Accord allows 34.82 BCM (28.24 MAF) for 

diversion to its canals. This has seasonal variability with an average volume of 2.17 BCM (1.76 

MAF) per month (approximately equivalent to an average discharge of 838m3/s or 29,600 

cusecs) for a total of 12.75 BCM (10.34 MAF) to be diverted from the Indus between October 

and April to meet crop water requirements for the dry season Rabi crops. Whilst, an average 

volume of 3.98 BCM (3.23 MAF) per month (approximately equivalent to an average discharge 

of 1538 m3/s or 54,300 cusecs) for a total of 22.07 BCM (17.90 MAF) to be diverted between 

May and September to meet crop requirements for the Kharif monsoon crops. The canals are 

generally closed annually during January for about four weeks for maintenance works; and for 

about two weeks in April. Rice Canal, a non-perennial canal, closes for about 6 months during 

October to March. 

An extensive investment has been made to improve the irrigation water distribution in Sindh at 

primary (barrage and main canal), secondary (branch, distributary and minor), and tertiary (water 

course) levels over the period of time and currently Sindh Barrage Improvement Project (SBIP), 

Sindh Water Sector Improvement Project (WSIP), Sindh Irrigated Agriculture Productivity 

Enhancement Project (SIAPEP) at respective level are under implementation in the Sukkur 

Barrage command area. 

The groundwater is saline in most of the command area except for narrow areas along the Indus 

and main and branch canals. Incidence of water logging and salinity are wide spread. 

Conjunctive water use of irrigation supplies and groundwater is practiced indiscriminately in 

every canal command. 

The study area chosen is on the northern command of left bank of Sukkur Barrage with an 

intensively cultivated area in the districts of Sukkur, Khairpur, Naushero Feroze, and Shaheed 

Benazirabad (Figure 4.2).  
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Figure 4.2:Administrative division in the study area 

4.1 Topography and drainage 

The study area lies in Lower Indus Plain that is bounded by the Kirther Range to a height of 610 

m (2000 ft) in the west and dunes of the great Thar Desert form an equally well defined eastern 

boundary. Rohri Hills south of Sukkur and Ganjo Takkar south of Hyderabad are outcrops of 

white limestone of Kirther series as shown by the contours in Figure 4.3 towards the northeast 

of the model domain. A very level flood-plain composed almost entirely of alluvium deposited by 

the Indus over a period of thousands of years to a depth of 610 m (2000 feet). 

The Indus River has flowed across most parts of the study area and has meandering floodplains 

with strips of slightly elevated alluvium with comparatively rough surface topography along these 

early courses. Between these lie the cover floodplains, shallow basins of very smooth 

topography where floods used to accumulate. Cover floodplains increase in area outwards from 

the more confined upper reaches near Sukkur towards lateral margins of the command area. 

The Nara Canal is aligned along the bed of an old river south of Sukkur it cuts off a portion of 

Thar Desert then flows along the eastern margin of the area in to the Rann of Kutch.   

In the North, Sukkur at an elevation of 64 m (210 ft) AMSL, the level of flood-plain falls southward 

at an average rate of 11cm per kilometre (7 inches per mile). The contours are almost at right-

angles to the river and have been most persistent movement of the river course in the past. 

South of Nawabshah, the flood plain broadens and the general slope is to the south-east towards 

the Nara and eastern flanking trough of the plain.  
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Figure 4.3: Map showing the surface topography 

Drainage facilities in Sindh have been provided over a gross command Area of 5.3 Mha. These 

facilities include installation of 5,835 tubewells (3,697 FGW and 1,777 SGW) 365 Scavenger 

wells. Construction of 8,200 km surface drains. 565 km interceptor drain 0.1 MA covered with 

tile drain.  

Under Salinity Control and Reclamation Projects (SCARP) the sub-surface drainage systems of 

tubewells on the Left Bank of River Indus has been completed on Gross Command area 3.685 

MA where various drainage technologies have been adopted for water table and salinity control. 

The drainage facility comprises of 3170 fresh groundwater tubewells, 2168 saline groundwater 

tubewells which dispose groundwater through a network of drains to the Left Bank Outfall Drain 

(LBOD), 365 scavenger wells, tile drains over an area of 0.1 MA and 4,458 km surface drains 

which were constructed under other surface drainage projects. The operational status of the 

tubewells in each SCARP Project is as under. 

Ghotki Fresh Groundwater Project  

The project is located in Ghotki district, the GCA of the project is 0.178 million hectares (0.44 

MA) and CCA is 0.162 Mha (0.400 MA). A total of 1015 fresh groundwater tubewells of total 

capacity of 2070 cusecs were installed. The capacity of individual tubewells vary from 1.5 cusecs 

to 2.5 cusecs (3670 – 6116 m3/day) depending upon the aquifer conditions. This project has 

been designed to allow increase in cropping intensities (base year) from 95% to 150% when fully 

developed. The tubewell pumpage in addition to irrigation supply through Ghotki canal (non-

perennial canal) will result in continuous assured supply of water throughout year.  

Additional tubewells were installed as such total number of tubewells in the project area is 1,092 

out of which 875 are operational and 217 are non-operational. As such the pumping capacity 

has been reduced by 19.87 percent. Defects are due to 88 transformers burnt/theft, 31, 11 KVA 

line defects, 18 bore failures, 47 due to defect in motors and 33 due to pump defects.  
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Khairpur SCARP Project  

Project is located in District Khairpur the GCA of the project is 0.178 Mha (0.44 million acres) of 

which 0.15 Mha (0.380 million acres) is cultivable under command of Khairpur Feeder East and 

Khairpur Feeder West both canals are perennial. The project is essentially a drainage project. A 

total of 540 tubewells of various capacities were installed to control the groundwater table at 

2.1 m (7 ft) below the natural surface level. Out of a total number of 540 tubewells, 175 pump 

groundwater of acceptable (freshwater) quality which is directly utilized in the field channels for 

augmenting the existing irrigation supplies on full development. Base year cropping intensities 

were 91 percent in1966-67, will ultimately attain a level of 165 percent. For disposal of saline 

effluent 550 km of surface drains were constructed and five pumping stations with an installed 

capacity of 855 cusecs to dispose of the saline effluent into the Rohri Canal. Additionally 105 

tubewells were installed under the Khairpur SCARP extension program, accordingly the total 

number of tubewells in Khairpur SCARP has increased to 645.  

The operational status of tubewells indicates that 289 tubewells are operational and 356 

tubewells are nonoperational due to various reasons. Tubewells are non-operational due to 182 

transformers theft/burnt, 39 11 KVA line defect, 61 Bore failure 41 Motor defects, 12 pump defect 

and 15 control panel defects.  

SCARP North Rohri Fresh Groundwater Project  

The project is located in Districts of Khairpur and Naushero Feroze. The GCA is 0.32 Mha (0.793 

MAa) and CCA is 0.278 Mha (0.69 MAa). A total of 581 tubewells of various capacities between 

1.5 cfs and 5.0 cfs (3600 to 12200 m3/d) have been installed. Annual pumpage of fresh 

groundwater is about 1.08 MAF to supplement the irrigation supplies. The cropping intensity 

during base year was 98% and with target of 150 percent. The project was completed during 

1969-1979.  

Out of 581 tubewells in Naushero Division 259 are non-operational, 114 due to transformer 

theft/burnt 1 11 KVA line fault, 110 bore failure, 27 motor defect, 5 pump defect and 2 control 

panel defect.  

SCARP South Rohri Fresh Groundwater Project.  

The project is located in districts of Nawabshah and Hyderabad. GCA is 0.22 Mha (0.541 Ma) 

and CCA is 0.152 Mha (0.375 Ma). The project receives perennial irrigation supplies from Rohri 

Canal system supplemented by the additional of 1,214 fresh groundwater tubewells with 

designed capacity of 0.028 to 0.057 m3/s (1 to 2 cusecs). The cropping intensities during base 

year were 88 percent which is planned to increase up to 110 percent.  

1,214 tubewells were constructed in the priority area providing a discharge capacity of 0.028 to 

0.057 m3/s (1 to 2 cusecs) of individual tubewells. Additional 8 tubewells were installed as such 

total number of tubewells is 1,222.  

The operational status of the tubewells indicate that 860 tubewells are operational and remaining 

362 tubewells are non-operational as such the pumping capacity of Tubewells has been reduced 

from 2,660 to 1,873 cusecs which have direct impact on the agricultural production due to 

reduction in pumpage from tubewells. Non-operational Tubewells are 205 due to transformer 

theft/ Burnt, 44 Motor burnt, 69 pump defect, 34 bore failure 7 control panel and 3, 11 KVA line 

defect.  

LBOD Stage – 1  

LBOD Stage - 1 project was prepared is November 1983. PC-1 was submitted to Government 

of Pakistan is Feb 1984, approved by ECNEC in August 1984 and construction of LBOD Stage-

1 project started in 1985-86 and completed in 1997 except Chotiari Reservoir, which was 
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completed in 2002 and handed over to SIDA. Total area served by the three component projects 

Nawabshah, Sanghar and Mirpurkhas is over Gross Command Area (GCA) 1.426 MA and 

Cultural Command Area (CCA) 1.276 MA.  

The System comprising three components Nawabshah, Sanghar and Mirpurkhas LBOD Branch 

Drain and outfall System were handed over to Irrigation Department/ Sindh Irrigation & Drainage 

Authority up to 2002. The management transfer process was initiated in 1998 and completed on 

January 2002. WAPDA Operated System for one year before management transfer to IPD/ 

SIDA. 

Table 4.1:Drainage facilities of the LBOD Stage-1 Project. 
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Nawabshah 626 555 323 602 274 191 225 53 - - 435 

Sanghar 424 632 554 913 642 175 122 122 - - 566 

Mirpurkhas 376 359 326 876 752 - 235 75 55 68 590 

Total Project 1426 1276 1203 2391 1668 365 582 250 55 68 1581 

Flood Protection Structures   

A "floodplain" is the lowland adjacent to a river, lake or sea. Floodplains are designated by the 

frequency of the flood that is large enough to cover them. For example, the 10-year floodplain 

will be covered by the 10-year flood and the 100-year floodplain by the 100-year flood. Flood 

frequencies, such as the "100-year flood," are determined by plotting a graph of the size of all 

known floods for an area and determining how often floods of a particular size occur. Another 

way of expressing the flood frequency is the chance of occurrence in a given year, which is the 

percentage of the probability of flood. For example, the 100-year flood has a 1% chance of 

occurring in any given year.  

Dams, embankments, and other protective works are designed to provide protection against 

some specific level of flooding. The "level of protection" is selected based on cost, desire of the 

community, potential damage, environmental impact, and other factors. Engineers can design 

and construct embankments, dams and other measures providing a very high level of protection. 

Communities tend to choose lower levels of protection because of the initial financial cost rather 

than overall costs and benefits.  

Flood Protection Embankments may be either "engineered" or “non-engineered”. Engineered 

embankments are those in which professional consideration has been given to the underlying 

soil conditions, the kind of earth used in building the embankment, proper compaction of the 

embankment materials, armoring of the embankment face if needed and other factors. Non-

engineered embankments are basically long piles of earth pushed up along a river. Engineered 

embankments have a far lower rate of failure than non-engineered embankments. 

There is a wide range of measures that can be used to protect against flooding. They may be 

grouped in various ways, such as - "Structural" and "non-structural" measures whether they are 

most suitable for protecting a) individual structures or b) areas containing multiple structures and 

communities Whether their purpose is to: a) modify the flood; b) reduce susceptibility to flooding; 
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and/or c) reduce the impact of flooding. Multiple measures are usually needed to provide 

protection to an area. Flood Protection embankments have been provided on both sides Left 

Bank and Right Bank of River Indus for safe passage of Flood water towards final outfall in 

Arabian Sea.  

Table 4.2: Major Structures Flood Protection Main Bunds and Loop Bunds along Left Bank River 

Indus 
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4.2 Soils and soil salinity 

The soils of the Left Bank area are mainly formed by alluvial sediments deposited by Indus River. 

The dominant textures within the study area include medium textured soils (37.0% Buchiana 

Series), moderately fine textured soils (32.0% chuarkana), whereas minor part of area is 

comprised of moderately coarse textured soils (18% Farida), and coarse textured soils (5.0% 

Jhang).  
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Figure 4.4: Soil types and surface salinity in the study area 
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4.3 Irrigation Canals and Administrative Units 

4.3.1 Khairpur East Canal System  

Khairpur East Canal System off takes from Left Bank of Sukkur Barrage, with design discharge 

2094 cusec and maximum authorized discharge 2600 cusecs. Length of Canal is 58.6 miles 

(94.51 km). It has a Gross command Area (GCA) of 0.57 Ma. Khairpur East Canal System 

Comprises of 3 Branch Canals GCA 84253 acres CCA 79274 acres and total Length of Branch 

Canals is 78.2 miles, 8 Distributaries GCA 21,062 acres CCA 117,536 acres and total Length 

144.91 miles and 43 minors, total Length 180.52 miles GCA 24,952 acres and CCA 155,277 

acres and 203 direct outlets off taking from main and branch Canals with GCA 40844 acres and 

CCA 34,179 acres. Major structure head regulators and cross-regulators in East Khairpur Canal 

are presented in Table 4.5.  

4.3.2 Khairpur West Canal System  

Khairpur West Canal offtakes from the left bank of River Indus at Sukkur Barrage with a design 

discharge of 1,940 cusecs and a maximum authorized discharge of 2,200 cusecs. The length of 

the Canal is 41.9 miles. Khairpur West Canal System comprise of 2 branch canals with total 

length of 47.48 miles; GCA 42,413 acres CCA 41,219 acres; 5 distributaries with total length 

59.61 miles, GCA 35,135 acres, CCA 35,007 acres and; 68 minors with total length 267.2 miles, 

GCA 206,893 acres and CCA 198,121 acres and 62 outlets directly takeoff from canals. Major 

structures in Khairpur West Canal are presented in Table 4.5. 

4.3.3 Rohri Canal System  

Rohri Canal off takes on the left bank of Indus at Sukkur Barrage with design discharge 10,887 

cusecs and maximum authorized discharge of 16,963 cusecs. The length of the Canal is 208 

miles (335.48 km). Rohri Canal System comprised of 16 branch canals with total length 294.07 

miles; GCA 191,244 acres and CCA 186,337 acres; 60 distributaries with total length 794.64 

miles, GCA 1,194,993 acres CCA 1,143,401 acres and; 207 minors with total length 841.2 miles, 

GCA 1,202,975 acres and CCA 1,152,255 acres; 57 outlets directly off take from main Rohri 

Canal with GCA 38,359 acres and CCA 37,420 acres.  

Rohri Canal has a gross command area (GCA) of 2.667 MA and cultivable command area (CCA) 

of 2.601 MA. Canal operation is critical due to bank spillage and erosion of canal banks. There 

are over head regulator 15 cross regulator and 3 fall structures on the Canal which play important 

role in supply and distribution of water to the irrigation network in the Rohri Canal command. 

Sometimes conflict arises between the farmers of downstream and upstream Cross regulators 

on the operation of gates of the regulators, which directly affect the quantum of discharge division 

between upstream and downstream channels. Major Structures on the Rohri Canal are 

presented inTable 4.6  
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4.3.4 Nara Canal System  

The Nara Canal system is one of the largest irrigation systems in the world covering command 

area of 1.01 MHA (2.502 million acres). The Nara Canal off takes on the left bank of River Indus 

from Sukkur Barrage with a design discharge capacity of 13,649 cusecs. The maximum 

authorized discharge is 13,750 cusecs however maximum inflow up to 17,000 cusecs has been 

conveyed from the canal. The system was constructed in 1930s and it was designed to irrigate 

about 30% of cultivable command Area (CCA). Water allowance for Nara Canal 2.8 cusec / 000 

acres, however the irrigated area has increased substantially. The Nara irrigation system is 

divided into two distinct sections.  

