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Executive Summary

Irrigated agriculture has been important in enhancing Pakistan’s food security and economic sustainability.
Agricultural water requirement is increasing to meet the demand for food and fibre as Pakistan’s population
increases and the industrial sector expands. While surface water irrigation remains pivotal in agricultural
production, in recent decades, the share of irrigation from groundwater has increased exponentially in all four
provinces, i.e., Balochistan, Khyber Pakhtunkhwa (KPK), Punjab, and in the freshwater zones of Sindh.
Pakistan’s irrigation system, which was initially designed for a cropping intensity of 67%, is now experiencing
cropping intensities above 150% and up to 180% in some areas (Khaliq et al., 2019). Moreover, surface water
scarcity in the lower reaches due to seepage losses in the upper reaches and inequity in canal water supplies
due to variability in river water flows have forced farmers to shift their demand towards groundwater. Climatic
changes have exacerbated the situation. Because of the increase in groundwater pumping, groundwater levels
are declining in Southern Punjab. Significant declines have been observed in Lodhran, Jahanian, and Duniapur
tehsils, where groundwater levels have decreased consistently over the past decade (Zakir-Hassan et al.,
2022).

Little attention has been paid to the increasing use of groundwater as it is an unregulated resource, and it has
been one of the least understood challenges in Pakistan in recent years. Interestingly, Pakistan is facing the
menace of waterlogging in some areas, particularly in the lower riparian area of Sindh, as well as
overexploitation of groundwater. Groundwater modelling is one of the main techniques being used globally
that allows resource managers to test different management strategies and simulate scenarios to understand
different stresses, including climate change impacts on an aquifer system.

The groundwater model presented in this report was developed in collaboration with the Punjab Irrigation
Department (PID) for Southern Bari Doab in Punjab, which is part of the Southern Indus Basin. Four major
districts, Multan, Khanewal, Vehari, and Lodhran, cover an area of 11,348 km2. Three major irrigation canals,
Sidhnai/Pakpattan Lower, Mailsi, and the Sidhnai Mailsi Link Canal, as well as several branch canals, are part
of the irrigation network in the area.

To evaluate the spatio-temporal impact of different hydrological components on groundwater levels in the study
area, a regional groundwater model (MODFLOW) was developed. Different hydrogeological factors, such as
seepage from rivers and canals, recharge from rainfall and field application losses, evapotranspiration,
groundwater pumping, and aquifer lithology were incorporated to evaluate the groundwater dynamics of the
aquifer.

The groundwater model was developed for ten years from October 2010 to September 2020 for 120 monthly
stress periods. It has three layers with thickness assigned as 30m, 95m and 180m for Layer 1, Layer 2, and
Layer 3, respectively. The thickness of Layer 1 was based on the maximum depth to the watertable in the
area, Layer 2 was based on the average maximum depth of bore logs in the area, and Layer 3 on the bedrock
of the aquifer.

The water balance for the model indicates that the inflow from river and canal seepage is 1,637.3 MCM/yr,
while the recharge from field application losses of surface supplies and pumping return flow was 1,485.8
MCM/yr, comprising 53% and 47% of the total inflow, respectively. Also, the average groundwater extraction
calculated by the model is 3,355.5 MCM/yr, amounting to 92% of the total outflow from the model. This also
indicates that attempts to limit canal seepage will accelerate the decline in groundwater levels since about
53% of groundwater is replenished by canal seepage. The net storage was found to be -533.4 MCM/yr, which
is evidence of high pumping in the area.

The water balance of the three layers shows that groundwater inflows of 3,155.0 MCM/yr occur from Layer 1
to Layer 2, indicating a depletion of Layer 1 in response to pumping in Layer 2. The layer water balance
indicates Layer 2 is replenished by downward flows from Layer 1 and by upward movement of 1,442.9 MCM/yr
from Layer 3. This suggests that as water levels are depleted in the upper layer, many farmers will have to
invest in deepening tubewells, which may result in using marginal quality water.

Given the above, we recommend various strategies for improving groundwater sustainability. One approach
would be to regulate and set limits on groundwater extractions, but this would affect livelihoods and food
security. Moreover, implementing and enforcing regulations would not be possible in the medium term. We
recommend focusing on hotspots where groundwater declines are persistent and causing farmers to increase
the depth of their wells and where pumping costs are increasing as groundwater levels decline. We also
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recommend a change in cropping pattern away from crops like rice, sugarcane and cotton that use a lot of
water to so-called low delta crops like mung bean and onion, which use less water and are also suited to the
agroclimatic conditions of Southern Punjab. To this end, we simulated a set of three adaptation options up to
2060. One simulation involved gradual substitution of high delta with low delta crops. Another simulated
monsoon floods with a return period of 10 years, based on the flood event that occurred in the Chenab and
Sutlej Rivers on August 25, 2013. The third option explored a strategy to mitigate the impacts of flash floods
by establishing a green barrier of trees along the riverine corridor of the Chenab River. The combined impact
of these three adaptation options resulted in net storage of -586.6 MCM as compared with the increased
pumping scenario which indicated a net loss in storage of - 939.6 MCM annually. Although the implementation
of these three options increased groundwater storage by about 353 MCM/yr, the resulting net storage loss
indicates additional adaptation options will be required as impacts from climate change on agricultural water
demand increases over this period.

Other improved land and water management strategies can also be implemented by providing an enabling
environment for farmers to adopt and adapt to climate smart agricultural practices. In these areas, community
facilitators can play a vital role in improving farmer knowledge of groundwater management as a shared
resource leading to improved livelihood outcomes under Sustainable Development Goals (SDG 1.3, 2.4 and
6.4). From an institutional perspective, this study provides insights into the limits of groundwater extractions
for different areas. This will allow resource managers and agricultural policy makers to develop policies that
support the transition to a sustainable irrigation future in Southern Punjab. This model will provide a basis for
institutional stakeholders to develop strategies to improve the management of groundwater resources for
sustainable use.

Modelling Climate Change Impacts and Adaptation Strategies for Managing Groundwater Resources in Southern Punjab
Abdul Raheem, Muhammad Saifullah, Jehangir F. Punthakey, Ghulam Zakir-Hassan, Irfan Ahmad Baig Page 4 of 72




Contents

ACKNOWIEBUGEIMENTS ...ttt ettt e e ra et e e ek bt e e e sa b et e e ok et e e e ek bt e e e ek et e e e abbe e e e sabeeeesbbeeeeanbneeeean 2
Lo LU = TSP PO TSP OUPPRPTPN 7
L= o =P RRRPR 8
F N o] o] €=V =1 A o] o =TT 8
O [ a4 e To 1U o3 1T ] o B OO U TP PPPRRRPTPIN 9
1.1. Project Objectives and OULPULS ........ccciiiiiiiiie e s et e e e s s e e e e e et r e e e e s st ae e e e e s sennnreees 10
2. A Review of Groundwater Studies in PUNJAD .........cooiiiiiiiiii it 12
2.1. Groundwater Model for Bari Doab Canal Command...........cccuveiieeeiiiiiiiree e e e e e 12
2.2. Groundwater Model for Rechna Doab, Punjab............ccoooiiii e 12
2.3. Groundwater Model for Upper Chaj DOab ..........cooiuiiiiiiiiiiie et 12
24, Lessons Learned from Previous StUAIES ..........ooviiiiiiiiiiiie e 13
I T S N AT o= 1 IS 1 o Vo PP 14
3.1. Topography Of the STUAY AFEa ........coiiiiiiiiiee et e e s e e e sbreeeees 14
3.2 Groundwater Monitoring iN the STUAY AFCa..........cooiiiii i 15
3.3. Groundwater Quality Status in the StUAY AFBa ..........uuiiii it 15
3.4. Irrigation Network in the STUAY ATEa ..........ueviii it e e e a e e s nanaee s 16
3.5. L€ T=To] {00 | Y/ SRS 18
3.6. (Yo 1 £ o T=To] Lo | SRR OTPRPN 18
3.7. Soil Map and Fence Diagram of Southern Punjab ..o 21
3.8. Spatiotemporal Analysis of Water level Trends in Southern Punjab ... 22
BV (o Yo [ B LY 21 o] o] 1= o | O RS 24
4.1. (@] g o1 =T o118 F= 1INV Fo o 1= SRR 24
4.2 F o U1 (=T g € T=To] 03 1= 1 PSPPSR 24
4.3. F o U] =T g (0] o 1= [ PRSP PP PUPRPTN 25
4.4. RAINTAIL ...t s e e st e e et e e e e e s e e nns 30
4.5, =T ol 0= 1o [ USSP 31
4.6. Crop Water REQUITEIMENTS ....coiiiiiieeiiiie ettt ettt ettt e sttt e sttt e e s st e e e e ssbe e e e enbee e e ebbeeesanbeeeesnnees 32
4.7. TUDEWEIT PUMPING . ...ceii ittt bt e ra bt e e st et e e s ekttt e e sbbe e e e sabeeeesnbneeeaans 32
4.8. Climate Data PrOJECLIONS ......cccoiiiiiiiiieie ettt ettt e e e e e et e e e e e e e s bbaeeeae e e aasnbbeeeaeeaaannes 33
5. SENSITIVITY ANGIYSIS oottt e st e e e ra e e e E e e e e e e s e e e s e e e e nrae e e e 35
T |V o Yo [=] W O 1T o] = 4T o o H T TSP PP R PPRN 36
6.1. Steady State Model CaliDration ... 36
6.2. Steady State Calibration STAISTICS........ccuiuiie i 36

Modelling Climate Change Impacts and Adaptation Strategies for Managing Groundwater Resources in Southern Punjab
Abdul Raheem, Muhammad Saifullah, Jehangir F. Punthakey, Ghulam Zakir-Hassan, Irffan Ahmad Baig Page 5 of 72




6.3. Transient CalibDration STALISHICS .......c.uuiiiiii e e et e e e e s et e e e e et e e s ssaeeeseaba e eesanneees 36

6.4. L 10 (0T [ =T o] 0 1T TP RPP TSRO 39
6.5. Water Balance for the Southern Bari Doab Command...........cccocveiiriniierieeniee e 47
S 1ot =1 - T 1o TR 1Y, o To K= |11 o Yo OSSR 49
7.1. Scenario 1: Baseline Scenario: Policy Remains Unchanged ..........cccooovveeiiiiiiiniiei i 50
7.2. Scenario 2: Increase in Groundwater Pumping with No Change in Canal Supply .........c.cccveenee. 53
7.3. Scenario 3: Climate Change Scenario SSP2-4.5 ........oo e 54
7.4. Scenario 4: Climate Change Scenario SSP5-8.5........cciiiiiiiiiiie e e e 55
7.5. Comparison of the Water Balance for 2020-2030 and 2050-2060 under the BL and PS Scenarios
59
7.6. Adaptation Scenario for Southern Punjab to Manage Overexploitation ............cccccovvveeiniierennnnenn. 59
7.7. Water Balance for 2020-2030 and 2090—-2100 under Climate Change Scenarios ..............cc....... 62
7.8. DL o1 E1=]To ] P TP PR PRSPPSO 63
8. Groundwater PoOliCy and GOVEINANCE ......uceiieeiiiiiiiiiee e e eciiieee e e e s s sttare e e e e s st e e s e e s s ssstaeeeaeesannnraneeaeeeas 64
8.1. Groundwater Monitoring and ManagemMENT ..........coiuiieiiiiie et 66
8.2. Institutional Policy, LiCeNSiNG, PrICING ........uuiiiiiiieiiiiieeiiiie ettt 66
8.3. Water Saving TECHNOIOGIES ........ciiiiiiiiiiiii et e e e e e e e e abere s 66
8.4. Institutional Capacity BUIlAING ........coeeeiiiiiiiiee e e e s ar e e e e e s nnree s 66
9.  Conclusions and RECOMMENUALIONS .......ociiiiiiiiriieie e e 68
9.1. (@] o (17T 1SR 68
9.2. Yot ] 0400 T=T g T =11 To] o 1SR 69
L C (=] =] Lo =S SRR PRRRP 70

Modelling Climate Change Impacts and Adaptation Strategies for Managing Groundwater Resources in Southern Punjab
Abdul Raheem, Muhammad Saifullah, Jehangir F. Punthakey, Ghulam Zakir-Hassan, Irffan Ahmad Baig Page 6 of 72




Figures

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.

Figure 26.
Figure 27.

Figure 28.
Figure 29.
Figure 30.
Figure 31.
Figure 32.
Figure 33.

Figure 34.
Figure 35.
Figure 36.
Figure 37.
Figure 38.

Figure 39.