• Upper Nara between Sukkur Barrage and Jamrao Weir (11% of total CCA).  

• Lower Nara below Jamrao Weir (89% of total CCA).  

The first 155 km of the Nara Canal serves approximately 27,000 acres (109312 ha) which is 11% 

of the total CCA of the Nara System. The Nara System below Jamrao weir constitutes 89% of 

the total CCA of the Nara System. The area below Jamrao weir (RD 575 of Nara Canal) is served 

by 4 main canal systems Jamrao, Mithrao Khipro and Lower Nara Canal. 
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Table 4.3: Irrigation Network in Study Area Barrages & Main Canals [Source: History and Irrigation Practices IPD April 1993] 

Barrage Canal Year of 
Commissioning 

Canal 
Classification 

Water 
Allowance 
(DES) Per 
1000 acres 
(Cusecs) 

Intensity of 
Cultivation 

Design 
Discharge 
(Cusecs) 

Maximum 
Authorize 
Discharge 
(Cusecs) 

Length 
(miles) 

GCA 
(10^6A
cres) 

CCA  
(10^6 
Acres) 

Kharif Rabi 

Sukkur Khairpur East 1932 Perennial 3.20 32 48 2094 2550 59 0.570 0.369 
Khairpur West 1932 Perennial 3.20 32 48 1940 2150 42 0.424 0.322 

Rohri 1932 Perennial 2.70 27 54 10887 16936 208 2.667 2.601 

Nara 1932 Perennial 2.80 28 53 13649 13861 226 2.502 2.240 

 

Table 4.4: Entitlement and Canal Withdrawals in Sukkur Sub-region in Study Area.[ Source: Development Statistics of Sindh 2008 for years (2004-05, 2005-06, 

2006-07), IPD for years (2007-08, 2008-09, 2009-10)] 

Sub regions/Canal GCA (MA) CCA (MA) Entitlement 
(MAF) 

2004/05  
(MAF) 

2005/06  
(MAF) 

2006/07  
(MAF) 

2007/08 
(MAF) 

2008/09 ( 
MAF) 

2009/10  
(MAF) 

Khairpur Feeder (West) 0.424 0.322 1.148 0.900 0.800 0.800 0.832 0.844 0.856 

Khairpur Feeder (East) 0.570 0.369 1.319 1.000 1.100 1.100 1.180 1.210 1.240 

Nara Canal 2.502 2.240 7.803 7.000 8.000 7.200 7.250 8.580 7.430 

Rohri Canal 2.667 2.601 8.297 6.100 7.200 5.900 6.500 6.260 6.390 

Sukkur Sub region 6.163 5.532 17.419 15.000 17.100 15.000 15.762 16.849 15.916 
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Table 4.5: Major Structures on Khairpur East and West Canal 

Khairpur East Canal Khairpur West Canal 

Structure RD Structure RD 
Head Regulator 0.00 Head Regulator 0.00 

Patna  
X-Regulator 

12.80 Beberloi  
X-Regulator 

6.80 

Mir Wah 
X-Regulator 

42.80 Rameja  
X- Regulator 

36.00 

Bliurgari  
X-regulator 

78.60 Jamsher 
X-Regulator 

62.10 

RajPari  
X- Regulator 

40.40 Bhatti Fall 
X-Regulator 

102.80 

Kot Diji 
X-Regulator 

158.20 AhmedPur  
X-Regulator 

113.80 

Thelaatho 
Regulator 

188.40 Ripri  
X-Regulator 

141.80 

Jalalani  
X- REgubtor 

216.70 Sial  
X-Regulator 

166.80 

Shar 
X-Regulator 

247.50 Setherja  
X-Regulator 

214.00 

Tri-Junction 
X-Regulator 

193.60 Jadi  
X-Regulator 

228.00 
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Table 4.6: Major Structures on Rohri and Nara Canal 
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Figure 4.5: Network of main and branch canals, distributary and Minors in model domain 
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The divisions and subdivision comprising the three circles are shown in Figure 4.6 . 

 

 

Figure 4.6: Map showing the irrigation administrative boundaries  of the irrigation division 
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4.4 Rainfall  

The Pakistan Meteorological Department maintains a network of weather stations in the Sindh 

province and study area. The rainfall in the study-area is erratic and confined to the monsoon 

period of July to September. The dominant pattern of the monsoon is two to three medium 

downpours during July or August. Heavy rainstorms normally occur in August and September. 

The winter months or Rabi season receives less than 10% of the total rainfall.  The mean rainfall 

for six meteorological stations is shown in Table 4.7.  

The mean rainfall in the bar chart in Figure 4.7, which shows the prominence of the monsoon 

rains during Kharif season, with over 80 percent of rainfall in July, August and September. The 

maximum average annual rainfall (228 mm) occurs at Chhor, which is located in the lower half 

of the Sindh on the eastern border, closely followed by Badin, representing the coastal region. 

Towards the North, average rainfall decreases to 117 mm per annum (Rohri). 

Table 4.7: Average precipitation records for Metreological stations in Sindh 

Sindh Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

Badin 1.8 6.4 0.7 1.9 6.2 9.9 67.6 92.5 27.1 5.5 2.9 1.0 223.5 
Chhor 1.0 3.5 0.8 1.6 7.2 18.4 79.3 69.3 37.3 6.2 3.6 0.2 228.4 
Hyderabad 2.0 4.3 2.4 5.0 4.6 6.2 45.5 63.0 12.6 2.9 2.3 1.3 152.1 
Nawabshah 2.4 3.3 2.4 2.6 1.5 2.8 50.9 46.3 16.2 4.9 1.5 1.8 136.6 
Padidan 2.8 4.6 4.1 2.7 1.4 2.7 40.5 40.5 12.6 2.2 1.7 2.1 117.9 
Rohri 4.8 5.9 5.3 2.7 5.2 5.6 45.5 25.1 11.8 3.4 0.7 1.1 117.1 
Stations 
Average 

2.47 4.67 2.62 2.75 4.35 7.60 54.88 56.12 19.60 4.18 2.12 1.25 162.6 

 

 

Figure 4.7: Average precipitation records for Metreological stations in Sindh 

4.5 Hydrogeology 

The Sindh region has various types of landforms. To the east lies the Nara desert with undulating 

sand dunes, and the Nara Canal runs north south across the desert. Nara Canal also forms the 

eastern boundary of the model domain whereas the western model boundary is bounded by the 

Indus River. The alluvial plain known as Lower Indus Plain lies on both sides of Indus River which 

is bounded in the west by the sub-mountainous region of Kohistan. To the west of the river Indus 

lies the mountainous area of Baluchistan. The highest elevation in the Lower Indus plain and 

Nara Desert is 628 metres and 118 metres AMSL respectively. The major perennial stream in 

the alluvial plain area is the River Indus which provides irrigation supplies to the irrigated lands 

of the area through Sukkur Barrage. The river and the canal that offtakes from Sukkur barrage 

are the main source of groundwater Recharge in the area. The climatic regime for the Lower 

Indus Plain is classed as subtropical continental low land type which is typically characterised by 
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hot summers and mild winters. The hottest month is June with temperature rising to 48° C while 

January is the coldest month with temperature up to 10° C. The mean annual rainfall varies from 

100 to 200 mm maximum most of this rainfall falls in monsoon season as shown in.  

The consolidated rocks exposed in the area are the extension of the Kirther range. These rocks 

are mostly of sedimentary origin and consist of sandstone, limestone, shale, mudstone and marl. 

Structures such as fold, fault, cracks, and joints are developed at places in hard rocks, but these 

rocks are impervious and are considered to be a barrier to groundwater  

The unconsolidated deposits in the area are the alluvial fill of Quaternary age. These deposits 

are of different origin and lithology. The alluvial deposits of the Indus Plain are fine grained and 

are an extension of the Indo-Gangatic plain deposited in the geosynclinals fore deep. 

Lithologically these consist of sands of various grades with silt and clay down to several hundred 

feet. Sand is predominant and is highly transmissive and constitutes the potential aquifer in the 

area. 

The hydrogeological investigations in the Lower Indus Plain were carried out under different 

programmes. In Lower Indus Plain the investigation included drilling of 116 test holes and 

installation of 44 tubewells to depths ranging from 43 to 183 metres. The results reveal that sand 

as an aquifer is extensive in areal and vertical extent. The aquifer is fairly transmissive, and 

suitable for installation of high-capacity wells. The specific capacity of the wells varies from 

6m3/hr/m to 109m3/hr/m of drawdown. Groundwater occurs under water table conditions and 

depth to water varies from 1.5 to 6 metres. Hydrogeological studies in Nara area have not been 

carried out; therefore, enough data is not available at this stage. In the Lower Indus Plain a thick 

freshwater lens is found along both sides of the river, total dissolved solids in the freshwater 

zones is up to 1000 mg/l which deteriorates gradually with distance away from the river. 
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Figure 4.8: Hydrogeological Map.[Source: Hydrogeological Map of Pakistan Sheet N0. NG-42/NW Sukkur, WAPDA-GoP] 
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4.6 Depth to Groundwater 

Scarp monitoring organisation (SMO) monitors the groundwater table twice a year i.e. pre-

monsoon and post-monsoon. SMO piezometers are located in the irrigated area (Figure 4.9), 

area in the desert i.e. at east of study area is missing. This point data of depth to water was 

interpolated using kriging for generating the surface. This is to be noted that at east of the study 

area the observation network does not exists, and values interpolated is not an exact 

representation of the area, it is recommended in future to expand this network to those area.  

After interpolation of the data, a thematic map of three classes was classified (Figure 4.10) i.e. 

0-1.5m; 1.5-3m; and greater than 3 meter.  This can be seen from the figure that the area along 

the river Indus is deep ( > 3m), this varies from deep (>3m) to moderate (1.5 to 3m) classes as 

the season changes from pre to post monsoon, this can be attributed to the fact that high flows 

in river Indus Recharges the aquifer. Water table along the Rohri canal is mostly high, as per 

WAPDA classification of waterlogged, this lies in the ranges of moderately to severe water 

logged. In Shaheed Benazirabad (Nawabshah) district the area along Rohri canal and Nasrat 

Branch lies in the waterlogged category, except for the area that is close to the river Indus, where 

the water table is deep. In Naushero Feroze district water is mostly between (1.5-3 m) in pre 

monsoon season, but this situation changes in post monsoon, as the water table rise in the range 

of 0 to 1.5m, and area is mostly in the waterlogged category. 

 

Figure 4.9:  SMO monitoring points  
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Figure 4.10: Pre and post Monsoon depth to water (m) 

 

Table 4.8:Districtwise percentage of area occuring in each class 

  2012 Pre-Monsoon 2015 Pre-Monsoon 

District 0-1.5 1.5-3 >3 0-1.5 1.5-3 >3 

Shaheed Benazirabad (Nawabshah) 53% 25% 22% 
55% 23% 22% 

Naushero Feroze 25% 69% 24% 
5% 58% 38% 

Khairpur (Area in model domain only) 13% 75% 13% 
3% 88% 9% 

Sukkur  (Area in model domain only) 24% 74% 1% 
0% 98% 2% 

  2011 Post-Monsoon 2014 Post-Monsoon 

District 0-1.5 1.5-3 >3 0-1.5 1.5-3 >3 

Shaheed Benazirabad (Nawabshah) 72% 17% 11% 
67 21 12 

Naushero Feroze 42% 54% 5% 
32 67 1 

Khairpur (Area in model domain only) 62% 31% 6% 
57 42 1 

Sukkur  (Area in model domain only) 66.44% 33.18% 0.37% 
94 6 0 
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5 Model Development 

5.1 Conceptual Model for Sindh 

This chapter presents the conceptual model for the study area. Simulating the real world is a 

daunting task that requires simplifications of the system. Simplification of the system is such that 

it captures the response of the groundwater system under different stresses for the study area 

under consideration. Model domain for this study covers the four districts of Sindh that are in the 

command area of the left bank of Sukkur Barrage. These areas lie in the freshwater zones, where 

the groundwater is used in supplement with surface water. Hydrologically, the study area is 

bounded by the Indus River on the West, Nara canal on the east, Sukkur Barrage on the north, 

south east by Jamrao canal, and south west by Indus River. The area is irrigated by the irrigation 

system of four main canals that offtake from the Sukkur Barrage. These canals are one of the 

major source of groundwater Recharge in the region, other recharge sources include infiltration 

from the farm field, precipitation and from the Indus River. The study area has shallow and deep 

private tubewells (PTW), and SCARP tubewells which are installed at depth for controlling 

waterlogging and salinity. At the South of the model domain there are drains, which offtakes the 

excess groundwater from the study area.  

The conceptualization of the various components of this hydro system is shown in Figure 5.1. 

We considered a two layered aquifer system. The top layer which extends from the surface to 

about 35m is an unconfined layer that includes the river Indus, canals, drains, and shallow private 

tubewells. The thickness of layer 2 is varied based on the bottom of the aquifer. This layer 

includes the deep private tubewells, and also the deep scavenger tubewells that extract 

groundwater and dispose it into drains. These layers also interact with each other via leakage 

between layers. 

 

Figure 5.1: Conceptual hydrogeological cross-section of the aquifer 

5.2 Model Grid and Model Boundaries 

The basic package definition in the MODFLOW requires the definition of the model grid and 

boundary condition, in order to perform a numerical solution of the flow equation. In this section, 

the description of the grid and boundary condition is defined for the subregional model of Sindh. 

The sub-regional model of Sindh is bounded between the 376000 m East and 523000 m East, 

and between 2872000 m North and 3078000 m North. Each grid of the model is 1000 m x 1000 

m (East x North) size. It has 206 rows and 147 columns. The focus area for the subregional 

model is left bank of Sukkur, so the non-active cells were assigned to the right bank of the Indus, 
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which hydrologically justified as the Indus would drain the flow coming from the right bank. The 

outcrop of Kirther formation that is in the model area is designated as a non-active area for the 

all layers, as it is an outcrop of the Kirther formation. The Indus River, Nara canal, major canals 

such Rohri, and major distributaries are specified as the river boundary conditions. South of the 

model is considered as the flux boundary, boundary values are applied by calculating flux per 

unit width of the cell using difference in initial head of the cells. 

The transient package of MODFLOW requires the temporal discretization of the model. In 

MODFLOW, temporal discretization is performed by defining the stress periods and time steps, 

stress period is that time frame in which the model stresses (i.e. recharge, evapotranspiration, 

river stage etc.) remain constant and time step is the step required to converge the numerical 

solution. We have considered monthly stress periods divided in three time steps for model 

convergence. The model was simulated from October 2010 till April 2015 to cover the cropping 

season (Rabi and Kharif) in the modelling period. 
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Figure 5.2: Model grid showing river cells for the Sindh model 
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5.3 Aquifer Geometry 

The purpose of a numerical groundwater model is to provide a means whereby the various 

elements of the groundwater flow system can be described in a quantitative way so that the 

impact of changes to, or stresses on, parts of the system can be predicted. The groundwater 

flow system has two directional components, namely horizontal and vertical. To accommodate 

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

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

that layer. A grid is overlaid on the layers, to provide a means of assigning differing values for 

these characteristics to different parts of each layer, and to facilitate the simulation of the vertical 

component of flow. This kind of approach is known as quasi three-dimensional approach for 

depicting the fully three dimensional groundwater system. 

Top of the layer 1 is defined by the surface topography (Figure 5.3) obtained from the digital 

elevation model (DEM) of 30-meter resolution from the surface radar topography mission 

(SRTM), NASA. As the model grid considered for the Sindh model is 1000 m by 1000 m, so this 

30 meter SRTM data is up scaled by averaging the number of 30-meter grid values coming in 

the zone of 1000 meter grid. Up scaling causes the loss of the refined information, but in case of 

flat topography of the Sindh this approach will not create large error bounds in the simulation. 

Top of the second layer is 35 m from below the surface. This is based on the assumption that all 

the private tubewells and river boundaries occurs in the first 35 meter of the aquifer. The base 

of the aquifer (Figure 5.4) varies from min to max, this is inferred from the bore log data (Figure 

5.7). First step in the interpretation of the layers was to remove the shallow bores that are not 

representative of the thickness of the deeper second layer. The remaining deep logs were used 

for interpreting the bottom of the second layer. Basement of the model was then identified by 

tagging the layers that have shale, limestone, or a sequence of cemented clay and sand layers. 

These elevations were noted and then interpolated to generate the basement surface of the 

model (Figure 5.4). These values were then gridded on the model grid and 3-dimensional model 

grid was developed. Figure 5.6 represent the cross section cut across different rows of the model 

grid. Section A-A is crosses the through the outcrop, it can be seen that the aquifer is considered 

shallow near the outcrop, and it becomes thick as it moves towards the river Indus in Northwest 

of the model domain. As we move towards the south the aquifer becomes deeper towards the 

mid-section of the domain and dips towards the Indus River in the west. Section D-D that is in 

the south, shows the aquifer dips towards the east with the aquifer depth increasing towards the 

southeast. Purely based on the geometry of the aquifer, two drainage pathways may be expected 

i.e. one that drains from North-West to South-West and other that drains to South-East. 
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Figure 5.3: Surface elevation for Sindh model (m AMSL) 

 

 

Figure 5.4 Basement structure for Sindh model (m AMSL) 
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Figure 5.5: Location of the cross-sections 
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Figure 5.6: Cross section for two layer variable bottom conceptualization 
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5.4 Aquifer Parameters 

MODFLOW computes the conductance components of the finite difference equation which 

determines flow between adjacent cells.  It also computes the terms that determine the rate of 

movement of water to and from storage.  The aquifer geometry, leakage between layers, and 

the properties of the aquifer system need to be specified.  The aquifer parameters that need to 

be specified are hydraulic conductivity (kh) and specific yield (Sy) for layer 1, and kh and specific 

storage (Ss) for layer 2. This section describes how these properties were estimated. 

A database of about 163 bores with bore logs was compiled from sources provided by SID, SMO 

WAPDA, and from various previous field studies.  These logs were scanned, geo referenced and 

compiled in a lithology database. The digitised logs along with locations and reference elevations 

were included in the database. The aim was to include information from as many bores as 

possible in order to have adequate spatial coverage of the North Rohri model as shown in Figure 

5.7. Although the spatial coverage shown in Figure 5.7 is a reasonably good coverage of the 

Indus Basin, there is an extensive area along the eastern margin of the basin which has a dearth 

of bores. Almost all the bores are in the canal command areas, with very few bores outside the 

canal command areas. There is a large region along the eastern area of the model and along 

the eastern model boundary formed by Nara canal which has a virtually no bore logs, thus 

estimation of parameters in this area will be less reliable.  

 

Figure 5.7: Bore log locations for estimating the aquifer parameters 

 

The bore logs for these 163 bores have been plotted using Strater a borehole and well logging 

software. Examples of typical bore logs are shown for selected bores for Naushero Feroze district 

and for Nawabshah district in Figure 5.8: Selected borelogs from Northern Rohri Command 

(Naushero Feroze district) 
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A complete list of all bore logs is provided in Appendix 1 (Punthakey et al. 2017). The bores are 

drilled to different depths and do not necessarily penetrate the full thickness of the alluvium, 

therefore interpretations of the basement surface needs to account for either a less permeable 

horizon such as a clay sequence if one is present at deepest depth, or where in some cases the 

bore is deep enough to have reached the basement rock typified by granite or other hard rock. 

The file containing the estimated depth to basement is filtered by eliminating bores that have 

been drilled to shallow depths. Using these criteria about 93 bores were used for defining the 

bottom surface of layer 2 which is shown earlier in Figure 5.6. 

 

   

Figure 5.8: Selected borelogs from Northern Rohri Command (Naushero Feroze district) 
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Figure 5.9: Selected borelogs from Southern Rohri Command [Shaheed Benazirabad (Nawabshah 

district)] 

The bore logs including additional logs from drilling undertaken in our case study sites and was 

used to estimate hydraulic conductivity, specific yield, specific storage and porosity. The 

approach used involves interpreting the drilled logs using average values for various lithologic 

components.  The interpretation of the logs is not intended to give a perfectly calibrated value; 

rather it provides the initial estimates of aquifer properties for the model domain which will 

subsequently be refined during calibration.  

Once the layer structure was finalised, the next step was to estimate a composite value of aquifer 

properties for each bore log in the layer. The purpose of this approach is to provide a reasonable 

estimate of aquifer properties which can be used in the model to start calibration once the model 

set up has been completed. The estimated hydraulic conductivities (kh) are shown in Figure 5.10 

and Figure 5.12: Specific yield for layer 1 

for layers 1, and 2 respectively.  The kh values for the first 35 m (layer 1) have a range from 2.6 

to 45 m/d with grid average values ranging from 21.5 to 33 m/d as shown in Figure 5.10. Taking 

an average value of 27 m/d the average transmissivity of the layer is 950 m2/d where the layer 

thickness is 35 m. The distribution of higher kh values is greater in central Rohri command area 

as shown by the orange and red regions in Figure 5.10. There are also areas of low kh in 

Northern Rohri (near the outcrop areas) and in the southern Rohri Command areas in 

Nawabshah district. Moreover, there is a thin zone of low kh along the Indus River in the Central 

Rohri region. 

The kh values for layer 2 (from 35 m to bottom of layer 2) have a range from 2.1 to 45 m/d with 

grid average values from 12 to 35 as shown in Figure 5.10: Hydraulic conductivity (kh) for layer 

1 (m/d) 
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The average transmissivity of the layer varies from an average transmissivity of 2500 to a 

maximum of over 11,000 m2/d, which also coincides with the layer in which high yielding 

tubewells are located. The distribution of higher kh values is generally higher throughout this 

layer as shown by the orange and red zones in Figure 5.10: Hydraulic conductivity (kh) for layer 

1 (m/d) 

There is also a prominent low kh zone in the northeast section of the model which coincides with 

the outcrop areas.  

The spatial distribution of specific yield (Sy) for layer 1 shown in Figure 5.11: Hydraulic 

conductivity (kh) for layer 2 (m/d) 

is reasonably high with a median value of 0.146. The gridded range of Sy is in a narrow range 

from 0.12 to 0.16. The Sy in the Central Rohri Command areas is relatively higher and extend 

north in a narrow band along the Indus River. Much of the lower Sy zones are in the Northern 

and Southern Rohri command areas. Overlaying the distribution of salinity for this layer will 

provide improved insights into availability of freshwater from areas with higher storage potential. 

The Sy for layer 2 ranges from 0.038 to 0.22 and the grid average values range from 0.078 to 

0.17. The Sy values are generally on the medium to high side for layer 2 for most of the model 

domain other than the northeast region which is characterised by the outcrop area. The Sy of 

layer two would only be used if the water table falls below the bottom of layer 1 and it becomes 

unconfined. 

The spatial distributions for specific storage (Ss) for layers 1 and 2 are shown in Figure 5.13: 

Specific yield for layer 2 

andFigure 5.14: Specific Storage (Ss) for layer 1 [1/m] 

The mean Ss for layer 1 is 5.39E-5 (1/m) and the range of Ss this layer varies from 1.84E-6 to 

4.96E-4 (1.m). The grid average values shown in Figure 3.12 range from 1.84E-4 to 8.92E-6 

(1/m). The mean Ss for layer 2 is 2.69E-5 (1/m) and the range of Ss for layer two varies from 

4.41E-7 to 3.48E-4 (1/m). The grid average values shown in Figure 3.13 vary from 2.77E-4 to 

5.096E-6 (1/m). For layer 2 the values of Ss are multiplied by the layer thickness to calculate the 

storage coefficient.   

These initial estimates of Kh, Sy and Ss are imported in the MODFLOW model and will be 

subsequently refined during model calibration. 
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Figure 5.10: Hydraulic conductivity (kh) for layer 1 (m/d) 

 

Figure 5.11: Hydraulic conductivity (kh) for layer 2 (m/d) 



Improving groundwater management in Pakistan: Balochistan groundwater models  

 

Page 66 

 

Figure 5.12: Specific yield for layer 1 

 

Figure 5.13: Specific yield for layer 2 
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Figure 5.14: Specific Storage (Ss) for layer 1 [1/m] 

 

Figure 5.15: Specific Storage (Ss) for layer 2 [1/m] 
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5.5 River-Aquifer and Canal-Aquifer Interaction 

River-aquifer interaction in the Modflow is defined by Equation 1. It is assumed that the river 

aquifer interaction can be represented by the conductance such that the seepage from/to the 

river is proportional to the head in the river stage and head in the aquifer cell. 

ai,j,k =  CRIVi,j,k(Ri,j,k − hi,j,k)                                 (Equation 1) 

 Where, 

 Ri,j,k is the head in the river (L) 

CRIVi,j,k is a conductance (L2T-1). This can be calculated as the vertical hydraulic conductivity of 

the river bed material and the area of the river bed as it crosses the cell, divided by the thickness 

of the river bed material. 

hi,j,k is the head in the aquifer cell (L) 

Representation of the river system in the model is done by segmenting the river into reaches, 

such that each reach resides in a single cell. This is required as the area required for the 

calculation of conductance is taken for each grid cell. The thickness of bed material (m) is 

assumed to be 1 for initial model run, and considered as calibration parameter in the model 

calibration step. 

The parameters required to simulate stream-aquifer interaction for each designated river cell in 

the model domain are the river stage, bed conductance and the river bottom elevation. In order 

to prepare this data file, a substantial amount of data collection and processing is required. The 

first step was to identify the network of rivers and canals for the model domain shown in Figure 

4.5. The canal network consisting of main and branch canals, distributaries, minors, sub-minors 

and water courses is too extensive to model at a regional scale where grid scales are relatively 

coarse. To rationalise the modelling, the river package was used to simulate the main canals, 

branch canals and the distributaries. The river modelled for the Sindh model is the Indus River, 

and the canal networks which are listed in Table 5.1. 
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Table 5.1:Canal network considered as river boundary in the model 

1FSL Full Supply Level 

1FSD Full Supply Depth 

DAD DIVISION 

FID Name Division FType 
Length 
[m] 

Canal Head Canal Tail 

FSL 
 [m] 

Bed 
Width  
[m] 

FSD 
 [m] 

FSL 
 [m] 

Bed 
Width 
[m] 

FSD 
 [m] 

1 Thull Branch Dad 
 
Branch 34419.5 39.75 11.89 1.77 38.66 10.97 1.4 

5 Malwah Distry Dad  Distry 122457 38.47 6.71 1.31 32.71 1.83 0.52 

9 Khadhar Distry Dad  Distry 76467.7 32.21 7.01 1.22 28.58 1.52 0.58 

10 Sakrand Distry Dad  Distry 43214.9 32.95 4.57 0.87 30.74 1.52 0.53 

11 Rein Distry Dad  Distry 67363.7 34.23 6.4 1.25 30.34 1.83 0.31 

22 
Jamal Shah 
Distry Dad  Distry 74057.2 34.81 5.18 1.1 31.52 1.83 0.46 

23 Sujawal Distry Dad  Distry 52813.6 36.59 4.88 1.13 34.36 0.91 0.46 

36 Nukkur Distry Dad Distry 46975.1 31.33 4.27 0.85 28.74 1.52 0.55 

           

MORO DIVISION 

FID Name Division FType 
Length 
[m] 

Canal Head Canal Tail 

FSL 
 [m] 

Bed 
Width  
[m] 

FSD 
 [m] 

FSL 
 [m] 

Bed 
Width 
[m] 

FSD 
 [m] 

0 Dad Branch Moro 
 
Branch 60328 42.9 9.75 1.55 40.95 9.14 1.46 

4 Sehra Branch Moro 
 
Branch 63632.21 46.3 10.36 1.55 43.79 7.62 1.34 

6 Daulatpur Distry Moro  Distry 108984.6 40 4.27 1.04 33.77 0.91 0.34 

16 Budika Distry Moro  Distry 67816.58 46.1 5.49 1.31 44.17 4.88 0.98 

20 Sial Distry Moro  Distry 59639.08 48.7 7.62 1.23 46.54 3.05 0.85 

21 Godhu Distry Moro  Distry 38490.1 48.6 3.66 0.7 45.68 1.22 0.37 

24 Jiskani Distry-I Moro  Distry 18107.67 43.6 5.79 0.91 41.11 3.05 0.73 

25 Phull Distry Moro  Distry 70267.67 42.8 4.57 0.85 38.47 0.61 0.47 

29 Mithiani Distry Moro  Distry 58687.17 43.6 5.79 1.28 41.37 3.96 1.04 

30 Derbello Distry Moro  Distry 56878.65 44.1 3.66 0.98 41.05 1.22 0.34 

32 

Rohri Main 
Canal  
(RD 191 to 480) Moro  Canal 496154.6 58.7 100.6 4.27 41.82 49.38 4.27 

35 
Naulakhio 
Branch Moro 

 
Branch 85461.44 50.9 9.14 1.46 48.46 7.32 1.43 

41 
Mehrabpur 
Branch Moro 

 
Branch 38958.43 48.6 9.75 1.34 45.87 8.84 1.28 

42 
Nater Detha 
Distry Moro  Distry 77314.64 43.4 6.71 1.01 38.35 0.91 0.31 

43 Sangi Distry Moro  Distry 134649.8 47.4 3.05 1.13 41.41 0.91 0.31 

45 Lundki Distry Moro  Distry 64328.96 40.5 6.71 0.98 36.47 1.83 0.37 
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NASRAT DIVISION 

FID Name Division FType 
Length 
[m] 

Canal Head Canal Tail 

FSL 
 [m] 

Bed 
Width  
[m] 

FSD 
 [m] 

FSL 
 [m] 

Bed 
Width 
[m] 

FSD 
 [m] 

2 Amerji Branch Nasrat 
 
Branch 81436 40.61 13.41 1.71 37.8 10.36 1.46 

3 Gajrah Branch Nasrat 
 
Branch 91987 36.04 15.24 1.55 32.16 12.5 1.34 

7 Bhiria Distry Nasrat  Distry 47586 44.74 5.18 0.88 41 0.91 0.31 

8 Chanari Distry Nasrat  Distry 40049 41.12 5.49 0.88 38.34 1.22 0.55 

12 
Chan Bandhni 
Dty. Nasrat  Distry 59467 30.74 5.18 0.85 25.97 1.22 0.55 

13 
Gupchani 
Minor Nasrat  Distry 8647.2 30.32 3.66 0.73 29.22 3.35 0.7 

14 Channa Distry Nasrat  Distry 58207 30.71 10.97 1.28 28.1 9.75 1.22 

15 
Jam Sahib 
Distry Nasrat  Distry 60383 31.55 5.79 0.88 26.52 0.61 0.46 

17 James Distry Nasrat  Distry 50567 37.59 10.06 1.19 35.22 6.71 0.98 

18 Dholu Distry Nasrat  Distry 44773 36.46 4.88 0.85 33.22 1.22 0.58 

19 
Nawabshah 
Distry Nasrat  Distry 45372 34.67 3.96 0.76 31.7 1.22 0.53 

26 
Chan Babu 
Distry Nasrat  Distry 92205 31.67 9.14 1.13 25.6 0.61 0.46 

27 Chodiko Minor Nasrat  Distry 36458 33.52 4.88 0.82 29.99 1.83 0.55 

28 Setharki Distry Nasrat  Distry 102782 36.69 9.75 1.16 28.62 3.05 0.67 

33 Nasrat Branch Nasrat 
 
Branch 317148 46.71 34.75 2.8 31.15 12.8 1.49 

44 Shahpur Distry Nasrat  Distry 55929 26.96 6.1 1.1 23.06 1.22 0.55 

           

NARA DIVISION 

FID Name Division FType 
Length 
[m] 

Canal Head Canal Tail 

FSL 
 [m] 

Bed 
Width  
[m] 

FSD 
 [m] 

FSL 
 [m] 

Bed 
Width 
[m] 

FSD 
 [m] 

34 Nara Canal Nara Canal 603100 59.28 105.46 6.41 33.31 69.49 2.62 

40 Jamrao Old Nara Branch 244259 33.31 69.49 2.62 28.96 50.29 2 
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5.6 Recharge 

Two components (recharge from rainfall and recharge from irrigation) were estimated, the latter 

was further divided into two subcomponents: recharge from canal irrigation and recharge from 

tubewell irrigation. Rainfall recharge was estimated from Gridded Climate Products (GCPs) 

obtained from the Climate Forecast System Reanalysis (CFSR) dataset (Saha et al. 2019). The 

GCP dataset was re-gridded over the groundwater model domain to represent the rainfall 

amount in each cell. Basin and furrow irrigation methods are widely used for supplying water to 

wheat, cotton, vegetable, fruit, and fodder crop fields during Rabi and Kharif seasons in the study 

area. The irrigation water allowance of the canal command area was estimated for the modelled 

area on a monthly basis (Figure 5.16 Water allowance as per actual discharge data in the Rohri 

canalFigure 5.16).  