Modelling CI

Abdul Raheem, Muhammad Saifullah, Jehangir F. Punthakey, Ghulam Zakir-Hassan, Irfan Ahmad Baig

Southern LBDC showing physiography of the study ar€a...........cccccvveeviiiiiieiee e 14
Location of active and inactive observation wells in the study area..........cccccceeevvvciiieeee e, 15
Spatio-temporal variation in EC for Pre- 2010, 2015 and 2019........ccccoviviiiiiieeeiiiiiieee e e ssveeeeeae 16
Main canal commands in the STUAY Area ..........occiii i e 18
Sub-canal commands iN the STUAY @rEa ..........ccoiiiiiiiiiiii et 18
Geological map of Pakistan (SOUICE: USGS).......cuuiiiiiiiiiiiiiiee ittt ettt e e 19
The region of Pakistan under the WASID aquifer test hole study (Source: Bennett et al., 1967).... 19
Lateral permeability of test holes in Bari Doab (Source: Bennett et al., 1967).........cccocceveviiereennnnn. 20
Cross-section through lower traches of Bari Doab in Multan and Lodhran (Source: Lytton et al.,
120 TSP 20
Soil type map based on WAPDA borelog data for the Southern Punjab area .............ccccccceeeene 21
Fence diagram showing cross sectional view of the soil type in Southern Punjab ........................ 22
Spatial variation of depth to watertable (m) for 2015 and 2020 in Southern Punjab...................... 23
Temporal trends of average depth to watertable (DTW) SUD-UNILS .........coeeiiiiiiiiiieee e 23
Conceptual groundwater model for Southern INdus Basin ..........ccccuveeeeeiiviiiiieee e 24
Top and cross-sectional grid design view of the groundwater model.............cccocveveiiiiiiiiene s 25
Location of bore logs in the Southern Bari DOab .............covviiiiiiiiiiece e 26
Lithology descriptions of selected bore logs across the study area ..........ccovcveeeeiiieeeinieeeciiiieeens 27
Spatial variations of different aquifer properties for different layers ..........cccccoviieiiiiieiiiiiieeinieen, 30
Mean monthly rainfall in the StUAY Brea ... e 30
Annual average rainfall in the StUY Area ..o 31
Annual average crop water requirement during the Rabi Season ...........cccocveiiiiienniiie e, 32
Annual average crop water requirement during the Kharif Season .........cccccoooiiiiniiinnnns 32
Number of tubewells in the study area (2010—2020) .......ccoeeriiimiiiiieiaa e 33
Average monthly rainfall under SSP2-4.5 and SSP5-8.5 scenarios (2021-2100).........cccccveeeeanee 34
Average monthly mean temperature (T mean) under SSP2-4.5 and SSP5-8.5 scenarios (2021-
122 0 0 ) TP OUPRP PRI 34
Sensitivity analysis plots of hydraulic conductivity, specific yield and specific storage of aquifer.. 35
Simulated versus observed head (metres above mean sea level) values for steady state
(o= 111 o] = 1T ] o [P PPP PRSPPI 37
Model output showing observed versus calculated head (m-msl is metres mean sea level) ........ 38
Model output showing observed versus residual ValUES ............coeeiviciiiireeee it e e 38
Simulated versus observed head (m-above mean sea level) for piezometers in the study area... 46
Groundwater balance for the transient-state model (2010-2020)........ccuueeirieieiiiieeiiieee e 48
Groundwater balance for the baseline scenario (2010-2060) .........cccorvrieiiireeeriieeeeniee e 50
Simulated versus observed head under Scenario 1 and Scenario 2 (m-AMSL=metres above mean
SIS B Y TP RRRP 52
Groundwater balance under pumping increase scenario (2010-2060) ..........cuveeeeeeeeiiiiiiieeneeennnnns 53
Groundwater balance under climate change SSP2-4.5 scenario (2010-2100)..........ccccuuveeeeeenannns 54
Simulated versus observed head (m AMSL) under climate change SSP5-8.5 scenario................ 55
The model output showing drying out of the top model layer in the lower reaches of the model
area under climate Change SCENAKIOS .........cccuuveiiiee e it e e e e esere e e e e s e e e e s s s e e e e e e s s snraaeeaaeeas 56
Simulated versus observed head under climate change for SSP2-4.5 and SSP5-8.5 scenarios (m
AMSL=metres above Mean SEA [EVEI) ........coooi i 58
Spatial distribution of major crops being sown during Kharif season in the Southern Bari Doab
Canal Command (2014-2015) .....cccccuieiiieeeeieiiieeee e e e eesee e e e e s e s e e e e e s st e e e e e s s a e e e e s e annraaaraaean 60

imate Change Impacts and Adaptation Strategies for Managing Groundwater Resources in Southern Punjab
Page 7 of 72




Tables

Table 1. Area change under different class of EC during pre-2010, 2015 and 2019 .......cccccoovccviveeeeeevcivnneen, 16
Table 2. Salient features of canal Network in the StUAY @r€a ..........cccvveiieeeiiiiiiiiiie e 17
Table 3. Groundwater model SEtUP PAramMELErS. ........cuiieiiiiiiieiee e e e e s e e e e e s s e e e e s s s rre e e e s sssrereeeeeesanrneeees 25
Table 4. Aquifer lithology or different layers of groundwater model.............ccccooviiiiiiiiiiiii e 26
Table 5. Seepage losses and groundwater recharge through the irrigation system .........cccccooviiniicniinen, 31
Table 6. Utilisation factor as influenced by the tubewell type and growing S€ason.........c.cccccevvvveeeniieeennnnens. 33
Table 7. Statistical parameters for transient state model calibration ..............cccocveveiiiiiiii e 37
Table 8. Annual average groundwater balance of model (2010-2020) .........oeveiiuriieiiirieiniiiee e a7
Table 9. List of scenarios simulated in the Southern Bari Boab model .............cccoeiiiiiiiec e, 49
Table 10. Groundwater balance of the model under different SCENArIOS ............ceiviiiiiiiiiiei i, 49
Table 11. Comparison of the groundwater balance for 2020-2030 and the last decade for the baseline and
increased pumping scenarios (UNitS are MCM/YI) ......uuiiiii it 59
Table 12. Time series distribution of LULC for Kharif season based on remote sensing data (1990-2020) in
the Southern Bari Doab Canal Command (Hussain et al., 2021).........cccociviieeeeiiiiiiieieee e eciineeeee 61

Table 13. Annual average groundwater balance of model under adaptation option scenario (2010-2060).... 61
Table 14. Comparison of the groundwater balance for 2020-2030 and 2090-2100 for the climate change
SCENANIOS (UNIS @r& MOCIMIYE) ceeeeei e ettt e et e e e e e e e e e e e e et e e e e e s annsabaeeeeeseansnrnnnaeeenan 62

Abbreviations

ACIAR Australian Centre for International Agricultural Research

ADB Asian Development Bank

AMSL Above Mean Sea Level

BCM Billion Cubic Metres

BL Baseline (scenario)

CSIRO Commonwealth Scientific and Industrial Research Organisation
DTW Depth to watertable

EC Electrical conductivity (1 mS/cm= 1dS/m = 1000 uS/cm = 640 mg/l)
GDP Gross Domestic Product

MAR Managed Aquifer Recharge

MNSUAM Muhammad Nawaz Sharif University of Agriculture, Multan

PID Punjab Irrigation Department

PS (Increased) pumping scenario

SDG Sustainable Development Goal

Modelling Climate Change Impacts and Adaptation Strategies for Managing Groundwater Resources in Southern Punjab
Abdul Raheem, Muhammad Saifullah, Jehangir F. Punthakey, Ghulam Zakir-Hassan, Irfan Ahmad Baig Page 8 of 72




1. Introduction

Agriculture plays a vital role in Pakistan’s food security and economy, which supports a population of
approximately 220 million. The agricultural sector contributes about 24% of the GDP and provides livelihood
opportunities to around 40% of rural households (Igbal et al., 2021). Pakistan is a land-rich but water-scarce
country with occasional water surpluses during the monsoon season. Increasing agricultural water productivity
is a primary concern in fulfilling the rapidly growing population’s food and fibre requirements. In Pakistan,
irrigated agriculture is predominantly practised in the Indus Basin. The Indus Basin’s extensive agriculture is
enabled by a sophisticated irrigation infrastructure dubbed the Indus Basin Irrigation System (IBIS). This is one
of the largest irrigation systems in the world. The Indus River and its major tributaries, including the Jhelum,
Chenab, Ravi, and Sutlej Rivers, provide water for this irrigation system. These rivers run through the provinces
of Khyber Pakhtunkhwa, Punjab, Sindh, and Balochistan. According to the Indus River System Authority
(IRSA), there was 92.5 MAF (114 BCM) of surface water available during 2021-2022. Comparing this to the
average system consumption, which is usually 103.5 MAF (127 BCM), showed a reduction of 10.6%. Notably,
the largest decrease was during 2018-2019, reaching 18.5% for total water availability and use (Hamza, 2023).
The agriculture sector covers 30.5 million hectares; 47% of the total area, which is higher than the global
average of 38%. Out of the total cultivable area (24.1 million hectares), 82% is irrigated, while 18% relies on
rainfed agriculture (FAO, 2024). Irrigated agriculture is critical to Pakistan’s economy because it uses 94% of
available water, produces over 90% of agricultural produce, contributes US$22 hillion annually to GDP, and
generates 70% of export revenue. It also contributes significantly to employment in the textile and other
industries.

Pakistan’s climate is classified as arid to semi-arid. The surface water supplies are insufficient and unevenly
distributed to meet the basin’s irrigation water requirements, mainly due to their spatio-temporal variability.
This inadequacy is being addressed through the use of groundwater. The massive freshwater withdrawal
severely affects the viable use of groundwater for agriculture, domestic, and industrial purposes. The losses
from the irrigation networks create a layer of freshwater of different thicknesses, which have formed on top of
the deeper saline groundwater. Fresh groundwater depth is greatest near recharging sources and decreases
with increasing distance from recharging sources (Ashraf et al., 2012). Pumping the groundwater from this
type of aquifer becomes more complicated. In this case, the volume of water pumped is mainly governed by
water quality concerns, as massive pumping results in the upconing of saline water (Saeed et al., 2003).

Despite the critical nature and complexity of groundwater, the country lacks a regulatory framework. Anyone
can drill an unlimited number of wells at any depth, capacity, and pump an unlimited amount of water. Thus,
well drilling depends entirely on the guidance of local drillers and the needs of farmers. This practice has
resulted in groundwater depletion in both quantity and quality. The inadequate design and installation of
tubewells results in secondary salinisation and increases the cost of installing and operating these wells
(Ashraf et al., 2012).

Compared to the Upper Indus Plain, the Lower Indus Plain, especially Southern Punjab, faces various
groundwater management challenges. The availability of fresh groundwater primarily depends on the Indus
and Chanab Rivers, seepage from the vast canal network, and soil characteristics. The remaining areas have
saline groundwater which limits groundwater exploitation. Additionally, the saline and sodic nature of soils
creates significant difficulties in agricultural areas of Southern Punjab (Van Steenbergen et al., 2015).

In the Punjab province of Pakistan, irrigation with marginal quality groundwater is common when surface water
supplies are insufficient. The lower and central portion of the Indus Basin has the most pre-eminent saline
groundwater zones. Fresh groundwater lenses frequently overlie saline groundwater over large areas of
Southern Punjab. Excessive aquifer withdrawals from the freshwater lenses results in transport of dissolved
salts from the underlying saline groundwater which can significantly deteriorate the freshwater lens. The lateral
intrusion of salt water into the fresh groundwater areas and the vertical upconing of the saline interface are
causing aquifer degradation. This nearly irreversible process requires special attention to slow or stop. The
use of saline groundwater for agricultural production increases the salinity and sodicity of the soil, which
adversely impacts crop production and farmer livelihoods (Post, 2005).

The continuous decline of groundwater levels observed in Southern Punjab suggests there is considerable
potential to improve groundwater management in the Indus Basin (Ashraf & Ahmad, 2008). Innovative
management strategies are needed to optimise groundwater use more effectively. Also, implementing the
National Water Policy 2018 will be managed so that it does not impede crop growth or cause land salinity or
underground saltwater intrusion (Nasir et al., 2021). Almost half of Pakistan’s irrigation requirements are
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fulfilled by groundwater; therefore, even a modest increase in groundwater productivity will have significant
benefits (Qureshi et al., 2020). Farmers with access to groundwater have been observed achieving 50—100%
higher crop yields than those using surface water only (Qureshi et al., 2020). On the other hand, losses result
from inadequate land and water management, including groundwater mismanagement. Estimates of the extent
of salinity vary, but most researchers refer to the results of substantial surveys late last century when 35-40%
of Pakistan’s total irrigated area was affected by salinity (Ashraf et al., 2022). There are numerous obstacles
to implementing sustainable and effective groundwater management as well as Sustainable Development
Goals (including SDG 6.1). These include a lack of policy guidelines with an integrated implementation
framework, awareness, institutional arrangements, and capacity for governing the use of surface and
groundwater. A lack of resource data, complexity in defining groundwater entitlements, and smart management
tools to assist water professionals in managing multiple water sources are also big challenges.

Decision support tools can aid in identifying beneficial technology solutions for redistributing surface water
supplies, developing methods to control waterlogging, rationalising groundwater abstraction, and promoting
artificial recharge of aquifers. To address issues of sustainable groundwater and surface water use, the
quantity and quality of groundwater were determined in response to changes in recharge and groundwater
pumping rates using a groundwater model developed for the Southern Bari Doab in Punjab to address SDGs
1.3 and 2.4 for the betterment in livelihood of rural communities as well as food security, respectively.

Computer-based modelling has always been an excellent option for better understanding groundwater
systems. Also, modelling enables the development of optimisation and best management strategies by
simulating various scenarios before implementation, thereby saving time, money, and resources. Any
computational method approximating an underground water system is called a groundwater model (Osman et
al., 2022). While groundwater models are, by definition, simplifications of a more complex reality, they have
proven to be effective tools for addressing a variety of groundwater problems and assisting in the decision-
making process over the last several decades. Groundwater models shed additional light on a complex
system’s behaviour and, when designed properly, can aid in the development of conceptual understanding
(Kumar et al., 2015). Additionally, once they have been shown to reasonably reproduce past behaviour, they
can be used to forecast future groundwater behaviour, assist in decision-making, and allow for the exploration
of alternative management approaches.

Therefore, this report introduces a project to address the behaviour of the Southern Bari Doab aquifer in
response to different hydrogeological parameters explained in the model conceptualisation section. The report
has precise and oriented objectives designed to provide valuable insights for researchers and policymakers
on how groundwater could be managed sustainably under system and climate stress. A targeted literature
review was summarised to give a broader picture of groundwater conditions under conditions similar to those
of our study site. The report then covers the detailed development of the groundwater model for the Southern
Bari Doab Canal Command under different projected scenarios with their future implications and some
practicable recommendations for policymakers.

1.1. Project Objectives and Outputs

This study is a part of the larger ACIAR-funded project “Adapting to Salinity in the Southern Indus Basin”
(Project LWR/2017/027). The project aims to develop and investigate adaptation options and strategies with
people managing and living in salinity affected agricultural landscapes in the Southern Indus Basin. The
expected outcome of the project is to explore how communities can live well in saline-affected areas with
improved livelihood outcomes for farming communities in Southern Punjab. This study is one of the major
components of the project. It involves the development of a groundwater model of the Southern Bari Doab in
Southern Punjab to quantify the historical, current, and future status of groundwater reserves and the
behaviour of the aquifer in the area. This quantitative analysis aims to develop an understanding of the key
stressors on the aquifer resulting in declining groundwater levels and to estimate the sustainable yield, which
can assist the Punjab Irrigation Department and policymakers to co-develop with groundwater irrigators a
sustainable groundwater extraction regime for the Southern Bari Doab. As described in the ensuing sections,
hotspots identified as part of this study will require careful management of resources to maintain the viability
of groundwater irrigated agriculture.

An essential aspect of the groundwater model is establishing a correlation between the changes in storage in
the groundwater reserves and regional agricultural practices. The objective is to identify how the aquifer
behaves in Southern Punjab in response to the overexploitation of fresh groundwater pumping. Additionally,
the groundwater model seeks to conduct scenario analyses to simulate potential future outcomes in the short,
medium and long-term. This approach enables the identification of effective interventions to mitigate the impact
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on groundwater resources. The goal is to develop a predictive mechanism that aids in formulating sustainable
water management strategies specifically tailored to the dynamics of the Southern Bari Doab region.

Recognising the influence of climate change on groundwater is another crucial objective of the model. This
involves understanding how changes in precipitation patterns and rising temperatures contribute to variations
in groundwater recharge and evapotranspiration. Simulating the impacts of climate change on groundwater
reserves will allow the development of adaptation strategies for long-term sustainable groundwater
management that consider both climatic and agricultural practices.

The groundwater model developed for the Southern Bari Doab covers an area of 11,348 km? including parts
of the Khanewal, Multan, Vehari, and Lodhran districts. The objectives are:

e Development of a groundwater flow model to evaluate the spatiotemporal response of the aquifer to
hydrogeological stresses which will help stakeholders make well-informed decisions using the outcomes
of the study.

e Estimation of the impact of groundwater pumping, surface water supplies, and climate change on future
groundwater reserves in the area.

e To enhance the institutional capacity of the Punjab Irrigation Department to better understand
groundwater modelling approaches for the sustainable management of stressed groundwater resources
and to provide guidance on appropriate adaptation options for a sustainable groundwater future.
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2. A Review of Groundwater Studies In
Punjab

Several studies on groundwater investigations, development, and monitoring have been performed. They have
focused mostly on hydrological investigations and monitoring groundwater under different pumping scenarios
through tubewells. These studies provide useful background information and data. However, the studies on
the development of groundwater models in Punjab province are discussed below.

2.1. Groundwater Model for Bari Doab Canal Command

The study encompassing the districts of Okara and Sahiwal in the Lower Bari Doab Canal (LBDC) Command
area indicated that a 20% increase in pumping will reduce groundwater storage by 146 MCM/year, and with a
20% increase in pumping and a 5% reduction in surface water supplies the net change in storage will be 144
MCM/year. Additionally, the study found that groundwater storage will be increased by 163 MCM/year if
stakeholders reduce groundwater pumping by 5% (Anjum et al., 2015). The model of the entire LBDC
Command by Basharat (2012) and Basharat and Tariq (2015) indicated that groundwater levels in the upper
reaches of Balloki and Okara were stable due to sufficient surface water availability in these districts. However,
in the lower reaches, in the districts of Sahiwal and Khanewal, the groundwater depletion rate simulated was
0.18mm/year and 0.34mm/year, respectively, driven mainly by inequity in canal supplies to the tail-end of the
LBDC, coupled with excessive pumping in the upper reaches due to seepage losses and increased
groundwater pumping driven by increasing evaporative demand in the south. The study conducted in the Upper
Bari Doab Canal Command depicted the depletion of water levels with a rate of 0.55m/yr and that depletion
will reduce the waterlogging problems in the area, with caution of further depletion soon in the case of
uncontrolled pumping (Mujtaba et al., 2011).

2.2. Groundwater Model for Rechna Doab, Punjab

The groundwater model developed in Rechna Doab indicated a net storage of 2.542 BCM/yr during the
simulation period 2008—2013. The baseline scenario indicates indicated pumping of 10 BCM/yr will not result
in significant drawdowns. If groundwater pumping was decreased by 10% with the same canal supply the net
storage term increases to 3.567 BCM/yr, while a 10% increase in canal supply with the same pumping would
result in an increase in net storage from 2781 GL/yr for the baseline scenario, to 2.900 BCM/yr which is an
increase of 0.119 BCM/yr.. If a 10% decrease and 10% increase in canal supply is managed, an additional
saving of 0.9 BCM/yr is expected (Punthakey et al., 2015). Based on the above scenarios the authors
recommended pumping should be managed around 11 + 1 BCM/yr depending on the need for pumping in
response to drought and or lack of surface water supplies. When surface water supplies are plentiful pumping
levels could be decreased so that the groundwater system gets recharged with freshwater. The study
conducted in Lower Chenab Canal west, a part of Rechna Doab, indicated a decline in groundwater levels of
up to 14m if groundwater pumping is maintained under the Baseline scenario from 2013 to 2030. In addition,
the groundwater levels would decline by up to 18 m if pumping increased following the historical increasing
trends. The adjustment in canal water supplies and groundwater pattern would recover by 2—-3 m in the study
area’s middle reaches (near Bhawana) (Shakoor et al., 2018).

2.3. Groundwater Model for Upper Chaj Doab

A finite difference 3-D numerical model was developed for the Upper Chaj Doab (Ashraf & Ahmad, 2008). The
model predicted four scenarios in response to climate change. The first scenario assumed a severe drought
condition for four consecutive years 2006—2010. The findings evaluated a 0.6 m depletion in the groundwater
level in the area. The second scenario assumed wet conditions for four consecutive years 2011-2015. The
model results indicated a 0.42 m depletion expected in these four consecutive years. A third scenario assumed
constant pumping of 5000 m3/day for each of the 33 pumping wells for 2005—-2008. This depicted an average
decline of 1.63 m. In the fourth scenario, 60% extra pumping was assumed to continue during 2005—-2008.
The study concluded that higher pumping would reduce waterlogging and salinity in the study domain.
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2.4. Lessons Learned from Previous Studies

Some of the key lessons learned from the previous studies are discussed below:

Increasing reliance on groundwater for irrigation is exploiting the groundwater reserves at an alarming
rate particularly in non-perennial canal commands where canal supplies are available only in kharif
season.

There is a significant urgency to improve monitoring of water levels, water quality and groundwater
extractions; if you cannot measure it, you cannot manage it.

There is a significant need to improve equitable distribution of canal water particularly for tail enders that
are generally deprived of their fair share of water.

A focus on managed aquifer recharge projects in Punjab is required to enhance recharge to depleted
aquifers.

The Punjab Irrigation Department guided by the National Water Policy and the Punjab Water Policy is
striving to improve resource management however significant capacity constraints exist at the institutional
level.

Specific areas of research is needed to explore and highlight technical as well as management issues
and to develop adaptable strategies.

Groundwater modelling can help in designing well-fields to supply groundwater for drinking water
requirements (Zakir-Hassan et al., 2022).

A network needs to be established to monitor surface and groundwater at the canal command level
(Hassan, 2023).

Based on the above, there is a strong need to adopt a comprehensive, integrated approach for sustainable
surface and groundwater management development. All concerned stakeholders including researchers,
lawmakers, and related departments, must step forward to manage sustainable groundwater development, as
prevailing conditions will soon lead to acute water scarcity.
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3. Physical Setting

3.1. Topography of the Study Area

The area under study is the southern part of the Bari Doab and is a continuation of the Lower Bari Doab Canal
(LBDC) Command area located at the tail of the Ravi and Chenab Rivers on the north and northwest sides,
respectively and by the Sutlej River in the southeast containing four administrative districts — Multan,
Khanewal, Lodhran, and Vehari. The total area under study is about 11,348 km?2. The study area is a part of
the Southern Indus Basin in Punjab. It consists of a network of main, branch, and one-link canals, making it a
potentially very productive agricultural zone. A digital elevation model based on the 30m Shuttle Radar
Topographic Mission (SRTM) for the Southern Indus Basin was obtained from the United States Geological
Survey (USGS) site, which is freely available to download. The surface elevation for the study area ranges
between 110 (m AMSL) in the Lodhran district to 156 (m AMSL) in the Khanewal district (Figure 1). Based on
the metrological data, the area comes under semi-arid climatic zones with an average annual rainfall of less
than 250mm and higher temperatures in summer. Like most Punjab crop areas, there are two cropping
seasons, i.e., Rabi (April-Sep) and Kharif (Oct—March). Wheat is the major crop in the Rabi season, while
cotton, maize and rice are sown during the Kharif season. Sugarcane is also cultivated as an annual crop on
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Figure 1. Southern LBDC showing physiography of the study area
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3.2. Groundwater Monitoring in the Study Area

The Punjab Irrigation Department (PID) is currently monitoring biannually about 3,300 observation wells to
record depth to watertable in seven irrigation zones of the Punjab province. These zones are called the Lahore,
Faisalabad, Sargodha, Multan, Sahiwal, Bahawalpur, DG Khan, and Potohar irrigation zones. It has been
observed from the data provided by PID that a significant number of monitoring wells are inactive. The total
number of water level monitoring wells in the selected study area was 281, of which 42 were inactive or
defective from 2010 to 2020. In Figure 2, blue and red points represent active and inactive observation wells,
respectively.

®  Active

L4 Inactive
——— Branch Canals
= River Chenab

——— Distributaries

Main canals

——— River Sutlej

Link canal

Kilometers
0 10 20 40 60 80

Figure 2. Location of active and inactive observation wells in the study area

3.3. Groundwater Quality Status in the Study Area

The PID is currently monitoring about 4,000 farmer-owned and community tubewells across the seven
irrigation zones of the Punjab. The PID records three water quality parameters, i.e., EC, SAR, and RSC. The
piezometers/observation wells installed by the PID are used to monitor the groundwater levels, while quality is
monitored from existing farmers’ tubewells. The monitoring of water quality tubewells was not consistent, a
similar situation to water level monitoring wells. Some monitoring wells (observation wells and tubewells) were
defective, giving null values or the sample leakage status, which led to inconsistent groundwater monitoring.
The number of wells monitored in the study area pre-2010, 2015, and 2019 were 432, 525, and 632,
respectively. In addition, the locations of tubewells for water quality monitoring from 2003 to 2013 differed from
those of 2014 onwards. Figure 3 shows tubewell locations for 2003—2013 (green) and 2014 onwards (yellow).
After removing defective wells and outliers, EC data were interpolated using the Inverse Distance Weighted
(IDW) technique in ArcGIS for pre-2010, 2015, and 2019 (Figure 3). The area change from pre-2015 to 2019
is shown in Table 1. About 7% of the area increased under marginal water quality, while less than 1%
decreased under relatively fresh and hazardous quality. The PID has three classes of irrigation water quality
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— relatively fresh (EC<1.5), marginal (EC= 1.6—-4), and hazardous (EC>4) (Ali, 2023). Figure 3 shows a
significant area of freshwater zone transitioning to a marginal zone, which will affect future soil and crop health.

Table 1. Area change under different class of EC during pre-2010, 2015 and 2019

EC Atree () 2015 to 2019
(dS/m) Pre-2010 Pre-2015 Pre-2019 change (%)
Relatively fresh <1.5 7,829.8 10,140.5 10,058.5 -0.8
Marginal 1.6-4 3,362.9 1,134.7 1,217.2 7.3
Hazardous >4 152.7 70.2 69.7 -0.7
Pre-2010 Pre-2015 Pre-2019
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[ ] sub Districts
WQ Status
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Figure 3. Spatio-temporal variation in EC for Pre- 2010, 2015 and 2019

3.4. Irrigation Network in the Study Area

Sidhnai Canal

About 24 km above its junction with the Chenab, the Ravi River flows almost straight for nearly 13 km, where
it is known as the Sidhnai Reach. The width is about 137 metres at the upper end and almost 366 metres at
the lower end, near the town Serai Sidhu. The Sidhnai Canal headworks is 5.6 km above that point and the
canal on the left bank flows nearly south-west about 60 km. Sidhnai Canal commands an area of 1,111.1 km?
for agricultural purposes. Near the town of Choparhatta, the Shujabad Branch Canal offtakes from the right
bank, which irrigates up to Shujabad. Sidhnai Canal passes through Kabirwala and ends at the Rangu head
regulator, where it splits into two branch canals known as Makhdum Rashid Distributary and Multan Branch
Canal.