 

Figure 5.16 Water allowance as per actual discharge data in the Rohri canal 

Since surface irrigation methods, which are prevalent in the area, were 40 to 60 percent efficient, 

it was estimated that 50 to 60 percent of irrigation water in the modelled area contributed to the 

aquifer as recharge. The amount was adjusted spatially and temporally during the calibration 

process. Based on the water allowance, each grid cell was assigned returns from irrigation on 

monthly stress period. Initial recharge values were then assigned based on Equation 2, and initial 

factors f1, f2, f3 of 0.6, 0.5, and 0.5 were used respectively, which were later tuned in the 

calibration process to estimate net recharge to groundwater. 

Rchij = f1 ∗ Ri,j + f2 ∗ Ici,j + f3 ∗ Ipi,j (Equation 2) 

Where, f1, f2, and f3 are calibration factors, Ri,,j is rainfall, Ii,,j is irrigation applied from canals, 

and Ipi,,j is tubewell irrigation 
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5.7 Evapotranspiration  

In the study area the initial water levels are generally shallow, particularly along the major canals 

thus considerable evapotranspiration (EVT) takes place from when water tables are within the 

critical depth. The evapotranspiration package takes requires specifying the evapotranspiration 

and the extinction depth as input. The rate of EVT from the groundwater depends upon depth to 

water level from the ground surface. EVT is at the maximum when the groundwater table is near 

the natural surface and decreases as the groundwater table declines. EVT rate decreases 

linearly with the increasing groundwater table depth and ceases as it reaches the extinction 

depth. 

We used a Surface Energy Balance Algorithm for Land (SEBAL) for estimating actual ET which 

was specified for the EVT package. Monthly data was used for each stress period in the study 

area, and a temporal EVT rates were used as model input. In June and July, the maximum EVT 

rate exceeded 300 mm per month, and it varied spatially, with highest values occurring at farm 

fields. 

5.7.1 Extinction Depth 

The extinction depth was estimated by using 164 borelogs from the districts of Sukkur, Khairpur, 

Naushero Feroze and Shaheed Benazirabad and interpreting the near surface bore log. The 

extinction depths assigned to each log was adopted from Shah et al. (2007) which is shown in 

Table 5.2: Extinction Depths for Different Soil Land Covers (after Shah et al. 2007)Error! 

Reference source not found.. The interpreted extinction depths for each log were then gridded 

and a value for each model cell obtained. The spatial variation of the extinction depths range 

from a low of 1.46 m to 5.76 m (shown in Figure 5.17Error! Reference source not found.), and 

a mean of 3.21 m and a standard deviation of 0.88 m. 

 

Table 5.2: Extinction Depths for Different Soil Land Covers (after Shah et al. 2007) 

 Land Cover Type (cm) 

Soil Bare Soil Grass Forest 

Sand  
Loamy sand  
Sandy loam  
Sandy clay loam  
Sandy clay 
Loam  
Silty clay  
Clay loam  
Silt loam  
Silt  
Silty clay loam  
Clay  

50 
70 
130 
200 
210 
265 
335 
405 
420 
430 
450 
620 

145 
170 
230 
300 
310 
370 
430 
505 
515 
530 
550 
715 

250 
270 
330 
400 
410 
470 
530 
610 
615 
630 
655 
820 

Note:  Depths are rounded up to nearest 5 cm.  

 Maximum rooting depth for grass and forest was assumed to be 100 and 200 cm, respectively. 
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Figure 5.17: Extinctions depths in active model area 

5.8 Pumping and groundwater use 

Estimates for groundwater pumping in the study area are cumbersome to obtain, as there is no 

systematic recording of the pumping in the study area. The groundwater usage in Sindh is 

different in contrast with the Punjab, as there are patches of freshwater zones, where farmers 

prefer to use the groundwater to supplement surface water supplies.  Interviews with farmers 

indicated that farmers at tail reaches of the distributaries in freshwater zone are using 

groundwater extensively for irrigating their fields due to the lack of surface water supplies 

reaching the tail end of canals. In saline and shallow water zones, there are deep pumps that 

the government and some farmers are using for draining saline groundwater for controlling 

waterlogging and salinity in the area. Initial estimate of pumping in the model was done using 

the following procedure due mainly to a lack of available data on pumping rates and locations of 

wells. We have used the following steps to estimate the initial rates of the pumping in Sindh. 

  



Improving groundwater management in Pakistan: Balochistan groundwater models  

 

Page 75 

Step 1: A survey was conducted on representative distributaries (Malwa and Sakrand) to 

estimate the density, depth and pumping rate of private tubewells per square kilometre. Density 

was estimated as; 

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑁𝑜 𝑜𝑓 𝑡𝑢𝑏𝑒𝑤𝑒𝑙𝑙𝑠 𝑖𝑛 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑜𝑟𝑦

𝑐𝑜𝑚𝑚𝑎𝑛𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑜𝑟𝑦
                  (Equation 3) 

 

 

Figure 5.18: Well surveyed in Sakrand Distry 

Step 2: Fresh and Saline groundwater zones were delineated as shown in Figure 5.19. Farmer 

owned tubewells are assumed to be located in freshwater zones which is essentially the zone 

between the River Indus and Rohri Canal. 

Step 3: Deep and shallow groundwater zones were delineated shown in Figure 4.10 are indicate 

where pumping is causing declines in water tables. These zones match closely to the freshwater 

zones in Figure 5.19. 
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Step 4: Private tubewells were assumed to exist in freshwater zones. Representative density of 

private wells was applied to each cell in freshwater zones and pumping was assigned 

accordingly. Discharge rate of for the freshwater cells was estimated as; 

𝑄𝑐𝑒𝑙𝑙,𝑚𝑜𝑛𝑡ℎ  [
𝑚3

𝑠
] = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (

𝑛𝑜

𝑘𝑚2) ∗ 𝐴𝑟𝑒𝑎 (𝑘𝑚2) ∗ 𝑄𝑎𝑣𝑔  (
𝑚3

𝑠
) ∗ 𝐷𝑎𝑖𝑙𝑦 (

𝐻𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
) ∗ 𝑀𝑜𝑛𝑡ℎ𝑙𝑦  (

𝑑𝑎𝑦

𝑚𝑜𝑛𝑡ℎ
)         

(Equation 4) 

 

 

Figure 5.19:Groundwater salinity zones for pre and post monsoon season. Fresh zone is considered 

where EC is 0-1500 
𝑑𝑆

𝑚
;Marginal Fresh zone 1500-2500 

𝑑𝑆

𝑚
; Saline 2500-4000 

𝑑𝑆

𝑚
; and Brackish >4000 

𝑑𝑆

𝑚
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6 Model Calibration and Sensitivity Analysis 

Calibration is a process of varying the quantity and spatial distribution of uncertain, model 

parameters within a probable range until a sufficient consistence of modelled and measured data 

is achieved. The procedure involved adjusting aquifer hydraulic properties, storage, boundary 

conditions, and system stresses for example Recharge, evaporation and river and canal-aquifer 

interaction such that the model is capable of simulating both spatial and temporal responses. 

In this study the strategy we adopted for calibration include the following steps; 

• In step-1, we divided the aquifer into different zones based on the aquifer properties in 

the area. Zones were defined based on interpretation of the aquifer parameters, and then 

units with similar properties were grouped.  Three distinct zones were dominant in the 

model area (Figure 6.1).  

• Each unit was assigned a zone number, in which a multiplier was used to adjust the input 

parameter values. Zones were used for adjusting the aquifer hydraulic properties.  

• In step-2, we divided the model domain into different recharge/discharge zones based 

on the irrigation districts in the model domain (Figure 6.1). A multiplier was assigned for 

each parameter to adjust the sink and source terms in each zone, which includes: i) 

rainfall recharge; ii) irrigation recharge; iii) evapotranspiration; and iv) pumping. 

2. Fifty-nine observation wells were considered for calibration to compare the observed versus 

simulated water heads. Model calibration was performed for 42 stress periods from 

October2010 till April-2014. Head measured in October 2010 (post-monsoon) was taken as 

the initial head condition. Observed heads were arranged for post and pre-monsoon season 

for each year from 2010 till 2014.  

Figure 6.3 shows that spatial calibration for 59 observation points obtained at the end of model 

calibration period (April 2014). Most of the piezometer in the study area i.e. 39 piezometers 

showed residual in the range of 0-1 m, 18 piezometer showed residual in the range of 1-2 m, 

and two were greater than 2 m. The root mean square value of 0.82 and absolute mean error of 

0.62 m is obtained, which shows acceptable calibration of the simulated heads over the model 

domain (Figure 6.2). Hydrograph response of the simulated head in  

Figure 6.4 shows that the model is able to replicate the response to external stress, and 

simulated trends that follow the temporal observed trend. 
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Figure 6.1: Aquife properties and stress zones used in calibiration 

 

Figure 6.2:  Residual map for simulated head v/s observed at end of simulation 
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Figure 6.3: Observed and simulated head (m MSL) for selected piezometers 
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Figure 6.4: Hydrograph for simulated and observed heads for Dad Irrigation Division 
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Figure 6.5: Hydrograph for simulated and observed heads for Khairpur East Irrigation Division 
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Figure 6.6: Hydrograph for simulated and observed heads for Khairpur West Irrigation Division 
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Figure 6.7: Hydrograph for simulated and observed heads for Moro Irrigation Division 
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Figure 6.8: Hydrograph for simulated and observed heads for Nasrat Irrigation Division 
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The observed heads during the calibration in each division show water levels decline in response 

to pumping and recovery in response to rainfall recharge during the monsoon. Almost all of the 

pumping in the model domain is from the shallow water tables in layer 1, which have developed 

as a result of rainfall, seepage from main canals and irrigation return flows. These freshwater 

lenses offer and opportunity for farmers to extract groundwater for irrigation. The bore responses 

in the model area show that water levels are either stable or a decline of less than 1m during the 

calibration period spanning from Oct 2010 to Apr 2014.  About 3 BCM of groundwater are used 

for irrigation annually in this area, which offers farmers additional water resource for 

supplementary irrigation when surface water supplies are inadequate. This allows farmers to 

maintain crop productivity and is an important supplementary source safeguarding livelihoods.  

These freshwater sources are not like the deep alluvial aquifers in Punjab. The nature of these 

freshwater lenses in Sindh are such that exploitation of the lens will need to account for 

increasing salinity due to lateral intrusion from saline areas surrounding these freshwater lenses, 

and the risk of upconing from deeper saline groundwater. This will require the Sindh Irrigation 

Department (SID) to implement a robust monitoring strategy encompassing the freshwater zones 

in Sindh. At present IWASRI has been monitoring under the SMO programme biannually during 

pre and post monsoon, however, due to funding constraints this programme was curtailed in 

2015, and the responsibility of monitoring groundwater has shifted to the provincial departments. 

The monitoring has not been continued by SID as there is significant capacity constraints within 

SID as well as the absence of a groundwater section within SID or for that matter within the Sindh 

Government.  

Based on our studies we recommend that SID take up the challenge and establish a section 

within SID dedicated to groundwater Monitoring, Mapping, Modelling and Management. 

Monitoring must be conducted using continuous monitoring loggers which provide SID up to date 

information on the state of the aquifer. The lack of data on groundwater in Sindh and the lack of 

technical capacity within SID is a major impediment to improving management of groundwater. 

This project has taken the first steps towards building capacity by training over 20 SID engineers, 

several students at MUET, and 1 engineer from SMO Sindh in groundwater monitoring and 

modelling. Building on this for the future of groundwater users in Sindh is essential.  

6.1 Sensitivity Assessment for Sindh Groundwater Model 

Sensitivity analysis was performed by varying specific yield, specific storage, hydraulic 

conductivity, recharge and evapotranspiration. Input values of each parameter was multiplied 

with a factor as shown in   
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Table 6.1. The temporal variation in the water table was highly sensitive to the specific yield 

values. High specific yield values (factor of 4) showed good calibration statistics but temporal 

fluctuation in the water table was not depicted by the model. Low values of the specific yield 

showed high fluctuation, and model did not converged for low specific yield values. Specific yield 

values of factor 2 showed plausible fluctuations, when compared with the observations. Model 

performance increased, when the hydraulic conductivity values were reduced to half as of input. 

Model did not converge for high hydraulic conductivity values. Model did not show variation in 

the calibration statistics as we changed the conductance of the river cells (model runs R10-R12). 

Variation in the recharge did not change calibration statistics (R16-R21). Evapotranspiration was 

seen highly sensitive in the model area. Low values of ET (as of input) showed good calibration 

statistics. Sensitivity of ET from groundwater is due the fact that in most of the model area the 

initial water levels were in the range of shallow to moderate. The most sensitive parameters were 

specific yield, hydraulic conductivity and evapotranspiration from groundwater for the modelled 

area. 
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Table 6.1 Sensitivity analysis runs for various factors 

Runs Sy and Ss Kh K_river fi fp fr fe Remark 

R1 1 1 1 0.3 0.1 0.2 0.3 Fail to converge 

R2 0.5 1 1 0.3 0.1 0.2 0.3 Fail to converge 

R3 2 1 1 0.3 0.1 0.2 0.3 Fail to converge 

R4 4 1 1 0.3 0.1 0.2 0.3 Converged 

R5 1 0.5 1 0.3 0.1 0.2 0.3 Converged 

R6 1 2 1 0.3 0.1 0.2 0.3 Fail to converge 

R7 4 0.5 1 0.3 0.1 0.2 0.3 Fail to converge 

R8 2 0.5 1 0.3 0.1 0.2 0.3 Converged 

R9 4 2 1 0.3 0.1 0.2 0.3 Fail to converge 

R10 2 0.5 2 0.3 0.1 0.2 0.3 converged 

R11 2 0.5 4 0.3 0.1 0.2 0.3 Converged 

R12 2 0.5 0.5 0.3 0.1 0.2 0.3 Converged 

R13 4 1 2 0.3 0.1 0.2 0.3 Converged 

R14 4 1 4 0.3 0.1 0.2 0.3 Converged 

R15 4 1 0.5 0.3 0.1 0.2 0.3 Fail to converge 

R16 2 0.5 2 0.6 0.1 0.2 0.3 Converged 

R17 2 0.5 2 0.15 0.1 0.2 0.3 Converged 

R18 2 0.5 2 0.3 0.2 0.2 0.3 Converged 

R19 2 0.5 2 0.3 0.05 0.2 0.3 Converged 

R 20 2 0.5 2 0.3 0.1 0.4 0.3 Converged 

R 21 2 0.5 2 0.3 0.1 0.1 0.3 Converged 

R 22 2 0.5 2 0.3 0.1 0.2 0.6 Converged 

R 23 2 0.5 2 0.3 0.1 0.2 0.15 Converged 
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Calibration statistics for model runs are shown below in Table 6.2. 