Pakpattan Canal Lower

With the addition of the Sidhnai Mailsi Bahawal Link (SMB link) Canal, the main Pakpattan Canal was divided
into two canals named the Pakpattan Canal Upper from RD 0-567 and the Pakpattan Canal Lower (PCL) from
RD 568 to 667. Due to this split, the Pakpattan Canal Lower now takes its supply from the Sidhnai Mailsi
Bahawal Link (SMB link) with a new head regulator at the SMB link. The design discharge for PCL is 1,160
cusecs.
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Mailsi Canal

The Mailsi Canal offtakes from the Sher-Garh head regulator constructed on the Sidhnai Mailsi Bahawal Link
(SMB link) Canal. Near Hussain Abad, the Mailsi Canal splits into two branch canals — the Lodhran Branch
and the Chit Dain Branch. The Mailsi Canal can carry a discharge of 3,705 cusecs.

Sidhnai Mailsi Bahawal Link Canal

The Sidhnai Mailsi Bahawal (SMB) is a major link canal in Southern Punjab that offtakes from the left bank of
Sidhnai Barrage. Three major canals (Pakpattan Canal Lower, Mailsi Canal, and Karam Branch) and 16
distributaries take their supply directly from the SMB link canal and irrigate the areas of Mailsi and Lodhran.
The design discharge for the SMB link canal is 11,300 cusecs. Design discharge, full supply depth (FSD), bed
levels at upstream and downstream and culture able command areas of the mentioned canals are outlined in
Table 2.

Table 2. Salient features of canal network in the study area

Design

Discharge Bed Level Bed Level
Channel (cusecs) FSD (feet) u/s D/S
Sidhnai Canal 4,005 8.7 452.45 4312 1824.7
Shujabad Br. 1,900 6.75 447.12 388.55 3535.6
Guijju Hatta Br. 700 4.9 388.5 381.72 506.5
Multan Br. 775 5.1 426.94 423.38 6165.6
'\D"g‘:;‘_d”m Rashesd 425 4.4 428.11 405.93 14255
10- R Disty 1,236 6.3 469.84 400.46 18,864.0
SMB link Canal 11,300 12 445.87 415.1 .
Eg\'fvpear‘“a” e 1,160 5.8 437.3 423.9 ;
Mailsi Canal 3,705 9.3 424.2 413.8 547.0
Lodhran Br. 1,246 6.8 409.3 402.4 2,919.8
Chit Dain Br. 1,819 8.6 404.1 390.7 4,110.1
Karam Br. 630 5.8 430.7 427.6 ;

Sub-Canal Commands

According to PID records, the area was divided into three major canal commands, i.e., Sidhnai, Lower Bari
Doab, and Pakpattan Canal Lower (Figure 4). The area was manually divided into eleven sub-canal commands
based on main and branch canals to define the recharge zones. These eleven sub-canal commands are
Sidhnai Canal, Shujabad Canal, Gujju Hatta Canal, Multan Branch Canal, Makhdum Rasheed Branch Canal,
10-R Lower Bari Doab Canal, Pakpattan Canal Lower (PCL), Mailsi Canal, Lodhran Branch Canal, Chit Dain
Branch Canal, and Karam Branch Canal (Figure 5).
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3.5. Geology

The Southern Indus Basin is in the Indo-Gangetic Plain and is roofed by quaternary alluvium, which likely
overlies consolidated and semi-consolidated tertiary rocks or igneous and metamorphic rocks. The area under
Multan and Khanewal comprises fluvial deposits of the Chenab, Ravi, and Beas Rivers. The deposits comprise
floodplain muds mixed with fine sand and fine-to-medium sand point bars (Hayat, 2003). Some test holes were
drilled in the study area at different depths ranging from 243 to 396 m to estimate the thickness of the alluvium
and the depth to which the bed rock is located. The bore holes dug by WAPDA show no evidence confirming
the thickness of the quaternary alluvium and tertiary rocks and older rocks. The subsurface lithology, which is
predominantly sand, revealed the water-bearing characteristics of the alluvial deposits that make up the
Southern Indus Basin aquifer in test holes and boreholes. A comparison of lithological logs gave an excellent
sense of the texture and structure of the heterogeneous alluvium to a depth of 183 m. Clay, fine sand, fine-to-
medium sand, medium-to-coarse sand, sandy silt, coarse sand, and gravel are among the subsurface
materials identified in the quaternary alluvial complex (Greenman et al., 1967). The alluvial material
surrounding the area under study was thought to be more than 300 m thick and part of the extensive
heterogeneous and isotropic unconfined aquifer underneath the Indus Basin. The United States Geological
Survey (USGS) confirms that the southern part of Bari Doab is dominated by quaternary sediments (Q), as
shown in Figure 6.

3.6. Hydrogeology

The Water and Soil Investigation Division (WASID) drilled aquifer test holes in the Punjab Plain of West
Pakistan at 164 locations in Chaj, Rechna Bari, and Thal Doabs between 1954 and 1963 (Figure 7). All the
test holes were made in unconsolidated alluvium, mainly consisting of materials like sand, silt, and clay. The
depth of the alluvium was extended from one thousand to several thousand feet in dominating parts of the
area, but none of the 164 test holes was drilled beyond a depth of 400 feet (122 m). In Bari Doab, test holes
were installed at 19 sites. The results of the test holes showed the lateral permeability in 67% of the test holes
ranged between 0.0010 to 0.0020 cfs/ft> with an overall average as 0.0026 (Figure 8). Also, 90% of the test
holes showed the specific yield value ranged between 0.02 to 0.26, with an average value of 0.14 (Greenman
et al., 1967). The average values of specific yield and hydraulic conductivity estimated by Lytton et al. (2021)
range between 0.14-0.20 and hydraulic conductivities range from 50-90 m/day in the Southern Bari Doab.
The depth of bore logs drilled in Multan and Lodhran are up to 300 m (Figure 9).
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Akhter and Hasan (2016) covered part of the area under study. Some test holes drilled to a depth of up to
1000 feet (304.8 m) revealed that the lithology of the aquifer consisted of silt, clay, sand, and gravel and the
aquifer was unconfined. A pumping test showed the permeability range was 0.0001-0.0047 m/sec and the
hydraulic conductivity ranged between 15.3 to 60.9 m/day.

3.7. Soil Map and Fence Diagram of Southern Punjab

The soil map of the designated area reveals distinct layering patterns and material compositions that
characterise its geological composition. In the first model layer, clay emerges as the dominant material,
shaping the uppermost stratum of the soil profile. Clay soils are characterised by their fine texture and high
water retention capacity. The prevalence of clay in this layer suggests that the area might exhibit characteristics
such as slow water infiltration and potential challenges for root development.

Moving down to the second model layer, sand emerges as the dominant material, indicating a transition from
clay-rich soil to a sandy substrate. Sandy soils have larger particles and thus possess good drainage
capabilities. The presence of sand in this layer suggests improved water infiltration rates compared to the clay
layer above, allowing for better drainage and potentially lower moisture retention.

In the third model layer, the soil composition transitions again, with gravel taking the lead. Gravel is
characterised by its coarseness and relatively large particle size. Gravel soils offer excellent drainage and
aeration properties. The presence of gravel in this layer suggests that the area may have had a history of water
movement or deposition, which contributes to its unique soil characteristics.

Overall, the soil map portrays a layered composition with clay dominating the uppermost layer, followed by a
transition to sand and gravel in the deepest layer. This layering indicates variations in soil properties such as
water retention and drainage, which can influence agricultural practices, recharge, and land use planning in
the area (Figure 10).

Materials

Figure 10. Soil type map based on WAPDA borelog data for the Southern Punjab area

The fence diagram illustrates the vertical distribution of clay, sand, and gravel, highlighting the variation in soil
characteristics across the layers (Figure 11). This information provides useful information of the material type
at different depth of the aquifer that was used in assigning the layer thickness of middle and bottom layers.
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Figure 11. Fence diagram showing cross sectional view of the soil type in Southern Punjab

3.8. Spatiotemporal Analysis of Water level Trends in Southern Punjab

After irrigation began in the Southern Punjab, the watertables started rising due to surface irrigation and
leakage from canals and rivers. After the Indus Water Treaty was signed in September 1960, all flows of the
Ravi, Sutlej, and Beas Rivers were allocated to India for unrestricted use, removing a major source of irrigation
water from Pakistan. At the same time, the cropping intensity and demand for irrigation water increased in
Pakistan. As surface water supplies reached their full supply capacity, the shortfall was made up by several
thousand shallow wells pumping groundwater for irrigation and domestic needs.

Depth to watertable data were obtained from the Punjab Irrigation Department from pre-2010 to pre-2020 for
Southern Punjab. There were many outliers/dead/defective/closed piezometers, which have been removed
from the raw data. The remaining piezometric data were digitised and interpolated using the IDW technique in
GIS. Furthermore, GIS maps were developed to observe groundwater level trends in 2015 and 2020 for the
Southern Punjab groundwater study area model (Figure 12).

Watertables are generally shallow along the Ravi River. However, the depth to watertables increases with
distance away from the Ravi River. Analysis shows that in 2015, in some parts of the Lodhran and Duniapur
and Jahanian sub-districts, the groundwater levels were deep (> 19.7 m) compared to other sub-districts of
the study area. By 2020, the depth to watertable had increased to the south (away from the Ravi and Chenab
Rivers) by 2—-3 metres. In the sub-district Khanewal, water levels decreased by about 3 metres in six years
(2015-2020). A similar trend can be observed in the Jalalpur and Shujabad sub-districts in 2020. This means
groundwater extraction is exceeding groundwater recharge. The hydrographs of average depth to watertable
in sub-units (tehsils) show an overall decline in groundwater levels resulting in a 0.5 m/yr decline in stressed
zones within the study area (Figure 13).
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Figure 13. Temporal trends of average depth to watertable (DTW) sub-units
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4. Model Development

4.1. Conceptual Model

The most important phase of groundwater modelling is creating an accurate conceptual model. Developing a
conceptual model is challenging and occasionally laborious due to the limited and poorly organised data and
available information. The quantity of water, the geometric arrangement of water movement, volume, flow
direction, and time variations of the key parameters make up the groundwater regime. Each system parameter
can be described mathematically as the function of the external elements due to the quantitative relationship
between the stresses and the aquifer. If the environmental variables are known, this allows for evaluating a
groundwater system and drawing conclusions more precisely. The current groundwater conceptual model was
implemented in the Southern Indus Basin (Figure 14). In this model, the following stressors and boundary
conditions were used. They are listed below:

1. River/Canal

2. Groundwater Recharge (irrigation and rainfall)
3. Groundwater Abstraction

4. Evapotranspiration

River/Canal Leakage
Irrigation

GW Pumping ET

Depth(m msl)

Figure 14. Conceptual groundwater model for Southern Indus Basin

4.2. Aquifer Geometry

The purpose of a numerical groundwater model is to provide a means whereby the inflow parameters, i.e.,
river and canal leakage and recharge, and outflow parameters, i.e., groundwater pumping and
evapotranspiration are used to simulate the groundwater response in an aquifer. The whole area is downscaled
in the form of grids of uniform size and the desired hydrogeological parameters are assigned to the model.
The model divides the aquifer into three layers, starting from the ground surface elevation.

The numerical groundwater model under study consisted of three rivers: the tail of the Ravi and Chenab Rivers
in the northwest, and Sutlej River along the southern boundary. One-link canal, the Sidhnai Mailsi Bahawal
(SMB) Link Canal, is east of the model area. The confluence of the Chenab and Sutlej Rivers encloses the
model area in the south-west. The model grid was designed based on the Universal Transverse Mercator
(UTM) coordinate system using the ArcGIS tool to determine the number of rows and columns for the model
area. Based on our conceptual model, the aquifer was divided into three layers: Layer 1 (Top) was assigned
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the elevation extracted from the digital elevation model (DEM). The thickness of the top (Layer 1) and middle
layers (Layer 2) was 30 m and 95 m, respectively, while the bottom layer (layer 3) extended to the bedrock,
with a thickness of 180 m. The thickness of the top layer was assigned based on the maximum depth of the
watertable, i.e., 24 m; the middle layer depth was based on the bore logs; and the bottom layer, up to the
bedrock. Details of the model and setup parameters are shown in Table 3. The grid and cross-sectional view

of the groundwater model is represented in Figure 15.

Table 3. Groundwater model setup parameters

Corners Model extent (UTM) Model grid size (m) No. of columns
Right 815,000 1,000 120
Left 694,000
Top 3,392,000 1,000 143
Bottom 3,249,000

N

T

B

lgom

Figure 15. Top and cross-sectional grid design view of the groundwater model

SMB Link Canal

4.3. Aquifer Properties

The bore log data compiled by WAPDA during 1980 was digitised and georeferenced (Schmid et al., 2017),
with 62 located in the study area (Figure 16). The soil materials at different depths below the ground surface
are shown in Figure 17. The average bore depth for Khanewal, Vehari and Lodhran was 190 m. Clay was
observed as the dominating material constituting the top surface, with proportions of sand and silt found to a
depth of 30 m (top layer of model), while different combinations of sand, silt, gravel, and clay were present to
a depth of 120 m (Layer 2 bottom) in dominating parts of the area. For the bottom layer, the dominant materials
were sand, gravel, and clay, found to a depth of 190 m. The average hydraulic conductivity was 69, 74, and
79 m/day for the top, middle and bottom layers, respectively. The average specific storage ranges from 3.5x10-
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5 to 3.5x10-4 m. Specific yield ranges between 0.11 and 0.15 for the different model layers. In addition, soil
porosity ranges from 0.24 to 0.36 (Table 4). Spatio-temporal variations of different aquifer properties (K, Ss,
Sy, and porosity) are shown in Figure 18.
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Figure 16. Location of bore logs in the Southern Bari Doab

Table 4. Aquifer lithology or different layers of groundwater model

Parameter Unit Layer 1 Layer 2 Layer 3
Kx=Ky m/d 56-82 58-89 15-142

Kz m/d 1.12-1.64 1.16-1.80 0.30-2.85

Ss m* 4.7x10°-1.5x10% 2.9x105-2.1x10* 5.7x105-4.0x10-4
Sy - 0.12-0.14 0.10-0.16 0.11-0.17
Porosity glcm?® 0.24-0.36 0.24-0.36 0.24-0.36
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Borehole ID: TH-BR-82
Province: Punjab

District: Khanewal

Bore Depth: 189 m
Reference Elevation: 138 m
Bottom of Bore (amsl): -50.6 m

Longitude: 72.06
Latitude: 30.52
Easting: 3132718.0
Northing: 702557.4

Clay. silty, earthy brown, hard with about 45% gravel

Sand, grey. very fine-fine

Sand., grey. moedium _s| iy
Gravel with fine sand

Clay. earthy brown, soft, sill
§an§ rey, fine
< ay_earthy brown, soft, siliy 7

Sand, grey. fine with gravel

Sand, grey. coarse

Sand, grey, fine-very fine with layers of silty clay

Clay_earthy brown
and gray- Tine-nedhim wilh graveland minoraiay

Sand, grey. fine-very fine with alternate thin layers of

Sand, grey. medium with gravel

Sand, grey, very fine-fine with gravel

20

30

40

50

60

Borehole ID: TH-BR-19
Province: Punjab

District: Multan

Bore Depth: 67 m

Reference Elevation: 117 m
Bottom of Bore (amsl): 49.9 m

Longitude: 71.40
Latitude: 29.89

Easting: 3071508.7
Northing: 631463.0

Clay, earthy brown. silty

Sand, grey. medium-coarse with gravel

Silt with sand and gravel

Sand. grey, fine-medium-coarse with thin
layers of silty clay

ST

Sand, grey, medium-coarse with rare fine
sand. Thin layers of silty clay also present
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Lithology description of a bore log in Khanewal

Borehole ID: TH-BR-77
Province: Punjab

District: Vehari

Bore Depth: 189 m

Reference Elevation: 130 m
Bottom of Bore (amsl): -58.9 m

Longitude: 72.15
Latitude: 29.87
Easting: 3143938.2
Northing: 631183.4

Lithology description of a bore log in Multan

0
Clay, earthy brown, silty, soft
10
20
30
40
Sand, grey, fine-very fine with gravel and silty clay
pallets 50
60
70
80
90
Clay. dark grey, silty with sand and gravel
100
o 110
Sand, grey, silty. very fine with gravel
120
Gravel with silty clay pallets
Clay, grey, silty with gravel and sand 130
Sand, grey, silty, very fine
Gravel, small-medium, sub angular with sand 44
Sand, grey. fine-very fine with gravel 150
Gravel, grey. sub angular with sand 160
170
Sand, grey, fine-very fine with gravel and silt pallets
180
190

Borehole ID: TH-BR-109
Province: Punjab

District: Lodhran

Bore Depth: 189 m

Reference Elevation: 110 m
Bottom of Bore (amsl): -78.9 m

Longitude: 71.45
Latitude: 29.49
Easting: 3077940.3
Northing: 586902.4

Sand, grey, fine-very fine with gravel and silty clay

Gravel, grey. sub angular-angular with silty clay pellets

Sand, grey, fine-medium with gravel and silty clay |

Sand, grey, fine-very fine with gravel and minor silty clay

Gravel, grey, sub angular-angular with clay pellets

Sand, grey, fine-very fine with silt and minor gravel

Gravel, grey, sub angular-angular with minor fine sand
and silty clay

Clay, grey, hard, silty, sandy with gravel

Sand, grey. very fine with gravel and silty clay

Gravel, grey, sub angular with sand and rare silty clay

Sand, grey. fine-very fine with gravel

Lithology description of abore log in Vehari
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Lithology description of a bore log in Lodhran

Figure 17. Lithology descriptions of selected bore logs across the study area
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Figure 18. Spatial variations of different aquifer properties for different layers

4.4. Rainfall

The study area consisted of four administrative units — Multan, Khanewal, Vehari, and Lodhran. There is only
one rain gauge installed by the Pakistan Metrological Department (PMD) in the Multan district, and that is
insufficient to estimate the rainfall precisely for the whole study area. Therefore, the Multi-Source Weighted-
Ensemble Precipitation (MSWEP) product was used to estimate the rainfall data. The MSWEP is a global
precipitation dataset with a 3-hourly (three hour lag with real-time) at 0.1° resolution that is accessible from
1979. The product is unusual in that it combines satellite, gauge, and reanalysis data to produce the most
accurate precipitation estimates for every location. A decade mean monthly rainfall record shows that the
maximum rainfall was 326 mm/yr during July 2015 (Figure 19). The annual average rainfall record depicts 211
mm/yr with maximum and minimum of 543 and 54 mm/yr during 2015 and 2018, respectively (Figure 20).
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Figure 19. Mean monthly rainfall in the study area
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Figure 20. Annual average rainfall in the study area

4.5. Recharge

The groundwater aquifer is replenished by seepage from the river, leakage from the irrigation network, field
percolation from return flows from canal and tubewell irrigation, and rainwater percolation. It is recharged
mainly by seepage from rivers and canals, and to a lesser extent, through precipitation because the study area
falls in the semi-arid climate zone. Seepage losses from the main canal account for 10% of the flow available
at the head and 90% of this seepage contributes as groundwater recharge. Distributaries account for a
seepage loss of about 15% of the available discharge and 85% of that seepage becomes groundwater
recharge. Similarly, 25% of the discharge available at the watercourse head seeps down as losses and 80%
of seepage goes to groundwater. The remainder of the available water from the supply system is applied to
the field of which 25% of the irrigation applied seeps down and becomes a part of the groundwater system,
i.e., return flow. Seepage from the Ravi, Chenab and Sutlej Rivers is generally directed towards the study
area, where part of the seepage along the Chenab River evaporates and the remainder contributes to the
aquifer as groundwater recharge. Part of the river leakage goes out of the system as lateral outflows. Similarly,
field application losses from the main canals, branch canals, and distributaries also contribute to groundwater
recharge (Table 5).

Table 5. Seepage losses and groundwater recharge through the irrigation system

Recharge to groundwater

System component Q at head Losses (L) % (factor applied to losses)
Main Canal Q main 10 0.90
Distributary Qd 15 0.85
Watercourse Q wlc 25 0.80
Field Qf 25 0.70
Rch;j = fi X Ryj + fo X Icy; + f3 X Ip; D

Where f1, f2, fz are the percentage factors which were adjusted during calibration, R i,j = Rainfall in the model
cell, Ici,j= Canal irrigation return to the model cell, and Ip i,; = Pumping irrigation return to the model cell.
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4.6. Crop Water Requirements

The evapotranspiration (Eta) data were computed based on the CSIRO MODIS Rescaled Evapotranspiration
(CMRSET) model that integrates Global Vegetation Moisture Index (GVMI) and Enhanced Vegetation Index
(EVI) data on a 500 m resolution. Evapotranspiration data were initially computed on a 10 daily basis and then
aggregated on an average monthly scale. Reference evapotranspiration (ETo) was calculated using the
Hargreaves method. The crop factor (Kc) was computed using 10 daily cloud free composites of EVI and GVMI
obtained from the Google Earth Engine (GEE) from the MODIS product (Ahmad et al., 2023).

Five major crops — wheat, maize, cotton, sugarcane, and rice — are being sown in Southern Punjab. Cotton,
rice and forage are cultivated during the Kharif season, while wheat is the main Rabi crop. Sugarcane is also
cultivated as an annual crop from March to Feb. A 10-year annual average of crop evapotranspiration data
shows that the annual average crop water requirement in the area is 1010 mm/yr with maximum and minimum
values of 1086 and 942 mm/yr, respectively (Figures 21 and 22).
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Figure 21. Annual average crop water requirement during the Rabi season
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Figure 22. Annual average crop water requirement during the Kharif season

4.7. Tubewell Pumping

According to the Punjab Bureau of Statistics, there were 44,687 tubewells in 2010, which increased to 52,782
in 2020 in the study area (Figure 23). The uncontrolled increase in the number of tubewells over these 10
years is responsible for the declining watertable in the area.

Total groundwater pumping was estimated using a utilisation factor approach and calculated each month
based on the monthly crop water requirements. This approach was adopted as tubewells are not metered and
the volume of groundwater extraction in the area is an unknown. The utilisation factor depends on operational
hours in a day, working days in a year, and the type of tubewell, i.e., diesel or electric (Table 6). Groundwater

Modelling Climate Change Impacts and Adaptation Strategies for Managing Groundwater Resources in Southern Punjab
Abdul Raheem, Muhammad Saifullah, Jehangir F. Punthakey, Ghulam Zakir-Hassan, Irffan Ahmad Baig Page 32 of 72




extraction for a single tubewell and total pumping for the total number of tubewells were calculated. The
average monthly groundwater pumping was then estimated based on the monthly variation in
evapotranspiration. This approach allowed for temporal variation in pumping being included in the model. The
utilisation factor was computed using the equation below:

number of tubewell operation hours in a year

UF (%) = x 100

the total number of hours in a year

55000
50000
45000
40000
35000

S

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

No. of tubewells

H Diesel M Electric Total

Figure 23. Number of tubewells in the study area (2010-2020)

Table 6. Utilisation factor as influenced by the tubewell type and growing season

Hours/day Utilisation factor (%)
Diesel 124 4.5 0.7 19
Electric 183 6 15 25

4.8. Climate Data Projections

Under the Coupled Model Intercomparison Project Phase 6 (CMIP6), the Shared Socioeconomic Pathways
(SSPs) offer a framework for evaluating potential future global development pathways depending on various
socioeconomic aspects (O’Neill et al., 2016). The SSPs comprise five discrete scenarios, each depicting a
distinctive narrative of future socioeconomic conditions (Gidden et al., 2019). Climate model simulations use
these scenarios, which range from SSP1 (sustainability-focused) to SSP5 (high obstacles to mitigation and
adaptation), as a framework to evaluate the possible effects of various societal decisions on climate change
(Akinsanola & Kooperman, 2022). These scenarios are used by researchers to explore a variety of conceivable
futures, enabling a thorough grasp of the probable climate consequences under various socioeconomic
trajectories.

A widely used method for bias reduction in climate data is quantile mapping. To correct biases in the model
outputs and ensure a more precise representation of historical climate patterns, this statistical technique entails
matching the cumulative distribution functions of observed and model-simulated data (Maraun, 2013). The
significance of the CMIP6 dataset for impactful assessment and planning for adaptation is enhanced by this
correction technique (Qian & Chang, 2021).

Modelling Climate Change Impacts and Adaptation Strategies for Managing Groundwater Resources in Southern Punjab
Abdul Raheem, Muhammad Saifullah, Jehangir F. Punthakey, Ghulam Zakir-Hassan, Irffan Ahmad Baig Page 33 of 72




This approach used the observed data of the Multan district for a significant duration, i.e., thirty years from
1991-2020, obtained from the Pakistan Metrological Department (PMD). The Global Circulation Model (GCM)
climate data were obtained and extracted for the same spatial and temporal extent for intermediate and
extreme climate change scenarios, i.e., SSP2-4.5 and SSP5-8.5, respectively. These data are freely
accessible on the Earth System Grid Federation (ESGF). Through quantile mapping, the data for rainfall and
T mean Were then bias-corrected for 2021 to 2100 under both climate change scenarios.

The projected rainfall data showed the maximum rainfall under the SSP2-4.5 and SSP5-8.5 scenarios will be
453.1 and 498.5 mm/month during September 2095 and September 2088, respectively (Figure 24). The annual
average and maximum rainfall under the SSP2-4.5 and SSP5-8.5 scenarios will be 206.6, 793.1 and 196,
579.2 mmlyear in 2088, respectively, showing the relatively lower rainfall under the SSP5-8.5 scenario.
Similarly, the projected mean temperature (T mean) data showed a maximum T mean Under the SSP2-4.5 and
SSP5-8.5 scenarios will be 41.5 °C and 46.9 °C during July 2098 and July 2095, respectively (Figure 25). The
annual average T mean data under the SSP2-4.5 and SSP5-8.5 scenarios will be 28.7 °C and 30.6 °C,
respectively, showing a higher average temperature under the SSP5-8.5 scenario.
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Figure 24. Average monthly rainfall under SSP2-4.5 and SSP5-8.5 scenarios (2021-2100)
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Figure 25. Average monthly mean temperature (T mean) under SSP2-4.5 and SSP5-8.5
scenarios (2021-2100)
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5. Sensitivity Analysis

Accurately depicting groundwater systems is essential in hydrogeological modelling for making informed
decisions on managing groundwater resources. Groundwater models are valuable for modelling the complex
interconnections among geological, hydrological, and hydraulic elements affecting subsurface water flow
behaviour. However, such models are susceptible to a variety of uncertain parameters, which can have a
substantial impact on their projections. Sensitivity analysis helps to systematically assess the influence of
parameter alterations on model outputs. Decision-makers and hydrogeologists can acquire deeper insights
into the behaviour of the groundwater system, identify key causes of system behaviour, and improve the
dependability of model-based forecasts by investigating the model’s sensitivity to diverse input parameters.
This study explores a thorough sensitivity analysis of critical parameters inside a groundwater model, revealing
their relative importance and paving the path for more precise and realistic hydrogeological simulations.