Table 6.2 Calibration statistics for model runs for sensitivity assessment 

Runs  

Residual Absolute 
Standard  
Deviation  
Residual 

Sum of Squares RMSE 
Minimum 
 Residual 

Maximum 

Mean Residual Residual 

  Mean   

R1 Fail to converge 

R2 Fail to converge 

R3 Fail to converge 

R4 0.09 0.71 0.55 878.18 0.90 -3.20 2.77 

R5 0.70 1.08 0.91 2167.36 1.41 -3.11 4.88 

R6 Fail to converge 

R7 Fail to converge 

R8 0.29 0.78 0.63 1094.90 0.98 -3.20 3.22 

R9 Fail to converge 

R10 0.28 0.77 0.63 1076.73 0.99 -3.20 3.20 

R11 0.26 0.77 0.62 1055.19 0.98 -3.20 3.15 

R12 0.30 0.79 0.63 1106.65 1.01 -3.20 3.23 

R13 0.08 0.71 0.55 872.83 0.90 -3.20 2.72 

R14 0.07 0.71 0.55 866.85 0.89 -3.20 2.63 

R16 0.12 0.74 0.58 955.96 0.94 -3.24 2.86 

R17 0.36 0.80 0.65 1169.32 1.04 -3.18 3.37 

R18 0.27 0.77 0.62 1059.38 0.99 -3.21 3.20 

R19 0.29 0.78 0.63 1086.02 1.00 -3.20 3.20 

R20 0.18 0.75 0.59 987.84 0.95 -3.20 3.05 

R21 0.33 0.79 0.64 1134.10 1.02 -3.20 3.27 

R22 0.90 1.19 0.99 2617.27 1.55 -3.17 5.10 

R23 -0.03 0.71 0.53 863.14 0.89 -3.22 2.58 
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7 Water Balance for the Left Bank Sukkur Barrage 

Groundwater flow and storage changes in the aquifer are accounted by assessing the overall 

water budget. The water budget includes the inflows, outflows and change in storage for the 

aquifer. This provides better understanding of sustainable groundwater extraction, and 

groundwater level management in the study area. Additionally, the water budget can be 

undertaken for irrigation districts to improve understanding of groundwater usage and constraints 

on further groundwater development. Water Balance for model and layers are presented below. 

Groundwater flow and storage changes in the aquifer are accounted by assessing the overall 

water budget. The water budget includes the inflows, outflows and change in storage for the 

aquifer. This provides better understanding of sustainable groundwater extraction, and 

groundwater level management in the study area. The major inflows and outflows in the aquifer 

system are shown in Figure 8.1. For this model the following are important components of the 

water budget for the upper aquifer layer (Layer 1): 1) river and canal recharge; 2) 

evapotranspiration; and 3) groundwater pumping for irrigation, and 4) drain base flows and for 

the lower layer (Layer 2) of the aquifer: interlayer recharge and pumping of saline water are 

important. SCARP (Salinity Control and Reclamation Project) tubewells are utilised for vertical 

drainage of saline groundwater which is disposed of in drains. In areas where pumped water is 

used for irrigation, declining water levels will have an adverse impact on water availability and 

quality, and in areas where the water is shallow, high water level and high ET which is prevalent 

in the arid zone of Sindh will result in waterlogging and salinity. In much of Sindh seepage from 

canals and irrigation has resulted in freshwater zones such as along the Rohri Canal and in 

Naushero Feroze District which are exploited for groundwater irrigation. These freshwater lenses 

overlie deeper saline groundwater, thus excessive pumping is likely to result in up coning and 

lateral intrusion of saline groundwater from adjacent areas. Both issues need to be recognized 

and addressed for sustainable groundwater and land management in Sindh. 

 

 

 

Figure 7.1. Inflow and outflow components of the groundwater budget considered in Sindh GW model  

The major inflows are from irrigation recharge and river/canal seepage, and the major outflows 

are groundwater abstractions and evapotranspiration The incorporation of drains allows 0.467 

BCM to be exported which allows controls on the shallow water table. 
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Table 7.1 Water balance for all model layers average 2010-2014 

  Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary 0.071 0.859 -0.788 

Wells 0 3.25 -3.25 

Drains 0 0.467 -0.467 

River/Canal Leakage 1.16 0.033 1.127 

ET 0 1.606 -1.606 

Recharge 3.944 0 3.944 

Total 5.175 6.215 -1.04 

 

 

 

Figure 7.2. Groundwater budget for Sindh model 

 

Table 7.2: Water balance for layer-1 average 2010-2014 

Layer-I Inflow [BCM] Outflow [BCM] Net [BCM] 

Bottom 2.051 2.48 -0.429 

Boundary 0 0 0 

Drain 0 0.467 -0.467 

ET 0 1.606 -1.606 

Recharge 3.943 0 3.943 

River/Canal 

Leakage 

1.16 0.033 1.127 

Wells 0 2.942 -2.942 

Net 7.154 7.528 -0.374 
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Table 7.3: Water balance for layer-2 average 2010-2014 

Layer-II Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary 0.071 0.859 -0.788 

Drain 0 0 0 

ET 0 0 0 

Recharge 0.001 0 0.001 

River/Canal 

Leakage 

0 0 0 

Top 2.48 2.051 0.429 

Well 0 0.307 -0.307 

Net 2.552 3.217 -0.665 

The major inflow for the top model layer (Table 7.2) is recharge (3.943 BCM) followed by upward 

flow from layer 2 (2.051 BCM). The Indus contributes 1.16 BCM to inflow. Recharge from the 

Indus has been curtailed in recent times due to the construction of levies to control flooding 

during high flows, and due to significant diversion upstream. In its natural state the Indus would 

have breached its banks during monsoon floods more frequently. The recharge from the river 

has now been supplemented with additional recharge from canal seepage and irrigation 

recharge.  The significant outflows from layer 1 are pumping (2.942 BCM), followed by 2.48 BCM 

outflows to layer 2. The downward flow from layer 1 indicates that flow from the layer 1 is 

contributing to inflows to layer 2. It is important to ensure that reversal of gradients do not occur 

as this would lead to salinity transport from the lower layer to the upper layer which would in turn 

reduce crop productivity and farming family livelihoods. The next significant loss from the top 

layer is through evapotranspiration (1.606 BCM) which indicates the prevalence of shallow water 

tables in the model area.  

The major inflow to layer 2 are inflows from layer 1 (2.48 BCM) which indicates a downward 

gradient. There is a small amount of Recharge in layer 2 which is most likely occurring near the 

Kirther formation outcrop in Khairpur district.  The largest outflow are the flows occurring from 

layer 2 to layer 1 which indicates that in some in the model where groundwater pumping is 

significant in layer 1 gradients have reversed and upward flow is occurring. This needs to be 

managed as overtime upward flows will also transport dissolved salts from the deeper layers 

which will reduce the useability of the freshwater lenses in the upper layer. The next major 

outflows from layer 2 are boundary outflows (0.859 BCM) along the models eastern boundary 

towards the Thar Desert. There is a small amount of pumping from SCARP tubewells in layer 2 

(0.307 BCM) which are used for vertical drainage. Groundwater from the deeper layer is pumped 

into drainage channels that dispose the saline water to the sea via the Left Bank Outfall Drain 

(LBOD). Many of the SCARP wells are not operational any longer due to lack of O&M. We 

recommend that outflows from these SCARP wells be revaluated to ensure that saline water is 

being pumped and extraction rates adjusted to suit the conditions for maintaining freshwater 

lenses in the upper layer. Additionally, rehabilitation of SCARP tubewell should convert these 

wells into solar powered pumps to save on electricity as there is significant load shedding in rural 

areas.   

The current average annual pumping from the Left Bank Command of Sukkhur Barrage 

encompassing districts of Khairpur, Naushero Feroze, and Shaheed Benazirabad is 2.942 BCM 

from layer 1 and 0.307 BCM from layer 2, totalling 3.249 BCM. The net decline in storage in layer 

1 is 0.374 BCM and 0.665 in layer 2.  The sustainable yield is estimated at 3±0.3 BCM to allow 

for adaptive management during times of drought and inadequate surface supplies. We 

recommend that an allowance of 10% (0.3 BCM) will allow farmers to increase extraction during 

drought years and which will allow replenishment when rainfall and surface water flows increase. 

We further recommend that as improved monitoring data is collected the model calibration period 

needs to be extended to account for increased number of tubewells and ensure the robustness 

of calibration. Another consideration for the sustainable yield for the Left Bank Sukkhur Barrage 
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model is to manage the flows from the lower layer into the upper layer to prevent accelerated 

salinisation. It is further recommended that continued use of groundwater in this environment will 

need to be accompanied by investments in water productivity to minimise adverse impacts of 

waterlogging and salinisation and to preserve the freshwater lenses for the future of groundwater 

irrigation in Sindh. 

In Australia each groundwater area of significance has an agreed long term sustainable yield. 

This sustainable yield is revisited after 5 or 10 years depending on the agreement with 

groundwater users, the level of development in the groundwater management area and the 

incidence of drought. Given the severe drought experienced in Australia between 2017 and 2019 

it is likely that the long term average annual extraction limits will need to be revised for most 

groundwater management areas. Incorporating this process of revising and improving 

groundwater models will offer SID as the Resource Manager improved understanding of risks to 

the groundwater from overexploitation and salinity intrusion. It will also allow SID to support the 

objectives of the National Water Policy and the Sindh Water Policy which is currently being 

finalised. The importance that the National Water Policy has placed on groundwater will require 

significant investment is building capacity within SID to improve management of groundwater 

and with stakeholder engagement build an equitable regulatory framework. 

7.1 Water Balance for Irrigation Divisions 

The water balance for the five irrigation divisions (Figure 6.3) are shown in Tables 7.4 – Table 

7.8. The water balance for Khairpur West and Khairpur East irrigation divisions are shown in 

Table 7.4 and Table 7.5 respectively.  In both divisions the major inflow is recharge and the major 

outflow is groundwater pumping comprising 0.527 BCM from Khairpur West and 0.9 BCM from 

Khairpur East. There are net lateral inflows of 0.026 BCM for Khairpur West and 0.018 BCM for 

Khairpur East. For both these areas there is a net decline in storage of 0.342 BCM in Khairpur 

West and 0.45 BCM in Khairpur East.  Expansion of groundwater abstractions in these areas 

should be discouraged, and closely monitored to ensure to ensure groundwater quality is 

maintained for future users. 
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Figure 7.3: Map showing the irrigation administrative boundaries  of the irrigation division 
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Table 7.4. Water balance for Khairpur West irrigation division [average 2010-2014] 

KHAIRPUR WEST 
IRRIGATION DIVISION Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary Flows 0 0 0 
ET 0 0.172 -0.172 
RECHARGE 0.328 0 0.328 
River/Canals 0.004 0.001 0.003 
Wells 0 0.527 -0.527 
Khairpur East 0.006 0.003 0.003 
Moro 0.008 0.001 0.007 
Zone_0 (Non Irrigated Area) 0.021 0.005 0.016 
Net 0.367 0.709 -0.342 

 

Table 7.5 Water balance for Khairpur East irrigation division [average 2010-2014] 

KHAIRPUR EAST 
IRRIGATION DIVISION 

Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary Flows 0 0 0 
ET 0 0.211 -0.211 
Recharge 0.627 0 0.627 
River/Canals 0.012 0 0.012 
Wells 0 0.9 -0.9 
Khairpur West 0.003 0.006 -0.003 
Moro 0.005 0.005 0 
Zone_0 (Non Irrigated Area) 0.026 0.005 0.021 
Net 0.673 1.127 -0.45 

The water balance for Moro irrigation division in Table 7.6 indicates the major inflow is recharge 

(0.92 BCM) which is mostly comprised of irrigation return flows and seepage from distributaries 

and minors. The major outflow is groundwater pumping comprising 1.097 BCM which exceeds 

the total recharge and river/canal seepage (0.92+0.022=0.942 BCM). There is net lateral inflow 

of 0.0029 BCM from the non-irrigated areas surrounding Moro Division, and net lateral outflow 

of 0.023 BCM to Khairpur West. There is a net decline in storage of 0.458 BCM , and with the 

current level of pumping it is likely that the freshwater zone will be depleted overtime in Moro 

Division as it is the largest user of groundwater for irrigation compared to other irrigation divisions.  

Expansion of groundwater abstractions in these areas should be discouraged and closely 

monitored to ensure to ensure groundwater quality is maintained for future users. 
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Table 7.6 Water balance for Moro irrigation division [average 2010-2014] 

MORO/ROHRI 
IRRIGATION DIVISION 

Inflow [BCM] Outflow [BCM] Net [BCM] 

ET 0 0.327 -0.327 

Recharge 0.92 0 0.92 

River/Canals 0.022 0 0.022 

Wells 0 1.097 -1.097 

Dad 0.007 0.006 0.001 

KE 0.005 0.005 0 

KW 0.001 0.008 -0.007 

Nasrat 0.001 0 0.001 

Zone_0 (Non Irrigated Area) 0.034 0.005 0.029 

Net 0.99 1.448 -0.458  

The Dad Irrigation Division is adjacent to Moro and Nasrat Divisions. The water balance for Dad 

Irrigation Division (Table 7.7) indicates Major inflows are recharge and seepage from canals 

which total 0.527 BCM, whilst groundwater abstractions are 0.628 BCM. There is a small net 

lateral outflow of 0.001 BCM to Moro Division and net inflows into Nasrat Division of 0.012 BCM 

and to eth non-irrigated zone of 0.019 BCM. The net change in storage is 0.373 BCM BCM 

indicating groundwater levels will continue to decline. 

Table 7.7 Water balance for Dad irrigation division [average 2010-2014] 

DAD IRRIGATION DIVISION Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary Flows 0 0.01 -0.01 

ET 0 0.191 -0.191 

Recharge 0.494 0 0.494 

River/Canals 0.033 0 0.033 

Wells 0 0.628 -0.628 

Drains 0 0.101 -0.101 

Moro 0.006 0.007 -0.001 

Nasir 0.003 0.002 0.001 

Nasrat 0.015 0.004 0.011 

Zone_0 (Non Irrigated Area) 0.021 0.002 0.019 

Net 0.572 0.945 -0.373 

The Nasrat Irrigation Division has the least groundwater usage as this area is relatively saline 

with shallow groundwater tables. The major inflow is recharge (0.515 BCM) and major outflow is 

evapotranspiration (0.202 BCM) and from drains (-0.293 BCM). Net decline in storage is 

relatively smaller as compared to the other division. Outflows in this division are highly dependent 

on the functionality of drains. If drains do not function properly this area will be under threat of 

waterlogging and salinity.  
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Table 7.8 Water balance for Nasrat irrigation division [average 2010-2014] 

The inflows from recharge and river/canal seepage, and outflows from pumping in Figure 7.4 

shows the recharge and pumping are significant in Moro and Khairpur East. Much of this 

recharge is a result of irrigation return flows, seepage from distributaries, minors and water 

courses at the farm level. It is recommended that SID develop a monitoring strategy for these 

irrigation divisions to monitor groundwater levels and salinity to ensure continued agricultural 

productivity. All division shows net decline in storage which over time will result in declining water 

levels, and increased salinity from lateral intrusion into freshwater lenses. The freshwater lenses 

provide groundwater irrigators supplementary water which allows increased cropping intensities. 