The parameters hydraulic conductivity (K), specific yield (Sy), specific storage (Ss), and recharge were used
to run the sensitivity analysis using the multipliers 0.25, 0.5, 1.0, 1.5, and 2.0. The permissible limits of aquifer
parameters (K, Sy and Ss) were counter verified with the literature and field values. It was found that hydraulic
conductivity and specific yield were the most sensitive parameters. The sensitivity analysis results shown in
Figure 16 indicate the calibration is best at the lowest absolute mean.

2

=
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Absolute Residual Mean (m)

0.5

Multiplier

Figure 26. Sensitivity analysis plots of hydraulic conductivity, specific yield and specific
storage of aquifer
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6. Model Calibration

Calibration is an important step in groundwater modelling since it entails meticulously adjusting model
parameters to obtain an appropriate correspondence between the modelled and observed values. This
iterative process improves the model’s description of hydrogeological processes, enhancing predictions and
encouraging a better understanding of subsurface systems. Calibration entails adjusting variables such as
hydraulic conductivity, specific yield, specific storage, and recharge rates to minimise differences between
simulated and actual data points such as groundwater levels and flow rates. Several statistical indicators are
typically applied to logically analyse the calibration performance. They are discussed below:

Root Mean Square Error (RMSE) measures the square root of the difference between observed and simulated

average values. It is calculated as:
1 2
— E hy—h
izl( 0 s)

Mean Absolute Error (MAE) measures the average absolute deviations between observed and simulated

values. It is calculated as:
1 n
— ho—h
D ol

Mean Error (ME) measures the average deviations between observed and simulated values. It is calculated

as:
1 n
— ho—h
nZi:1( 0 s)

Before calibrating the model, a sensitivity analysis was performed to assess the model’s sensitive parameters.
Then, the values of different parameters like riverbed conductance, recharge and pumping rates, and aquifer
lithology (K, Sy and Ss) were adjusted to minimise the difference between simulated and observed head as
much as possible.

6.1. Steady State Model Calibration

The steady-state model was developed and calibrated to provide initial heads for October-2010. A total of 23
target points representing the whole study area with the water levels of post-2010 period were selected for the
model calibration. A comparison of observed and simulated heads is shown in Figure 27.

6.2. Steady State Calibration Statistics

Most target (15) points showed residual ranges of less than 1 m, while nine observation wells ranged from 1
to 1.4 m. The model was calibrated with an absolute residual mean of 0.89, a residual mean of -0.50, and a
root mean square value of 0.94, which was considered acceptable.

6.3. Transient Calibration Statistics

The model was simulated from Oct-2010 to Sep-2020 with 120 stress periods. The absolute residual mean
(ARM) was 0.85m using 363 observed values that were spatially distributed, indicating that the model is
calibrated reasonably well. The calibration statistics for transient-state conditions against different statistical
parameters are shown in Table 7. The plot between observed and simulated head values is represented in
Figures 28 and 29 respectively indicate good calibration results.
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Figure 27. Simulated versus observed head (metres above mean sea level) values for steady

Table 7. Statistical parameters for transient state model calibration

Parameter Calibrated statistics

Res. Mean 0.03

Abs. Res. Mean 0.95

Res. Std. Deviation 1.14

Sum of Squares 473
RMSE 1.14
Min. Residual -4.20

Max. Residual 3.73

No. of Observations 363

Range in Observations 37.75
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Figure 29. Model output showing observed versus residual values

Modelling Climate Change Impacts and Adaptation Strategies for Managing Groundwater Resources in Southern Punjab
Abdul Raheem, Muhammad Saifullah, Jehangir F. Punthakey, Ghulam Zakir-Hassan, Irffan Ahmad Baig

Page 38 of 72




6.4. Hydrographs

As discussed above, the PID measures the piezometers twice yearly — pre-monsoon (April) and post-monsoon
(October) — while the model simulates heads monthly. Each observation well selected for target values
contains an average of 15 measurements because measurements for four seasons were not present in the
PID’s database. The simulated hydrographs show reasonable agreement with observed data, indicating the
temporal calibration is reasonable. Hydrographs for two piezometers, OW8 and OW18, located in the LBDC
and Gujju Hatta sub-canal command, show the starting model head is slightly on the higher end; however, the
trend is reasonable. Many of the piezometers showed declining observed and model head trends, except
OW13 and OW15, which are located along the Sutlej River in the Lodhran sub-canal command, which showed
a rising temporal trend in water levels. The selection of 23 observation wells has been represented below

(Figure 30).
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Figure 30. Simulated versus observed head (m-above mean sea level) for piezometers in the
study area
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6.5. Water Balance for the Southern Bari Doab Command

The water balance in the Southern Indus Basin provides useful insights into the impact of stressors on the
underlying aquifer. The leakage of surface water channels, such as canals and distributaries, inflows from the
river systems, and recharge from rainfall and field application losses, are the primary source of groundwater
recharge in this basin. On the other hand, extraction through pumping wells is the major groundwater discharge
source. All the recharging sources including rivers, main canals, branch canals and recharge were assigned
in Layer 1. The pumping was assigned in Layer 2 based on the field observations that the average bore depth
was more than 30m in dominating parts of the study area. The evapotranspiration rate was assigned to the
top layer (Layer 1) with an extinction depth of 5m based on soils along the riverine areas where most of the
evapotranspiration losses occur.

The model was developed for October 2010 to September 2020 with 120 stress periods (one stress period =
one month). The water balance for the whole model states that total inflow from river and canal leakage is
1,637.3 MCM/yr while recharge from other mentioned sources was 1,485.8 MCM/yr. On the other hand,
groundwater extraction was estimated at 3,355.5 MCM/yr. The level of evapotranspiration is very small i.e.,
1.9 MCM/yr because of the deep watertable in the area. The net loss in aquifer storage is -533.4 MCM/yr for
the calibration period (Table 8).

Table 8. Annual average groundwater balance of model (2010-2020)

Source Inflow (MCM) Outflow (MCM) Net (MCM)
Recharge 1,485.8 0 1,485.8
River 1,637.3 -299.2 1338.1
Well 0 -3,355.5 -3,355.5
ETa 0 -1.9 -1.9
Net 3,123.1 -3,656.6 -533.5

Water enters through three sources in the top layer (Layer 1). There is river leakage, which comprises seepage
from the Ravi, Chenab and Sutlej Rivers and from the extensive network of canals (1,637.3 MCM/yr), recharge
(1,485.8 MCM/yr), and also from the middle layer (Layer 2) by upward flow (253.6 MCM/yr). The major outflow
from Layer 1 to Layer 2, which is largely due to pumping concentrated in Layer 2, is gradually dewatering Layer
1. Other outflows, such as from the aquifer to the river (294 MCM/yr) and evapotranspiration (1.9 MCM/yr),
are relatively small in comparison. The net storage for Layer 1 was -75.69 MCM/yr.

In the middle layer (Layer 2), the inflows from the top layer (Layer 1) were 3164.6 MCM/yr and from the deeper
Layer 3 were 1,436.5 MCM/yr, while outflows to Layer 1 and Layer 3 were 258.3 and 1,034.5 MCM/yr,
respectively. The most significant outflow was pumping at 3,355.5 MCM/yr. The net storage in Layer 2 was
-50.4 MCM/yr, indicating water levels in both layers are declining gradually over time. However, Layer 2
attempts to balance the pumping stress by enhancing flows from the top and bottom layers.

In the bottom layer (Layer 3), the total volume of inflow from Layer 2 was 1,034.5 MCM/yr and outflow was
1,442.9 MCM/yr, with a net storage of -408.4 MCM/yr, as shown in Figure 31.

The above water balance indicates good connectivity between the three model layers, as evident when the
aquifer is stressed, as shown by significant outflows from the top to the middle layer. As groundwater pumping
occurs from the middle layer, it enhances flows from the top to the middle layer (Layer 2), gradually dewatering
Layer 1. Additionally, the inflows into Layer 2 from the deeper Layer 3 will likely mobilise salinity from the
deeper layers. Over time, this will result in increasing soil salinity.
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Figure 31. Groundwater balance for the transient-state model (2010-2020)
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/. Scenario Modelling

Scenario modelling helps understand the impact of stresses on the groundwater system, which can guide the
sustainable use of groundwater resources. It also guides policymakers in formulating a sustainable framework
for groundwater management. The following scenarios were developed in consultation with staff from the PID,
considering the socioeconomic and climate change impacts on the overall future demand for groundwater
(Table 9). The first two scenarios were run from October 2010 to September 2060, while climate change
scenarios SSP2-4.5 (intermediate greenhouse gas emissions) and SSP5-8.5 (very high greenhouse gas
emissions) were included from October 2010 to September 2100. The overall groundwater balance for each
scenario is represented in Table 10.

Table 9. List of scenarios simulated in the Southern Bari Boab model

Scenario Title Scenario Description

Scenario 1: Baseline scenario — No change in All the hydrological stress remains the same as
current practices 2010-2020

Scenario 2: Increase in groundwater pumping Cropping intensity and industrialisation are

with no change in canal supply increasing, which will raise groundwater demand in

future while canal supply remains unchanged
Scenario 4: Climate change Scenario SSP2-4.5 Shared Socioeconomic Pathway SSP2-4.5

Scenario 5: Climate change Scenario SSP5-8.5 Shared Socioeconomic Pathway SSP5-8.5

Table 10. Groundwater balance of the model under different scenarios

Scenario 2

Scenario 1 (Pumping
Inflows (Baseline) Increase) SSP2-4.5 SSP5-8.5
Simulation Period 2010-2060 2010-2060 2010-2100 2010-2100
River 1,748.8 1,815.2 2,045.8 2,048.6
Recharge 1,469.9 1,475.7 1,437.1 1,420.9
Total Inflows 3,218.7 3,290.9 3,482.9 3,469.5
Outflows Scenario 1 Scenario 2 SSP2-4.5 SSP5-8.5
River 178.1 160.6 100.6 99.7
Well 3,341.1 4,068.8 5,573.8 5,573.8
ET 1.4 1.1 0.7 0.7
Total Outflows 3,520.6 4,230.5 5,675.1 5,674.1

Modelling Climate Change Impacts and Adaptation Strategies for Managing Groundwater Resources in Southern Punjab
Abdul Raheem, Muhammad Saifullah, Jehangir F. Punthakey, Ghulam Zakir-Hassan, Irffan Ahmad Baig Page 49 of 72




Two sets of four scenarios were simulated: managerial scenarios and climate change scenarios. The initial
head conditions in October 2010 were considered as the starting point for these scenarios. These scenarios
were developed to inform the irrigation department about the impact of declining trends in water levels in
response to increased pumping and climate change impacts on groundwater conditions in the Sujawal district.
These were simulated to guide the development of a policy brief for Southern Punjab. Table 10 summarises
the water balance for the management and climate change scenarios undertaken. A key message from these
scenarios is the loss in groundwater storage in response to increased pumping based on trends observed over
the decade from 2010 to 2020. Under the climate change scenarios, the loss in groundwater storage would
significantly increase to -2192.2 MCM/yr for the SSP2-4.5 scenario and similarly for the SSP5-8.5 scenario.
This loss in storage would lead to unacceptable outcomes for irrigators and smallholder farmers in Southern
Punjab.

7.1. Scenario 1: Baseline Scenario: Policy Remains Unchanged

The layered water balance of the baseline (BL) scenario for October 2010 to September 2020 is presented in
Figure 32. The water balance under the BL scenario indicates if the conditions from October 2016 to
September 2020 remain unchanged, the net loss in the storage will be -301.9 MCM/yr compared to a net loss
in storage of -533.4 MCM/yr during the calibration period (October 2010 to September 2020). The estimated
groundwater pumping will be 3,341.1 MCM/yr if conditions remain unchanged. Hydrographs of selected
piezometers indicate that water levels are expected to stay same up to 2060 under the BL scenario (Figure
33).
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Figure 32. Groundwater balance for the baseline scenario (2010-2060)
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7.2. Scenario 2: Increase in Groundwater Pumping with No Change in Canal
Supply

The increased pumping scenario (PS) which simulates pumping increasing based on the historical trend from
2010 to 2020, indicates the net loss in groundwater storage has declined to -939.6 MCM/yr. Under the PS
scenario, canal supply remains unchanged, and recharge and evapotranspiration are replicated using
historical data from 2016 to 2020. The layered water balance under an increasing PS scenario is represented
in Figure 34. The hydrographs of the selected piezometers show a drop in the water levels particularly after
2040 under this scenario (Figure 33). This tells us that continued increasing in pumping beyond 2040 will
induce a noticeable decline in groundwater levels.