There needs to be a balance between recharge and pumping in these divisions to ensure 

continued use of these freshwater lenses. Increased pumping is likely to increase risk of 

salinisation which will result in forcing irrigators to reduce pumping and in-turn exacerbates 

waterlogging.  

 

Figure 7.4. Inflow and outflow components for irrigation divisions 

The Nasrat Division shows relatively less decline in the net storage due to shallow water tables 

and high salinity of the underlying groundwater, which limits farmers from using groundwater. To 

maintain productivity farmers in Nasrat Division will need to increase acreage of low delta crops 

and to improve irrigation efficiencies which will help to maintain a balance between inflows and 

outflows. SCARP tubewells and drains also need to be maintained in Nasrat Division to manage 

waterlogging and salinity. Developing a strategic monitoring strategy and implementation of this 

strategy with sufficient funding for operation and maintenance, along with investment in capacity 

NASRAT 
IRRIGATION DIVISION Inflow [BCM] Outflow [BCM] Net [BCM] 

ET 0 0.202 -0.202 

Recharge 0.515 0 0.515 

River/Canals 0.003 0 0.003 

Wells 0 0.078 -0.078 

Drains 0 0.293 -0.293 

Dad 0.004 0.015 -0.011 

Jamrao 0.001 0.008 -0.007 

Moro 0 0.001 -0.001 

Nasir 0.007 0.001 0.006 

Zone_0 (Non Irrigated Area) 0.002 0.008 -0.006 

Net 0.532 0.606 -0.074  
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building in groundwater management will allow SID to improve management of groundwater in 

Sindh. 

We recommend that each of the five divisions be designated as groundwater management areas 

that can be managed to ensure that groundwater depletion is managed within acceptable limits. 

The overall guidance for recommended sustainable yields is given for the entire model and 

improving irrigation efficiency and replacing high water use crops with low delta crops will allow 

adjustments in groundwater abstractions. We further recommend that by 2022 the model 

calibration be tested by extending the model from 2015 to 2021 and to update the model and to 

undertake improvements in model calibration where required.  Extension of the model will also 

allow review of the sustainable yields recommended in this report. 

7.2 Water Balance for Riverine Areas 

The Riverine zone in the model comprises the Indus River and covers an area of 2387 km2.  The 

Indus River contributes 0.972 BCM which is the major inflow to the groundwater system in this 

zone. Recharge from irrigation return flows and rainfall and floods. The majority to outflows 

(0.671 BCM) are from constant head cells which constitute outflows toward from layer 2 towards 

the right bank of the Indus. The other major outflow is from evapotranspiration of 0.188 BCM in 

this zone. The Indus River is one of the main sources of groundwater recharge. The total 

recharge from river/canals for the model is 1.160 BCM of which the Indus contributes 0.972. 

Thus seepage from the canal network contributes 0.188 BCM. By far the greatest source of 

recharge for the Left Bank of Sukkhur Barrage is from irrigation return flow which contributes 

3.944 BCM and includes a minor component from rainfall recharge. What this means is that 

return flows from irrigated agriculture are the main contributor of recharge and rising water tables 

in the area. 

Table 7.9 Water balance for the Riverine areas [average 2010-2014] 

RIVERINE AREAS Inflow [BCM] Outflow [BCM] Net [BCM] 

West 0.003 -0.003 -0.001 

East 0.01 -0.037 -0.027 

North 0.002 -0.002 -0.001 

South 0.002 -0.022 -0.02 

River (Indus) 0.972 0 0.972 

CH 0.024 -0.671 -0.647 

Recharge 0.148 0 0.148 

Well 0 -0.003 -0.003 

ET 0 -0.188 -0.188 

NET 1.159 -0.926 0.234 

7.3 Water Balance for Nara Canal 

The Nara Canal zone in the model comprises the eastern boundary of the model and covers an 

area of 968 km2.  The main inflows in the Nara Canal zone is from irrigation recharge (0.295 

BCM) from a narrow zone along the Nara canal. The largest outflow is from groundwater 

extractions for irrigation close to Nara canal. The Nara zone is an arid zone outside the canal 

command areas. The largest outflow is from evapotranspiration of 0.095 BCM which is primarily 

from the small amounts of irrigation along the banks of Nara Canal.   
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Table 7.10 Water balance for the Nara Canal area [average 2010-2014] 

NARA CANAL Inflow [BCM] Outflow [BCM] Net [BCM] 

West 0.021 -0.003 0.018 
East 0.031 -0.005 0.026 
North 0.005 0 0.005 
South 0.001 -0.005 -0.004 
River/Canal 0.008 -0.032 -0.024 
CH 0.001 -0.004 -0.004 
Recharge 0.295 0 0.295 
ET 0 -0.095 -0.095 
NET 0.362 -0.144 0.218 

7.4 Water Balance for Case Study Sites 

Malwa Distributary: The Malwa command area is about 35994 ha (Figure 6.5) and is dependent 

of surface water supplies with supplementary groundwater irrigation. Cropping systems in Malwa 

include primarily of wheat, cotton and sugar cane. The water balance for the canal command of 

Malwa distributary is shown in Table 7.11. Recharge from irrigation return flows is 114.87 MCM 

which is the main source of recharge for the Malwa CCA. Canal seepage is negligible as this 

distributary has been lined. There is a small flow component of 10.31 MCM from the eastern 

boundary of the Malwa CCA and a westward outflow of 8.74 MCM. However, groundwater 

extraction from the shallow freshwater lens at Malwa comprises the main outflow from the system. 

The evapotranspiration component is 36.85 MCM which is indicative of water tables within the 

root zone for some areas of Malwa. The net balance for Malwa is -61.69 MCM which will result 

in water level declines in the CCA over time. Moreover, the limning of the distributary means that 

the seepage which was recharging the groundwater has been curtailed. However, lining of the 

distributary also results in more surface water for tail end farmers which will result in higher 

irrigation return flows at the tail end.  Despite the lining of the distributary farmers in Malwa have 

indicated that sufficient water does not reach the tail-end of the distributary. 
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Figure 7.5 Map showing the command of Malwa 

Table 7.11 Water balance for CCA of Malwa Distributary [average 2010-2014] 

MALWA CCA Inflow [MCM] Outflow [MCM] Net [MCM] 

West 0.23 -8.74 -8.50 

East 10.31 -0.52 9.78 

North 4.31 -0.07 4.24 

South 0.26 -2.64 -2.38 

River/canal 0.18 0.00 0.18 

Recharge 114.87 0.00 114.87 

Well 0.00 -143.03 -143.03 

ET 0.00 -36.85 -36.85 

Net 130.17 -191.85 -61.69 

Cheeho Minor: The command area for Cheeho Minor is about 4615 ha shown in Figure 7.6, and 

is dependent of surface water supplies with supplementary groundwater irrigation. Cropping 

systems in Cheeho command include wheat, cotton and sugarcane. 

Recharge from irrigation return flows is 14.68 MCM which is the main source of recharge for the 

Cheeho CCA. Canal seepage is negligible as this distributary has been lined. There are inflows 

of 2.40 and 1.54 MCM from the northern and western boundaries respectively and a southerly 

outflow of 0.87 MCM. However, groundwater extraction of 19.12 MCM from the shallow 

freshwater lens at Cheeho comprises the main outflow from the system. The evapotranspiration 

component of 5.5 MCM is the second largest outflow. The net balance for Cheeho is -5.97 MCM 
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which will result in localised water level declines in the Cheeho command over the long term. 

Moreover, the limning of the distributary means that the seepage which was recharging the 

groundwater has been curtailed. Lining minors and distributaries is costly, and although it brings 

short term benefits for tail-end farmers as the distribution is theoretically more equitable; in the 

long term poorly constructed liners and lack of maintenance results in seepage from the canal.  

 

Figure 7.6 Map showing the command of Chiho 
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Table 7.12 Water balance for CCA of Cheeho Distributary [average 2010-2014] 

CHEEHO CCA Inflow [MCM] Outflow [MCM] Net [MCM] 

West 1.54 0.00 1.54 

East 0.86 -0.01 0.85 

North 2.40 0.00 2.40 

South 0.00 -0.87 -0.87 

River/canal 0.06 0.00 0.06 

Recharge 14.68 0.00 14.68 

Well 0.00 -19.12 -19.12 

ET 0.00 -5.50 -5.50 

 Net 19.53 -25.51 -5.97 

 

  



Improving groundwater management in Pakistan: Balochistan groundwater models  

 

Page 106 

8 Scenario Modelling 

Scenario assessment was performed to evaluate the impact of policy intervention to ensure 

sustainable use of groundwater in Sindh. This will help in supporting groundwater policy 

guidance in the National Water Policy. The scenarios were designed to inform SID management 

of the impact of surface water supplies on groundwater, and to help in sustaining groundwater 

use and agricultural productivity in Sindh. Two sets of scenarios were simulated: one based 

historical climatic data; and other based on the future time-series of the climatic input data for 

RCP 4.5 and RCP 8.5 predictions for input datasets, which includes rainfall and temperature 

prediction. The starting point for these scenarios was initial head conditions observed in October 

2010.  

The following scenarios will be assessed to establish future management policy for sustainable 

use of groundwater: 

Scenario 1: Baseline/No change  

This scenario assumes that the pumping will remain same as of calibrated model. This scenario 

was used as a base case to compare other scenario and help to compare the results. 

Scenario 2: 10 % Decrease in surface water supplies 

This was undertaken in consultation with SID to assist in understanding impact on the freshwater 

zones. In this scenario water supplies in early Kharif period (i.e. April to July) is reduced to 10 % 

as of historical supplies. 

Scenario 3: 10% Increased pumping  

In this scenario, pumping was increased for freshwater zone for in early Kharif period (i.e. April 

to July). This will help is identifying threshold depth and time scale of depletion. It will also set 

extraction limit for the freshwater lens.  

Scenario 4: 10% Increased pumping and 10% decrease in water supplies  

In this scenario, pumping was increased for freshwater zone and overall surface water supplies 

were decreased for early Kharif period (i.e. April to July). 

Scenario 5: Climate change Scenario 

In this scenario, water balance assessment was performed using time-series climatic input data 

for RCP 4.5 and RCP 8.5 predictions. Sustainable yield thresholds were established for future 

climatic conditions. 
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8.1 Water Balance Assessment 

8.1.1 Baseline/No change 

The water balance for the baseline scenarios from 2015 to 2047 is presented in Table 8.1. All 

values are in BCM and are averaged over the 32 years of simulation. The two major components 

of the water balance inflows are recharge 4.282 BCM from irrigation and river/canal leakages. 

The major outflow is from wells 3.619 BCM and evapotranspiration 1.754 BCM due to prevalence 

of shallow water tables in Sindh. The net loss in all model layers for baseline scenario is -1.244 

BCM which is equivalent to 73 mm/year decline in average water levels. 

Table 8.1 Water balance for all model layers for the no-plan scenario for 2015-2047 

S1 (Business as usual) Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary flows 0.077 0.972 -0.895 
Wells 0 3.619 -3.619 
Drains 0 0.294 -0.294 
River & Canals 1.094 0.059 1.035 
ET 0 1.754 -1.754 
Recharge 4.282 0 4.282 
Sum 5.453 6.697 -1.244  

 

8.1.2 10 % Decrease in surface water supplies 

This scenario indicates the condition of low water supplies in irrigated canal commands in early 

Kharif period. 10% decrease in water supplies will not have any significant change in the average 

groundwater recharge over the simulation period as of baseline scenario. Net storage will 

decrease from -1.244 to -1.343 BCM as compared to baseline scenario. 

Table 8.2  Water balance for all model layers for 10% reduction in surface recharge scenario 

S2 (10 % Decrease in Surface Supplies) Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary flows 0.079 0.965 -0.886 

Wells 0 3.619 -3.619 

Drains 0 0.285 -0.285 

River & Canals 1.096 0.058 1.039 

ET 0 1.754 -1.754 

Recharge 4.162 0 4.162 

Sum 5.337 6.68 -1.343 

8.1.3  
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8.1.4 10% Increased pumping 

This scenario assumes that 10% increase in pumping will take place in early Kharif period. This 

10% increase in the pumping will reduce net storage from 1.244 to 1.436, which is nearly 15 % 

decrease from the baseline scenario. 

Table 8.3.Water balance for all model layers for 10% increase in pumping scenario 

S3 (10% increase in Pumping) Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary flows 0.079 0.969 -0.89 

Wells 0 3.826 -3.826 

Drains 0 0.289 -0.289 

River & Canals 1.099 0.059 1.04 

ET 0 1.754 -1.754 

Recharge 4.282 0 4.282 

Sum 5.46 6.897 -1.436 

8.1.5 10% Increased pumping and 10% decrease in water supplies 

If the scenario of 10% increase in pumping and 10% decrease in recharge in all the model layers 

in Table 8.4, the recharge from no plan scenario which is 4.282 BCM reduces to 4.162 BCM and 

pumping increases from 3.619 BCM to 3.826 the net balance of the model decreases from -

1.244 BCM to -1.535 BCM as of baseline which is equivalent to decline in water levels of 0.90 

mm per year. 

Table 8.4 Water balance for all model layers for 10% increase in pumping and 10% reduction in 

surface recharge scenario 

S4 (10% increase in Pumping and  
10% Decrease in Surface Supplies) Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary flows 0.081 0.962 -0.881 

Wells 0 3.826 -3.826 

Drains 0 0.28 -0.28 

River & Canals 1.101 0.058 1.044 

ET 0 1.754 -1.754 

Recharge 4.162 0 4.162 

Sum 5.344 6.879 -1.535 

8.1.6 Climate change Scenario 

Average monthly data of temperature and precipitation of ninety years (2010 - 2099) for the 

province of Sindh was acquired from the Numerical Modelling Group of Research and 

Development Division, Pakistan Metrological Department (PMD). The data is collected from The 

Asian Precipitation Highly Resolved Observational Data Integration Toward Evaluation of Water 

Resources (APHRODITE) which is long–term daily gridded precipitation and temperature 

datasets for Asia. Bias corrections for temperature and precipitation were applied to the data. 

Temperature lapse rates from Tahir et al.(2011) were incorporated to correct the APHRODITE 

temperature data for the historical period at 1 km horizontal resolution. The bias correction for 

precipitation gradients was calculated by using a proxy method (Immerzeel et al., 2012) that 

uses glacier mass balance data. Representative Concentration Pathways (RCPs) scenarios are 

new addition to the Global Climate Model projections from the Coupled model Inter comparison 

Project Phase 5 (CMIP5) (Taylor et al. 2012). In this data, for GCM projections, Community 

Climate System Model version 4 (CCSM4) is used by following the protocols of CMIP5 (Coupled 
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Model Intercomparison Project phase 5), for further details refer (Burhan et al. 2015). Each RCP 

is based on specific emissions trajectory, energy use, population, air pollutants and land use, 

and the consequent radiative forcing and temperature anomalies by the year 2100. There are a 

total of 4 RCP scenarios, RCP2.6, RCP4.5, RCP6.5 and RCP8.5. In the current study, RCP4.5, 

and RCP8.5, both medium and high emission scenarios are used. The data is spatially 

interpolated on a 25 x 25- kilometre grid. 

The future (2047) under the RCP 4.5 scenario, the water budget for the overall model domain 

from 2010 till 2047 is presented in Table 8.5. All values are in BCM and are averaged over of 

simulation period. The major components of the water balance inflows are the same, recharge 

from rainfall and irrigation, and river leakages. After pumping, the major outflow is 

evapotranspiration which is increasing in future due to shallow water tables and increasing future 

temperature trends in Sindh. According to RCP 4.5 scenario the net loss in storage over the 

simulation period for future 2010-2047 is increasing from -1.244 BCM to -2.185 BCM which is 

equivalent to 128 mm decline in average water levels in the model area. 

In future projections the major inflow for the top model layer (Table 8.6) is recharge (3.767 BCM) 

followed by upward flow from layer 2 (2.463 BCM). The Indus and canal system contributes 

1.153 BCM to inflows. According to RCP 4.5 scenario in 2047after pumping the next significant 

loss from the top layer is through evapotranspiration which is increasing from 1.606 BCM to 

2.454 BCM due to climate change.  

The major inflow to layer 2 (Table 8.7) is from layer 1, which decreases from 2.48 BCM to 1.957 

BCM in future scenario. The net inflows to layer 2 decreases from 2.552 BCM to 2.087 BCM and 

the outflows increases from 3.217 BCM to 3.645 BCM in the period of 2010-2047. According to 

RCP 4.5 scenario of future period (2010-2047) the net decline in storage in layer 1 is from -0.374 

BCM to -0.625 BCM and from -0.665BCM to -1.558 BCM in layer 2.   

Table 8.5 Water balance for all model layers for RCP 4.5 climate change scenario 

S5 (RCP 4.5) Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary flows 0.128 0.837 -0.709 

Wells 0 3.619 -3.619 

Drains 0 0.271 -0.271 

River & Canals 1.153 0.05 1.102 

ET 0 2.458 -2.458 

Recharge 3.769 0 3.769 

Sum 5.049 7.234 -2.185 

 

Table 8.6 Water balance for layer-I for RCP 4.5 climate change scenario 

Layers-I Inflow [BCM] Outflow [BCM] Net [BCM] 

Bottom 2.463 1.957 0.506 

Boundary 0 0 0 

Drains 0 0.271 -0.271 

ET 0 2.454 -2.454 

Recharge 3.767 0 3.767 

River Leakage 1.153 0.05 1.103 

Wells 0 3.276 -3.276 

Net 7.383 8.008 -0.625 
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Table 8.7 Water balance for layer-II for RCP 4.5 climate change scenario 

Layers-II Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary 0.128 0.837 -0.709 

Drains 0 0 0 

ET 0 0.003 -0.003 

Recharge 0.002 0 0.002 

River Leakage 0 0 0 

Top 1.957 2.463 -0.506 

Wells 0 0.342 -0.342 

Net 2.087 3.645 -1.558 

Under the RCP 8.5 high emission scenario for the period (2010-2047), the water budget for the 

overall model domain is presented in Table 8.8. All values are in BCM and are averaged over of 

simulation period. The major components of the water balance inflows are similar to the baseline 

and RCP 4.5 scenarios, which are, recharge from rainfall and irrigation, and river leakages. After 

pumping, the major outflow is evapotranspiration which is greater than baseline line and RCP 

4.5 scenarios and will increase if this scenario prevails in the region because of shallow water 

tables in Sindh. According to RCP 8.5 scenario the net loss in storage over the simulation period 

for future 2010-2047 from baseline is -1.244 BCM to -2.214 BCM equivalent to a decline in water 

levels of 129 mm/yr.  

In RCP 8.5 future projections the major inflows for the top model layer presented in Table 8.9 is 

recharge (3.73 BCM) followed by upward flow from layer 2 (2.415 BCM). The Indus contributes 

1.16 BCM to inflow. According to RCP 8.5 scenario of future (2047), after pumping the next 

significant loss from the top layer is through evapotranspiration which is increases from RCP 4.5 

and baseline from 1.606 BCM to 2.465 BCM if this future scenario occurs in the region. The 

major inflow to layer 2 in Table 8.10 is from layer 1, which decreases from 2.48 BCM to 1.882 

BCM in future scenario of RCP 8.5. The net inflows to layer 2 are decreases from 2.552 BCM to 

2.015 BCM and the outflows are increases from 3.217 BCM to 3.591 BCM in the period of 2010-

2047. If RCP 8.5 scenario occurs in future period (2010-2047) the net decline in storage in layer 

1 will be from -0.374 BCM to -0.637 BCM and from -0.665BCM to -1.576 BCM in layer 2. 

Table 8.8 Water balance for all model layers for RCP 8.5 climate change scenario 

S5 (RCP 8.5) Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary flows 0.131 0.831 -0.7 

Wells 0 3.619 -3.619 

Drains 0 0.27 -0.27 

River & Canals 1.16 0.049 1.111 

ET 0 2.468 -2.468 

Recharge 3.732 0 3.732 

Sum 5.023 7.237 -2.214 
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Table 8.9 Water balance for layer-I for RCP 8.5 climate change scenario 
 

Inflow [BCM] Outflow [BCM] Net [BCM] 

Bottom 2.415 1.882 0.533 

Boundary 0 0 0 

Drains 0 0.27 -0.27 

ET 0 2.465 -2.465 

Recharge 3.73 0 3.73 

River Leakage 1.16 0.049 1.111 

Wells 0 3.276 -3.276 

Net 7.305 7.942 -0.637 

Table 8.10 Water balance for layer-II for RCP 8.5 climate change scenario 
 

Inflow [BCM] Outflow [BCM] Net [BCM] 

Boundary 0.131 0.831 -0.7 

Drains 0 0 0 

ET 0 0.003 -0.003 

Recharge 0.002 0 0.002 

River Leakage 0 0 0 

Top 1.882 2.415 -0.533 

Wells 0 0.342 -0.342 

Net 2.015 3.591 -1.576 

8.2 Water Level Assessment 

Spatial distribution of depth to groundwater level from top of natural surface for the calibrated 

model for the calibrated model and scenarios is shown in Figure 8.1. Depth to water level (DTW) 

is divided into different categories i.e. water logged; Shallow water tables (0-1.5 m and 1.5-3.0 

m); Moderate water levels (3.0- 10 m); and Deep water levels (> 10 m).  DTW in all of the canal 

commands lies in shallow or moderate water table category in year 2015 (Figure 8.1a). Shallow 

water tables can be seen at head and mid reaches of the distributaries. At tail reach, especially 

for canal command near the Indus River, DTW lies in the moderate water level category. Tail 

reaches near the Indus River is the area which has freshwater and is extensively use for irrigation. 

DTW in non-irrigated area lies in deep water level category this is due to the fact that most of the 

recharge in canal commands in Sindh is from irrigation return flow, canal leakage and river 

inflows. Precipitation contributes to minimum recharge, and in non-irrigated area the only source 

of recharge is from surrounding boundaries or from precipitation. 

Figure 8.1b shows the DTW in 2047 for the Business As Usual (BAU) scenario. Water levels in 

Khairpur East (KE) division change from moderate to deep category indicating declining trends 

in Khairpur East. Most of the KE command will lie in category of 10 to 15 m, except the riverine 

area, which will maintain its moderate water levels. B-39 monitoring points at the head of KE 

division shows that there will be nearly 10m drop in water (Figure 8.3). This is critical because 

such a large decline in water levels will deteriorate groundwater quality significantly. Here one 

assumption is to be noted that in the simulation we have not constrained the pumping, which is 

to stop pumping due to low quality of groundwater. Realistically, farmers will stop pumping of 

water, if the quality of the groundwater becomes worse. If farmers will continue pumping beyond 

this limit due water shortage, then it will have an adverse impact on agriculture land due to 

increasing accumulation of salts in the root zone. Head reaches at the KW division will also 

experience deep water levels, although this area presently has less pumping due to marginal to 

saline water, but this water level change is seen due to expansion of the drawdown cone caused 
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by the pumping in KE division. This raises another serious concern of lateral movement of saline 

water in freshwater zone of KE division. Shallow water levels and waterlogging will reduce in 

Moro and Dad division, and most of the area will lie in the moderate water level (5-10m) category. 

Middle and Tail reach of Malwah (Project Case study site) and Sakrand distributary will have 

deep water tables (10-15m). Shallow water tables will prevail in Nasrat division. Water logged 

areas will increase to the east of Nasrat division, which is the area where natural depressions 

occurs. 

Scenario assessment shows that the decreasing water level conditions will remain same as the 

base line scenario. There will be localized changes in the area as a result of increased pumping 

and decreased surface water recharge (Scenario 4) which shows that water levels in the 

moderate category will increase in Moro and Dad divisions. Climate change scenario also 

showed decreasing trend but the gradient of water level decline was not constant, it showed 

periods of decreasing and increasing water levels, although the water level in 2047 in nearly 

same as for the baseline scenario. It can be seen from the monitoring bores in KE and KW that 

the gradient of water level changes from 2028, an increase in the water level can be seen, and 

till end of simulation water levels of climate change scenario remain 5m above as compared to 

the baseline scenario. In Nasrat division climate change scenario shows a decreasing trend till 

2022 then an increasing trend is observed for monitoring points in the irrigated area. 
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Figure 8.1 Spatial distribution of depth to groundwater level from top of natural surface in 2015 for:  

(a) Depth to water level in 2015 for calibrated model; (b) Depth to water level in 2047 for Business as 

usual Scenario; (c) Depth to water level in 2047 for decrease in surface water supplies; (d) Depth to 

water level in 2047 for increase in pumping; (e) Depth to water level in 2047 for decrease in surface 

water supplies and increase in pumping scenario;(f) Depth to water level in 2047 for RCP 4.5 climate 

change scenario;(g) Depth to water level in 2047 for RCP 8.5 climate change scenario 
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Figure 8.2 Selected monitoring points for plotting simulated water levels 
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Figure 8.3 Simulated heads [mMSL] for selected monitoring points in Khairpur West Division 

 

Figure 8.4 Simulated heads [mMSL] for selected monitoring points in Khairpur East Division 

 

Figure 8.5 Simulated heads [mMSL] for selected monitoring points in Moro/Rohri Division 
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Figure 8.6 Simulated heads [mMSL] for selected monitoring points in Dad Division 

 

Figure 8.7 Simulated heads [mMSL] for selected monitoring points in Nasrat Division 
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9 Conclusions and Recommendations 

9.1 Conclusions 

The Sindh Groundwater Model (Sindh GWM) for the Left Bank Command of the Sukkur Barrage 

is developed for a GCA/CCA of over 1.5/1.3 million Ha. The area receives perennial water 

supplies majorly for Wheat-Cotton cropping. The area is the food basket for the people of the 

province and lies in the heart of the Sindh province in Khairpur, Naushero Feroze, and Shaheed 

Benazirabad Districts. Progressive farmers and growers not only substantially add to the 

economy of the province and the country by agricultural activities but also support rural 

livelihoods by utilizing human, land and water resources. The following are the conclusions that 

are drawn based on the Sindh GWM development and predictions works: 

• The Left Bank Sukkhur Barrage model was calibrated from October 2010 to March 

2014. Seepages from the Indus, surface water supplies infrastructure, irrigation 

return flows, and scanty erratic rainfall in the modelled arid subregion form major 

inflows to the aquifer system while pumped groundwater, evapotranspiration, and 

drains are the outflows. 

• Two distinct groundwater flow systems for this subregional model are: 1) between 

the Indus and the Rohri Main Canal, the groundwater is moving south westerly, and 

2) between the Rohri Main Canal and Nara/Jamarao canals, the groundwater is 

moving south easterly. Thus, the Rohri Main Canal acts as a groundwater divide at 

subregional scale. 

• Alluvium of coarser material is found on the western side (Indus and Rohri Main 

Canal) of the modelled area and becomes finer moving towards the south-east 

(Jamarao Canal). Thick overburden alluvium mainly consists of sand makes the 

aquifer system a highly transmissive system and attractive for installation of high-

capacity wells. Similarly, relatively good quality groundwater is found on the western 

side of the modelled area and is getting poorer moving towards south-eastern side.  

• Thus historically the modelled area has remained the focus for groundwater use and 

development projects such as North Rohri SCARP, LBOD Stage-I, and others were 

implemented to drain the deeper saline groundwater. Also numerous surface water 

supply conservation/reuse projects such On-Farm Water Management, Command 

Water Management, Tile Drainage were implemented in the modelled area to 

enhance the productivity of land and water system. 

• The aquifer system of the Left Bank of Sukkher Barrage ishighly transmissive and 

sensitive to seepage from surface water supplies and irrigation return flows. This also 

confirms the problems of waterlogging and salinization faced in the area from late 

1930s to1970s with the introduction of diversion of surface water supplies from the 

Sukkur Barrage which in turn required salinity control and reclamation projects in 

Sindh. 

• The problems of waterlogging and salinization still prevails in the modelled area 

especially low-lying areas near natural dhoras and dhands (depression of old stream 

beds and ponds) and extends in area as a result of monsoon storms. This and other 

climate change concern led us to simulate the situation under UN-IPCC’s 

Representative Concentration Pathways (RCPs) 4.5 and 8.5 

(https://svs.gsfc.nasa.gov/4105) using the groundwater model.  

• The model estimates a sustainable yield of the aquifer system at 3±0.3 BCM to allow 

for adaptive management during times of drought and inadequate surface water 

supplies. It also takes into consideration that abstraction rates cannot be curtailed 

abruptly or by a significant amount as there is increased livelihood dependence on 

groundwater in this area. 
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• The groundwater quality in the model domain varies spatially and with depth. 

Freshwater lenses overlie deeper saline groundwater, thus excessive pumping is 

likely to result in upconing and lateral intrusion of saline groundwater from adjacent 

areas. In areas where surface water supplies have low delivery performance ratio 

coupled with  a lack of groundwater monitoring and regulation , farmers are inclined 

to install wells to supplement surface water supplies which is resulting in increased 

abstractions. Stakeholder consultations are required to set allocation limits for the 

irrigation divisions and to undertake selective management of hotspots, to ensure 

the aquifer remains a sustainable source of supply.  

• The model simulated declining storages and thereby groundwater levels in the all 

irrigation canal commands/five SID divisions. The average change in groundwater 

levels simulated for five irrigation divisions and case study areas is shown in Table 

9.1. 

Table 9.1 Sindh GWM Simulation (October 2010-March 2014): Average Change in GW Level 

Sindh GWM Simulation (October 2010-March 2014): Average 
Change in GW Level 

  
GCA 
(‘000Ha) 

CCA 
(‘000Ha) 

Average Change 
in 
GW Level m/yr 

Canal Command/Sindh Irrigation Division wise  

KE 230.671 149.329 -0.804 

KW 171.587 130.309 -1.047 

/Moro 192.95 191.692 -0.687 

Dad 137.24 128.24 -0.989 

Nasrat 220.66 203.79 -0.147 

Case study areas    

Malwa Distributary 18.156 18.156 -0.656 

Cheeho Minor 2.5665 2.5613 -0.495 

+ means rise and – means decline 

• Expansion of groundwater abstractions in the Irrigation Divisions other than Nasrat 

Division should be monitored meticulously and allocation limits adopted in 

consultation with groundwater users to manage hotspots and to ensure groundwater 

availability with suitable quality is maintained for future users. Most of Nasrat division 

has poor groundwater quality so the likelihood of additional pumping is low however, 

shallow water table management may be required to limit the spread of waterlogging 

and salinity. This could be achieved by adopting low delta crops, improving irrigation 

management practices, and land management.  