The water balance shows enhanced depletion in all layers. The dewatering of Layer 1 in response to pumping
in Layer 2 is particularly concerning for smallholder farmers who may have restricted access to groundwater.
The increased inflows into Layer 2 from the deeper Layer 3 are equally concerning. This amplifies the risk of
salt mobilisation and will result in extracting groundwater of higher salinity, adding to the build-up of salts in
the crop rooting zone.
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Figure 34. Groundwater balance under pumping increase scenario (2010-2060)
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7.3. Scenario 3: Climate Change Scenario SSP2-4.5

The SSP2-4.5 scenario was simulated from 2010 to 2100 using projected rainfall and temperature data used
to estimate evapotranspiration. In this scenario pumping was increased based on historical trends observed
during the calibration period, and canal supply is replicated using data from 2016—2020 indicating an average
deficit in groundwater storage of 2,192.2 MCM/yr. The net loss in groundwater storage was highest for Layer
3 which highlights earlier concerns about salinity mobilisation from the deepest layer. The water balance also
indicates that the average annual recharge is slightly lower than the BL scenario, and evapotranspiration
reduces due to declining water levels. The layered water balance under the SSP2-4.5 scenario is represented
in Figure 35. The hydrographs of the selected piezometers show a significant drop in the water levels under
this scenario.
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Figure 35. Groundwater balance under climate change SSP2-4.5 scenario (2010-2100)
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7.4. Scenario 4: Climate Change Scenario SSP5-8.5

The SSP5-8.5 scenario was simulated from 2010 to 2100 using projected rainfall and temperature data to
estimate evapotranspiration. In this scenario, pumping was increased based on historical trends observed
during the period of calibration, and canal supply was based on data from 2010-2020, which is similar to the
SSP2-4.5 scenario. The net loss in groundwater storage was highest for Layer 3 and similar in magnitude for
the SSP2-4.5 scenario, highlighting earlier concerns about salinity mobilisation from the deepest layer. The
layered water balance under SSP5-8.5 scenario is represented in Figure 36 indicating an average deficit in
groundwater storage of 2,204.6 MCM/yr. The projected increase in groundwater pumping will dry out the top
layer in the lower reaches of the Southern Bari Doab Canal Command in future years for both climate
scenarios. Figure 37 shows a significant part of the study area has contributed to dewatering Layer 1 indicating
many farmers will be unable to access groundwater unless they invest in deepening wells. The hydrographs
of the selected piezometers show a significant drop in the water levels under this scenario particularly in the
40 years from 2060 to 2100 (Figure 38).
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Figure 36. Simulated versus observed head (m AMSL) under climate change SSP5-8.5
scenario
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7.5. Comparison of the Water Balance for 2020-2030 and 2050-2060 under the BL
and PS Scenarios

The water balance for the BL and PS scenarios was compared during the early stage of the simulation from
2020-2030 and the final ten years from 2050—2060 (Table 11). The net change in storage for the BL scenario
indicates that net storage in 2020-2030 is -355.7 MCM/yr and that if pumping is kept near the 2010-2020
levels the aquifer will tend to reach a new equilibrium over time with net storage at -162.8 MCM/yr. This does
not mean that parts of the aquifer will not experience stresses or increased salinity mobilisation, however, it
indicates that with improved resource management, the system can withstand this level of pumping over the
next 50 years. The PS scenario shows that the net storage is -212.4 MCM/yr during 2020-2030 which rapidly
declines to -1,886.4 MCM/yr by 2050—2060. The hydrographs presented earlier demonstrate an inflection point
around 2040 indicating that a sustained increase in pumping beyond 2040 will result in significant declines in
water levels and increased salinity mobilisation from deeper layers, resulting from a significant increase in
stresses on the aquifer.

Table 11. Comparison of the groundwater balance for 2020-2030 and the last decade for the
baseline and increased pumping scenarios (units are MCM/yr)

Scenario 2 Scenario 2

Scenario 1 Scenario 1 (Pumping (Pumping

(Baseline) (Baseline) Increase) Increase)

Simulation Period 2020-2030 2050-2060 2020-2030 2050-2060
River 1,730.1 1,806.6 1,719.4 2,033.9
Recharge 1,410.3 1,495.1 1,425 1,526
Total Inflows 3,140.4 3,301.7 3,144.4 3,560.0
Outflows Scenario 1 Scenario 1 Scenario 2 Scenario 2
River 156.8 139.7 158.3 85.0
Well 3,338.0 3,323.8 3,197.2 5,361.1
ET 1.4 1.1 1.4 0.3
Total Outflows 3,496.1 3,464.6 3,356.9 5,446.4

7.6. Adaptation Scenario for Southern Punjab to Manage Overexploitation

We designed a possible adaptation scenario by selecting the increased pumping scenario described in Section
7.2. This scenario simulates increased pumping along past trends between 2010 and 2020 which encapsulates
present pumping trends. The continued increase in tubewells in Southern Punjab and the lack of mechanisms
to reach a water sharing agreement with groundwater users formed the basis for selecting this scenario to
model adaptation options.

Changes in the groundwater regime take time to take effect and there is no one solution that can manage the
overexploitation of groundwater in Southern Punjab. Our approach did not include any direct regulatory
mechanisms for reducing the rate of groundwater extraction due in part to the lack of regulation for groundwater
use and the absence of controls on tubewell installation. Rather we took the approach that changing the
cropping patterns partially towards less water intensive crops that are suitable for the agro-climatic zone of
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Southern Punjab would be a more acceptable option for famers. However, to affect this change will require
establishing trust and knowledge transfer to communities.

The first of the adaptation options included mapping the spatial distribution of the major water intensive
summer crops namely cotton and rice, and sugarcane in the Southern Bari Doab as illustrated in Figure 39.
Land Use Land Cover (LULC) distribution in the kharif season indicated a 6.5%, 2.8% and 1.6% reduction in
cotton, sugarcane and rice cultivation respectively from 1990 to 2020 illustrated in Table 12. Our first option
recommended substitution of 20% of the area under cotton with mung bean, and 30% of rice and 20% of
sugarcane with onion. Mung bean and onions are less water intensive crops with a shorter growing season,
which we estimated can potentially reduce groundwater pumping by 15 to 16%. The aim here was not to
replace all of the cotton, rice and sugarcane crops as this would not be economically viable for farming
communities who rely on cash crops. Further, we opted not to change the winter crop as during the winter
season wheat is the major crop which is crucial for food security for farming families as well as for Pakistan.
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Figure 39. Spatial distribution of major crops being sown during Kharif season in the
Southern Bari Doab Canal Command (2014-2015)
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Table 12. Time series distribution of LULC for Kharif season based on remote sensing data
(1990-2020) in the Southern Bari Doab Canal Command (Hussain et al., 2021)

Change in
area 1990 to

LULC Classes 2020 (%)
Cotton 35.01 34.92 33.11 28.48 -6.5
Kharif Fodder 17.85 20.24 21.47 26.34 8.5
Rice 21.57 20.84 21.13 19.96 -1.6
Sugarcane 15.54 14.81 13.99 12.65 -2.8
Water bodies 2.66 221 2.09 1.63 -1.0
Built-up/barren 7.31 6.97 8.2 10.95 3.6

The annual monsoon rains often result in flood water in the Chenab and at times in the Sutlej. The flows in the
Sutlej have been curtailed by upstream diversions in India (see Indus Water Treaty, 1960), however,
occasional floods do occur in the Sutlej which offers an opportunity to capture some of the floods for recharge.
Capturing a portion of these flood flows for managed aquifer recharge can potentially offer some relief for
declining groundwater levels and potentially improve groundwater quality. In our case, the second adaptation
option simulated monsoon floods with a return period of 10 years which was based on the flood event that
occurred on August 25, 2013, in the Chenab and Sutlej Rivers. We simulated this flood for a 10-year return
period from 2020 to 2060. The flood flows were simulated by increasing the river stage in the Chenab and
Sutlej to provide an indication of how increased flows in the Chenab and Sutlej during monsoon could provide
additional water for recharge. We recommend PID undertake detailed investigations to establish recharge
structures such as large diameter vertical recharge wells which could be used to enhance recharge to the
aquifer. Large floods such as the floods during 2022 inundate agriculture lands resulting in flood damage to
crops, orchards and infrastructure. Recharging some of the captured flood flows is desirable for aquifer
management and to mitigate the potential impact of flash floods in Chenab River during monsoon period.

The third adaptation option included simulating an environmental option by establishing a green barrier along
the riverine corridor of the Chenab River as part of the adaptation scenario. This proposed plantation of native
trees in the barren lands along the river would act to reduce flood impacts, provide a carbon sink and an
opportunity for improving the environment and biodiversity in Southern Punjab. Once the establishment of a
corridor of native trees could be successfully achieved, we recommend investigating suitable sites along both
banks of the Sutlej River.

The combined impact of these adaptation options in Table 13 indicates the net storage has increased to
-586.6MCM as compared to the increased pumping scenario which indicated a net loss in storage of - 939.6
MCM annually. This represents an increase in groundwater storage of about 353MCM/yr for the simulated
period up to 2060 with adaptation options.

Table 13. Annual average groundwater balance of model under adaptation option scenario
(2010-2060)

Source Inflow (MCM) Outflow (MCM) Net (MCM)
Recharge 1509.0 0 1509.0
River 1874.3 -175.1 1699.3
Well 0 -3794.5 -3794.5
ETa 0 -0.4 -0.4
Net 3383.4 -3970.0 -586.6
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Additionally, a separate simulation without the recharge option indicated a loss in groundwater storage of
-678.9 MCM which indicates the inclusion of the recharge options by simulating flood flows adds an additional
92.3 MCM/yr to groundwater storage.

7.7. Water Balance for 2020-2030 and 2090-2100 under Climate Change Scenarios

The water balance for the SSP2-4.5 and SSP5-8.5 climate change scenarios was compared during the early
stage of the simulation from 2020-2030 and the final ten years of simulation from 2090-2100 (Table 14). The
net change in storage for the SSP2-4.5 scenario indicates net storage in 2020-2030 is -116.9 MCM/yr however,
if the increased pumping trends continues the net storage will decline to -4819.1 MCM/yr. The SSP5-8.5
scenario shows similar results; however, rainfall recharge is noticeably lower for this scenario. Both these
climate scenarios tell us that the current increasing pumping trend will not be sustainable under the climate
change scenarios. Significant decreases in net storage, water levels, and water quality will occur. As shown in
Figure 36, water levels for both climate scenarios indicate rapid declines in water levels, particularly beyond
2040, after which the declines accelerate. The impact on the drying out of a large part of Layer 1 in Figure 37
shows that there will be significant impacts on farmers who will be forced to deepen wells to access
groundwater and increasingly use groundwater with higher salinity or, in the worst case scenario abandon
groundwater irrigation, which will impact food security.

Table 14. Comparison of the groundwater balance for 2020-2030 and 2090-2100 for the
climate change scenarios (units are MCM/yr)

Inflows SSP2-4.5 SSP2-4.5 SSP5-8.5 SSP5-8.5
Simulation Period 2020-2030 2090-2100 2020-2030 2090-2100
River 1,718.6 2,388.6 1,722.8 2,390.2
Recharge 1,521.2 1,520.4 1,436.0 1,344.5
Total Inflows 3,239.7 3,909.0 3,158.8 3,734.7
Outflows SSP2-4.5 SSP2-4.5 SSP5-8.5 SSP5-8.5
River 157.7 4.8 155.9 4.8
Well 3,197.2 8,723.3 3,197.2 8,723.3
ET 1.7 0 1.7 0
Total Outflows 3,356.6 8,728.1 3,354.8 8,728.1

-4,819.1 -4,993.4
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7.8. Discussion

The baseline (BL) water balance shown in Figure 32 is evidence of the interplay of groundwater exchange
among all three model layers. The inflow into Layer 2 from the overlying Layer 1 is attributed to pumping which
is concentrated in Layer 2 resulting in downward flows of 3,232.6 MCM/yr (BL scenario). For the PS scenario,
which simulates increasing pumping based on recent trends from 2010 to 2020, the annual average net decline
in storage is -939.6 MCM/yr for 2010-2060; however, water balance from 2050-2060 also tells us that the net
decline in storage accelerates to 1,886.4 MCM/yr between 2050-2060.

The BL and PS scenarios also indicate significant upward flows from Layer 3into Layer 2 of 1349.4 and 1,857.8
MCM/yr respectively, indicating pumping in Layer 2 is also enhancing upward flows from Layer 3. Several
researchers (Ahmad et al., 2023; Lytton et al., 2021; Punthakey et al., 2015) have indicated increasing salinity
with depth in the Indus Basin aquifer, which means these upward flows will enhance salinity mobilisation and
consequently deteriorate the water quality in Layer 2 over the long-term which will result in groundwater
pumping for irrigation of higher salinity. Over the long-term, current system’s sustainability will be at risk as
declining water levels in Layer 1 will increase pumping costs for farmers and costs for deepening wells for
small-holder farmers or the costs associated with drilling deeper wells will exclude these farmers from using
groundwater for irrigation. Based on the BL scenario, the projection indicates a decrease in the net loss in
groundwater storage from -533.4 MCM/yr to -301.9 MCM/yr if all the water balance components remain
unchanged from October 2016 to September 2020. The increase in net storage suggests the aquifer is possibly
reaching a new equilibrium. However, other factors, such as inflows from the Chenab River were comparatively
less from October 2010 to September 2015 compared to October 2015 to September 2020. We replicated the
river data from October 2015 to September 2020 and found that the leakage from the Chenab River is higher,
which affects the water balance of the scenarios. The net inflows from the Chenab River to the aquifer during
the 2010-15 period was 1168.4 MCM/yr whereas during the 2015-2020 period the net inflows from the Chenab
River to the aquifer were substantially higher at 1,509 MCM/yr. This finding indicates the average net inflows
during the latter period were significantly higher than during 2010-2015.

Under the increased pumping scenario, the projected increase in the average net loss in groundwater storage
was -939.6 MCM/yr upto September 2060, compared to the BL scenario, which was -301.9 MCM/yr indicating
that current pumping practices, especially in the irrigated agricultural sector, are not sustainable and may lead
to severe consequences for groundwater availability in the future.