• The following scenarios were assessed to improve understanding of groundwater in 

2047 (Pakistan at 100) and to provide SID with a framework and guidance for 

developing equitable policies for sustainable use of groundwater: 

▪ Scenario 1 - Baseline/No change This scenario assumes that pumping will 

remain the same as the calibrated model. This scenario was used as a base case 

to compare other scenario and help to compare the results. The net loss in all 

model layers for the baseline scenario is -1.244 BCM/yr 

▪ Scenario 2 - 10 % Decrease in surface water supplies: This scenario was 

undertaken in consultation with SID to assist in understanding impact on the 

freshwater zones. In this scenario water supplies in early Kharif period (i.e. April 

to July) is reduced by 10 % of historical supplies. Net storage will decrease from 

-1.244 to -1.343 BCM/yr as compared to baseline scenario by curtailing 

seepages to the aquifer due to reduced supplies. 
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▪ Scenario 3 - 10% Increased pumping: In this scenario, pumping was increased 

for freshwater zones in early Kharif period (i.e. April to July). This will help in 

identifying threshold depth and time scale of depletion. It will also set extraction 

limit for freshwater lens. A 10 % increase in the pumping will decrease net 

storage from -1.244 to -1.436 BCM/yr due to enhanced groundwater extractions. 

▪ Scenario 4 - 10% Increased pumping and 10% decrease in water supplies: In 

this scenario, pumping was increased for freshwater zone and overall surface 

water supplies were decreased for early Kharif period (i.e. April to July). The net 

storage decreased from -1.244 BCM to -1.535 BCM/yr as compared to the 

baseline scenario due to both enhanced groundwater extractions and curtailing 

seepages to aquifer due to reduced supplies. 

▪ Scenario 5 - Climate change Scenario: In this scenario, a detailed future water 

balance assessment was performed for the future time-series of the climatic input 

data for RCP 4.5 and RCP 8.5 predictions. Sustainable yield thresholds were 

established for future climatic conditions. For the RCP 4.5 scenario the net 

storage over the simulation period for 2010-2047 decreased from -1.244 BCM to 

-2.185 BCM. For the RCP 8.5 scenario the net loss in storage over the simulation 

period for 2010-2047 decreased from -1.244 BCM for the BAU scenario to -2.214 

BCM. For the Left Bank Sukkhur Barrage model there is not much difference in 

the two RCP scenarios, however, temporal variations of extreme events vary, 

whereas in Punjab the RCP scenarios show a much larger variation in rainfall 

patterns.  

• The groundwater level assessment with the Sindh GWM simulation and predictions 

are suggesting decreasing trends. The modelled areas with shallow (1.5 - 3.0 m) to 

moderate (3.0 – 10.0 m) groundwater are trending to moderate to deep (>10 m) areas 

in future under the different scenarios shown in Table 9.2. Groundwater level trends 

for five irrigation division, contiguous system and case study areas show a declining 

trend. 
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Table 9.2 Groundwater level trends for five irrigation divisions and study sites, for the calibrated model 

and scenarios 

 

+ means rise and – means decline 

Note: S0-2010-14 - Calibrated model; Scenario S1 – Business as usual; Scenario S2 – 10% decrease in canal 

supplies; Scenario S3 – 10% increase in pumping; Scenario S4 – 10% decrease in canal supplies and 10% 

increase in pumping, Scenario 5a– RCP 4.5; Scenario 5b – RCP 8.5 

9.2 Recommendations 

Based on the modelling results, following recommendations are suggested for SID: 

• The current average annual pumping from the Left Bank Command of Sukkur 

Barrage encompassing districts of Khairpur, Naushero Feroze, and Shaheed 

Benazirabad is 2.942 BCM from layer 1 and 0.307 BCM from layer 2, totalling 3.249 

BCM. The net decline in storage in layer 1 is 0.374 BCM and 0.665 in layer 2. The 

sustainable yield is estimated at 3±0.3 BCM to allow for adaptive management during 

times of drought and inadequate surface supplies. We recommend that an allowance 

of 10% (0.3 BCM) will allow farmers to increase extraction during drought years and 

which will allow replenishment when rainfall and surface water flows increase.  

• We further recommend that as additional monitoring data is collected the model 

calibration period needs to be extended to account for increased number of tubewells 

and ensure the robustness of calibration and to revise sustainable extraction limits 

based on the extended modelling. Incorporating this process of revising and 

improving groundwater models will offer SID as the resource manager improved 

understanding of risks to the groundwater from overexploitation and salinity intrusion.  

• Concurrently SID needs to engage with stakeholders to improve understanding of 

proposed sustainable extraction limits and where the opportunity arises to regulate 

groundwater abstractions in hotspots to undertake selective management of 

hotspots with community support. This will ensure the aquifer remains a sustainable 

source of supply. 

• Another consideration for the sustainable yield for the Left Bank Sukkur Barrage 

model is to minimise flows from the lower layer into the upper layer to prevent 

accelerated salinisation.  
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• It is further recommended that continued use of groundwater in this environment will 

need to be accompanied by investments in water productivity to minimise adverse 

impacts of waterlogging and salinisation and to preserve the freshwater lenses for 

the future of groundwater irrigation in Sindh. The RAPs (Representative Agricultural 

Pathways) approach taking place under this project is undertaking trials with low 

delta crops in Sindh as well as in our case study sites in Punjab and Balochistan. 

The trials in Punjab have shown that replacing wheat sith sunflower and mung beans 

allows farmers grow these crops with less number of irrigations, and improved land 

management practices which is producing higher economic returns at lower input 

costs with positive impact on livelihoods. The initiatives undertaken in Sindh are an 

important initiative to improve water productivity. 

• Much of this recharge is a result of irrigation return flows, seepage from distributaries, 

minors and water courses at the farm level. It is recommended that SID develop a 

monitoring strategy for these irrigation divisions to monitor groundwater levels and 

salinity to ensure continued agricultural productivity. 

• All divisions show net decline in storage which over time, will result in declining water 

levels, and increased salinity from lateral intrusion into freshwater lenses. The 

freshwater lenses provide groundwater irrigators supplementary water which allows 

increased cropping intensities. There needs to be a balance between recharge and 

pumping in these divisions to ensure continued use of these freshwater lenses. 

Increased pumping is likely to increase risk of salinisation which will result in forcing 

irrigators to reduce pumping and in-turn exacerbates waterlogging. 

• To maintain productivity farmers in Nasrat Division will need to increase acreage of 

low delta crops and to improve irrigation efficiencies which will help in maintain a 

balance between inflows and outflows. SCARP tubewells and drains also need to be 

maintained in Nasrat Division to manage waterlogging and salinity. Developing a 

strategic monitoring strategy and implementation of this strategy with sufficient 

funding for operation and maintenance, along with on-going investment in capacity 

building in groundwater management will allow SID to improve management of 

groundwater in Sindh. 

• The Indus River is one of the main sources of groundwater recharge. The total 

recharge from river/canals for the model is 1160 MCM of which the Indus contributes 

971.69. Thus seepage from the canal network contributes 188.31 MCM. By far the 

greatest source of recharge for the Left Bank of Sukkhur Barrage is from irrigation 

return flow and a minor component from rainfall recharge which contributes 3944 

MCM. What this means is that return flows from irrigated agriculture are the main 

contributor of recharge and rising water tables in the area. 

• The net balance for Malwa is -61.69 MCM which will result in water level declines in 

the CCA over time. Moreover, the lining of the distributary means that the seepage 

which was recharging the groundwater has been curtailed. However, lining of the 

distributary also results in more surface water for tail end farmers which will result in 

higher irrigation return flows at the tail end.  Despite the lining of the distributary 

farmers in Malwa have indicated that sufficient water does not reach the tail-end of 

the distributary. It is recommended that lining schemes in freshwater zone should be 

discouraged or should be designed such that groundwater recharge is maintained in 

areas where groundwater levels are declining. Getting the balance right is essential 

as too much water will allow water levels to rise and too little will result in overuse of 

groundwater and declining water levels. 

• The net balance for Cheeho is -5.97 MCM which will result in localised water level 

declines in the Cheeho command over the long term. Moreover, the lining of the 

distributary means that the seepage which was recharging the groundwater has been 

curtailed. Lining minors and distributaries is costly, and although it brings short term 
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benefits for tail-end farmers as the distribution is theoretically more equitable; in the 

long term poorly constructed liners and lack of maintenance results in seepage from 

the canal. 

• Scenario assessment shows that there will be localized changes in the area. For 

example, the Scenario 4 which simulated increased pumping and decrease in 

surface water shows water levels in the moderate category will increase in Moro and 

Dad divisions. It is recommended that in Moro and Dad division monitoring for 

overexploitation should be undertaken regularly. This region should be declared as 

a separate freshwater management zone for ensuring sustainable use of fresh 

groundwater zone. 

• It is recommended that adaptive groundwater management should be practiced in 

the Sindh, which means that short term plans should be implemented for managing 

groundwater. Suppose that if the water level gradient is declining then groundwater 

use control measures can be triggered, and if water levels are increasing then 

pumping should be encouraged. As climate change scenario in our simulation 

showed decreasing trend but the gradient of water level decline was not constant, it 

showed periods of decreasing and increasing water levels, although the water level 

in 2047 in nearly same as of baseline scenario. 

• Monitoring of groundwater resources is not being undertaken by SID as there are 

significant capacity constraints within SID as well as the absence of a Groundwater 

Directorate within SID or for that matter within the Sindh Government. We 

recommend that SID take up the challenge and establish a Groundwater Directorate 

to manage groundwater resources including Monitoring, Mapping, Modelling and 

Management. Monitoring should use continuous monitoring loggers which will 

provide SID up to date information on the state of the aquifer. The lack of data on 

groundwater in Sindh and the lack of technical capacity within SID is a major 

impediment to improving management of groundwater. This project has taken the 

first steps towards building capacity by training over 20 SID engineers, several 

students at MUET, and 1 engineer from SMO Sindh in groundwater monitoring and 

modelling. Building on this for the future of groundwater users in Sindh is essential. 

• We recommend that SID designate each of the five divisions (i.e. Khairpur East, 

Khairpur West, Moro, Dad and Nasrat) as groundwater management areas to ensure 

that groundwater depletion is managed within acceptable limits. The overall guidance 

for recommended sustainable extraction limits is given for the entire model and 

improving irrigation efficiency and replacing a percentage of high water use crops 

with low delta crops will allow adjustments in groundwater abstractions. 
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11 Appendix I - Bore logs  

 

District: Central Rohri Command, Province: Sindh 

Well Hole ID Depth (m) Page 

LIPW25 183.4896 69 

LIPW27 137.1600 69 

LIPW54 183.4896 69 

LIPW55 137.1600 69 

LIPW56 137.1600 3 

LIPW57 137.1600 3 

LIPW109 234.6960 3 

LIPW110 137.1600 3 

RN9(TW) 61.5696 4 

RN12(TW) 71.6280 4 

RN13(TW) 76.2000 4 

RN14(TW) 91.4400 4 

RN15(TW) 62.4840 5 

RN16(TW) 76.8096 5 

RN19(TW) 47.2440 5 
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District: Guddu Command, Province: Sindh 

Well Hole ID Depth (m) Page 

BH56 49.3776 7 

BH56A 40.2336 7 

GO22 137.1600 7 

GO30 136.5504 7 

LIPW120 183.4896 8 

TW25 40.2336 8 
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District: Khairpur Command, Province: Sindh 

Well Hole ID Depth (m) Page  Well Hole ID Depth (m) Page 

BH1 112.7760 10  K11 42.9768 15 

BH2 185.9280 10  K12 70.1040 15 

BH3 166.1160 10  K13 109.1184 15 

BH4 182.8800 10  K14 91.7448 16 

BH5 160.6296 11  K15 73.4568 16 

BH7 186.8424 11  K16 72.5424 16 

BH8 183.1848 11  LIPW48 137.1600 16 

BH9 121.9200 11  LIPW113 137.1600 17 

BH14 103.6320 12  LIPW114 137.1600 17 

BH36 36.5760 12  LIPW116 137.1600 17 

BH36A 54.8640 12  LIPW117 409.0416 17 

BH37 111.5568 12  LIPW118 153.9240 18 

K1 81.9912 13  LIPW119 128.6256 18 

K2 126.4920 13  TW1 73.1520 18 

K3 137.8696 13  TW2 42.6720 18 

K4 137.7696 13  TW3 85.3440 19 

K6 137.7696 14  TW5 86.8680 19 

K7 47.8536 14  TW6 73.1520 19 

K8 65.8368 14  TW30 47.2440 19 

K9 21.0312 14  TW47 48.7680 20 

K10 51.5112 15  TW48 45.7200 20 
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District: Nara Command, Province: Sindh 

Well Hole ID Depth (m) Page 

LIPW28 137.1600 22 

LIPW29 137.1600 22 

LIPW32 137.1600 22 

LIPW59 137.1600 22 

LIPW60 137.1600 23 

LIPW92 137.1600 23 

LIPW93 137.7690 23 

LIPW94 137.1600 23 

LIPW101 137.1600 24 

LIPW106 137.1600 24 

RN17(TW) 46.0248 24 

RN26(TW) 64.0080 24 

RN27(TW) 59.4360 25 

RN29(TW) 82.2960 25 
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District: Northern Rohri Command, Province: Sindh 

Well Hole ID Depth (m) Page  Well Hole ID Depth (m) Page 

BH6 185.9280 27  LIPW53 183.4896 31 

BH56B 138.0744 27  LIPW107 122.5296 31 

K5 137.7696 27  LIPW108 137.1600 31 

LIPW15 183.4896 27  LIPW111 299.3136 32 

LIPW16 137.1600 28  LIPW112 137.1600 32 

LIPW17 137.1600 28  LIPW115 183.4896 32 

LIPW18 94.5360 28  RN3(TW) 60.9600 32 

LIPW19 137.1600 28  RN4(TW) 89.9160 33 

LIPW20 121.9200 29  RN5(TW) 47.2440 33 

LIPW21 132.5880 29  RN6(TW) 89.9160 33 

LIPW22 146.9136 29  RN7(TW) 47.2440 33 

LIPW23 128.0160 29  RN8(TW) 62.4840 34 

LIPW47 137.1600 30  RN10(TW) 62.4840 34 

LIPW49 137.1600 30  RN11(TW) 62.4840 34 

LIPW50 183.4896 30  TW4 85.3440 34 

LIPW51 137.1600 30     

LIPW52 137.1600 31     
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District: Sakkar Command, Province: Sindh 
 

Well Hole ID Depth (m) Page  Well Hole ID Depth (m) Page 

BH12 173.7360 36  BH39 137.1600 40 

BH13 173.7360 36  BH40 137.7696 41 

BH20 174.3456 36  BH41 138.0744 41 

BH21 174.3456 36  LIPW122 113.3856 41 

BH22 138.0744 37  LIPW123 183.4896 41 

BH23 112.7760 37  LIPW124 183.4896 42 

BH24 173.7360 37  LIPW125 183.4896 42 

BH25 137.7696 37  LIPW126 184.4040 42 

BH26 180.7464 38  LIPW141 183.4896 42 

BH27 182.8800 38  RB33 137.7696 43 

BH28 137.1600 38  RB34 137.7696 43 

BH29 143.2560 38  TW9 73.1520 43 

BH30 143.2560 39  TW11 82.2960 43 

BH31 143.2560 39  TW12 88.3920 44 

BH32 137.1600 39  TW13 76.2000 44 

BH33 139.5984 39  TW15 79.2480 44 

BH34 137.1600 40  TW16 50.5968 44 

BH35 140.2080 40  TW18 80.1624 45 

BH38 137.1600 40  TW19 56.6928 45 

    TW20 60.9600 45 
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District: Southern Rohri Command, Province: Sindh 

Well Hole ID Depth (m) Page 

LIPW24 137.1600 47 

LIPW26 90.8304 47 

LIPW30 109.4232 47 

LIPW31 183.4896 47 

LIPW58 137.1600 48 

LIPW61 137.7696 48 

LIPW62 137.7696 48 

LIPW88 137.7696 48 

LIPW91 137.1600 49 

LIPW95 137.7696 49 

LIPW105 137.1600 49 

RN18(TW) 56.5404 49 

RN20(TW) 51.8160 50 

RN21(TW) 55.4736 50 

RN22(TW) 60.9600 50 
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