The increasing trend in pumping experienced in Punjab over the past three decades was further explored
using the climate change scenarios. Under climate change scenarios, SSP2-4.5 and SSP5-8.5, the projected
average net loss in groundwater storage was -2,192.2 MCM/yr and -2,204.6 MCM/yr respectively, if pumping
continues to increase following the historical trend of of 2010-2020, with the surface water supply remaining
the same as during 2016—2020. Any shortage in surface water supply will have an immediate impact on further
stressing the groundwater system. The analysis of the water balance from 2090-2100 also tells us that the net
decline in storage accelerates to -4,819.1 MCM/yr and -4,993.4 MCM/yr for the SPP2-4.5 and SSP5-8.5
scenarios respectively. This accelerated depletion over time will be of significant concern for resource
managers and policy specialists. Groundwater management in this context cannot rely solely on regulation; it
will require consultation and building consensus among groundwater irrigators by allowing their voices to be
heard to ensure a sustainable future. The findings especially under the increased pumping and climate change
scenarios, highlight the need to adopt sustainable pumping practices to slow the rapid decline of groundwater
storage. Implementing measures such as tubewell monitoring, regulating pumping in hotspots, managed
aquifer recharge (MAR), revision of cropping patterns and adaptation of irrigation practices to enhance water
use efficiency will be essential to bring about a hopeful future for Southern Punjab’s farmers.

The simulated adaptation options for the Southern Bari Doab also indicates that despite inclusion of adaptation
options, there will still be a significant loss in net storage in the underlying aquifer. Thus, additional options for
managing groundwater sustainably will be required, which would require a groundwater management plan for
the area and the co-development of a water sharing plan with strong community buy-in. Additionally, some
regulation of pumping may also be required in hotspots to allow equitable access to groundwater for
smallholder farmers. To moderate the impacts of overexploitation of groundwater and insufficient surface water
supply under projected climate change conditions we have proposed a series of adaptation options suitable
for simulation which will give provide insight for policy setters, institutional actors, and the farming community
to assist in developing strategies for a sustainable future.
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8. Groundwater Policy and Governance

The Punjab government has promulgated the Punjab Water Policy 2018 and Punjab Water Act 2019. It is the
first time groundwater has been given due importance in these regulatory and policy frameworks. These Acts
deal with groundwater management and related challenges, including augmentation, protection, and restricted
extraction. At present, groundwater management in IRB is fraught with many challenges, including the
reliability and adequacy of resource information, resource degradation, resource depletion and equity,
resource efficiency, participation, and institutional and policy factors. Overlaying these challenges is the
complex nature of groundwater resources, socio-cultural attitude towards a common pool resource, a lack of
stakeholder and community awareness, and a lack of capacity within existing institutional setups (Hassan,
2023). A proper groundwater data management information system and technological, institutional, policy and
regulatory interventions are vital for managing groundwater resources, including artificial recharge. Along with
hydrological and geological considerations, economic and policy analyses are essential for the complete
analysis of MAR and other groundwater replenishment options. The Punjab government has established new
organisations — the Punjab Water Resources Commission and the Punjab Water Services Regulatory
Authority. The Punjab Irrigation Department (PID) has established a dedicated zone for groundwater
monitoring and regulation in the province.

Groundwater governance is more complex than surface water because it has fuzzy boundaries, and laws and
rules governing water flow in channels cannot be applied. Similarly, groundwater is distinguished from natural
mineral resources like oil and gas due to its renewability and ubiquity, and being essential for life. Unlike
surface water, groundwater is a hidden resource with strong complexity in defining its boundaries and
entitlements. Unfortunately, not much attention has been paid by the relevant authorities towards managing
pumping and protecting groundwater reserves in the aquifer underlying the Indus Basin in Pakistan.

The level of extraction of groundwater is important information required for groundwater modelling, but in the
Indus Basin, these levels are based on assumptions and estimates. To get more realistic estimates of
groundwater levels in the province, the PID has started georeferencing all the tube wells. This exercise is
almost complete and will yield the most accurate and reliable database for groundwater use and its potential
in the province.

Rules and regulations supported by standard policy and implementation mechanisms are imperative for
groundwater management in the Indus Basin. There are some existing regulatory frameworks that deal mainly
with the operation of the canal irrigation network in the province. Existing laws and regulatory instruments that
deal with water sector operational and management strategies are listed in Box 1 (Hassan, 2023).

The management of groundwater must consider both the demand and supply sides. Given the importance of
groundwater management and groundwater recharge under the National Climate Change Policy and National
Water Policy, the Punjab government’s Punjab Water Policy (2018) has provided guidance for future lines of
action for the beneficial use of flood water. The policy outlines guiding principles for groundwater augmentation
through MAR, as shown in Box 2. The sustainable use of groundwater is imperative for its development,
protection, and beneficial use.

Although much work exists regarding policy formulation and regulatory frameworks, a clear, holistic, and time-
bound approach to implementing these instruments is lagging. The newly established organisations are not
fully functional yet. There is an overlap between the organisational roles and policies regarding groundwater.
Human resources and organisational setup for groundwater management and regulation are inadequate. On
the one hand, groundwater plays a vital role in meeting the water demands of all sectors of society, but on the
other hand, a dedicated institutional setup for groundwater management is almost non-existent. In
neighbouring India, a Central Groundwater Board is supported by several state-based organisations and
departments to manage groundwater use and development. A lack of awareness and capacity are also
challenges for groundwater management in Pakistan. Specific recommendations for groundwater
management to ensure its sustainable use are as follows:

e Demarcation of basins and sub-basins for groundwater budgeting and modelling studies.

e Development and calibration of groundwater models for flow and solute transport for different sub-basins
in the Indus Basin.
e A time-bound implementation framework for the Water Act and Water Policy.
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Both demand and supply side management
interventions for efficient water use.

Strengthen groundwater monitoring network in
Punjab.

Design and implement a systematic,
comprehensive, periodic, modernised monitoring
framework.

Develop a database or management information
system for data storage and sharing, potentially
hosted by the PID.

Install additional piezometers at optimised grid
sites throughout the province to augment the
existing network by filling gaps and uncovered
pockets.

Expand the current groundwater quality
monitoring scope.

Include a vertical profile of groundwater quality
parameters in the monitoring program.

Reduce the number of water laboratories in the
province and improve the standard of water
laboratories.

Enhance coordination, awareness raising, and
capacity development.

Enhance focus and investment in groundwater
research.

Remove any overlapping and duplicated
groundwater policies and institutions.

Enhance the use of modern tools and ICTs.
More systematic research on qualitative aspects
of groundwater.

Box 2
Punjab Water Policy and MAR

i.  Construction of flood channels
to divert flood waters to desert
areas like Cholistan, Thal and
other similar areas.

ii. Allow flood waters to spread
overland through pre-planned
breaches.

iii. Harness flood waters in Hill
Torrent areas like DG Khan
through construction of storage
and delay action dams,
dispersion and diversion
structures.

iv.  Augment artificial recharge of
aquifer from flood water.

Box 1

Major water laws and policies in Pakistan

a)

Federal/National Level

The Easements Act of 1882

Land Improvement Loans Act (1883)
The Constitution of Pakistan 1973

The Pakistan Water and Power
Development

Authority Act (1958)

Indus Water Treaty (1960)

Water Apportionment Accord (1991)
Indus River System Authority (IRSA) Act
(1992)

Pakistan Environmental Protection Act
(1997)

Pakistan Water Vision 2025 (2001)
Pakistan Water Resource Sector Strategy
(2002)

National Environment Policy (2005)
National Sanitation Policy (2006)
National Drinking Water Policy (2009)
18" Amendment in the Constitution of
Islamic Republic of Pakistan

Pakistan Water Vision/Framework for
action 2025 (2010)

National Climate Change Policy (2012)
Pakistan Climate Change Act (2017)
National Water Policy (2018)

Provincial Level

The Canal & Drainage Act (1873)
Punjab Minor Canals Act (1905)

Soil Reclamation Act (1952)

On Form Water Management Ordinance
(1981)

Punjab Water-User Association
Ordinances (1981)

Water Apportionment Accord (1991)
The Punjab Irrigation and Drainage
Authority Act (1997)

Punjab Government Rules of Business
(2011)

Punjab Water Policy (2018)

Punjab Water Act (2019)

Local Level

Punjab Development of Cities Act (1976)
Punjab Local Government Act (2019)
The Punjab Village Panchayats and
Neighbourhood Councils Act (2019)

The Punjab Local Govt Ordinance 2021
Punjab Khal Panchayat Act (2019)
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8.1. Groundwater Monitoring and Management

A portion of investment by the Punjab government, the World Bank, ADB, and ACIAR should be allocated for
the collection, storage and timely access and sharing of updated groundwater monitoring data to allow the
Water Resources Zone and Irrigation Research Institute to monitor the changing dynamics of water levels and
water quality. The PID has recently installed CTD data loggers in some areas of Punjab; however, we
recommend upgrading the monitoring program with water level and salinity loggers at strategic sites to better
understand the status of the aquifer. This data can provide the basis for developing annual reports on the
status of groundwater in Punjab.

The Punjab Bureau of Statistics annually reports the number of tubewells in each district of Punjab. Recently,
the Water Resources Zone has completed a remarkable achievement of digitising the locations of the tubewells
across the Punjab. However, there is no monitoring of groundwater pumping. We recommend metering
tubewells at strategic locations to understand trends in groundwater extractions in stressed canal commands
in Punjab.

The monitoring program should be carried out alongside hydrogeological investigations and a groundwater
mapping program to develop an in-depth understanding of groundwater conditions and provide accurate
information for improving resource management. The establishment of Groundwater Management Zones
needs to be designated in the Bari Doab to inform groundwater users of long-term trends, the impacts of
overextraction, and the salinity impacts that are likely to occur in response to pumping. The shortage in water
availability for tail-end farmers will result in shifting agricultural water demand to groundwater, which will
consequently cause the depletion of groundwater levels and quality deterioration. Knowledge transfer to
farmers on groundwater quality risks and the potential impact on crop productivity and soils is essential for
changing practices. However, avoiding salinity build-up as the share of groundwater use in irrigation increases
will require the PID to offer farmers viable alternatives, such as increased surface water supply, expanded
agricultural extension services to promote water-efficient crops, and advisory services for improved irrigation
and land management practices. Additional guidance on developing a robust groundwater monitoring strategy
to improve mapping, modelling and management of groundwater resources is provided in Raheem et al. 2024.

8.2. Institutional Policy, Licensing, Pricing

Based on existing studies, a policy framework should be developed for the integrated management of water
resources. It should include conjunctive management and allocation of water for environmental benefits. Out
of the total 1.4 million tubewells, more than 85% are installed in Punjab. To manage the increasing demand,
we recommend licensing high-volume groundwater users to help control excessive groundwater depletion. A
mechanism needs to be developed to provide information on new bores drilled in Punjab to the PID for
archiving the bore depths, screen lengths, and depth of production bores. Where possible, a PID
hydrogeologist could be on-site to log the bore. This will require investment in capacity building and the training
of local drillers and eventually a system for licensing drillers.

8.3. Water Saving Technologies

No serious efforts have been made in the past to replenish the aquifer. To compensate for groundwater
exploitation and enhance replenishment of the aquifer on a regional scale, managed aquifer recharge (MAR)
needs to be prioritised along with suitable adaptation options. Introducing water saving technologies among
progressive farmers needs to be encouraged. The PID needs dedicated staff with up-to-date knowledge of
modern water savings technologies. Where feasible, accurate mapping of the underlying deposits and their
hydraulic properties would need to be undertaken to ensure effective location and operation of MAR schemes,
particularly in areas with deep watertables. The mapping of groundwater resources is essential to managing
the freshwater zones and devising strategies for the conjunctive use of canal and marginal groundwater to
benefit farmers in Punjab.

8.4. Institutional Capacity Building

A major commitment has been made to this project as well as other projects in the recent past, such as the
ACIAR-funded project on improving groundwater management to enhance agriculture and farming livelihoods
in Pakistan (LWR/2015/036) for developing groundwater models for improved understanding of impacts in
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these areas. A team from the Punjab Irrigation Department was also part of these projects. Expanding this
structure to create a dedicated team with expertise in hydrology, hydrogeology, modelling, remote sensing,
and environmental management is required to develop expertise in surface and groundwater modelling and
improve the management of water resources. Establishing a groundwater modelling and hydrogeology unit
would allow greater use of these models to benefit the community of groundwater users, industry, and the
environment. The scenarios generated from these models will provide crucial information for policymakers and
resource managers. Following are the key recommendations on capacity building and development:

Groundwater monitoring and mapping.

Groundwater modelling through training programs and secondments.

Remote sensing with a focus on water resources.

Groundwater protection legislation and policy development.

Strengthen modelling of surface water resources.

Water use and water savings technologies.

Collaborate with national agencies, universities and international centres to enhance knowledge and skills
within the Water Resources Directorate.
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9. Conclusions and Recommendations

9.1. Conclusions

e The water balance of the model for the study period 2010-2020 indicated river/canal leakage was the major
inflow source, incorporating 53% of the total inflow followed by recharge from rainfall and field application
losses at 47%. Additionally, groundwater pumping was found to be the most significant outflow, comprising
92% of total outflows, which resulted in a decline in net groundwater storage of -533.4 MCM/yr. The net
loss in groundwater storage indicates groundwater pumping impacts groundwater reserves in the Southern
Bari Doab Canal Command.

e The net change in storage for the BL scenario indicates that net storage in 2020-2030 is -355.7 MCM/yr
and from 2050-2060, the aquifer will tend to reach a new equilibrium with net storage at -162.8 MCM/yr.
This does not mean that parts of the aquifer will not experience stresses or increased salinity mobilisation;
however, it indicates that with improved resource management, the system can withstand this pumping
level over the next 50 years. The PS scenario shows that the net storage is -212.4 MCM/yr during 2020—
2030 which rapidly declines to -1,886.4 MCM/yr by 2050-2060. The most significant impact will be felt from
increased pumping which increases from 3197.2 MCM/yr for 2020—2030 period to 5361.1 by 2050-2060.
The hydrographs presented earlier demonstrate an inflection point around 2040, indicating a sustained
increase in pumping beyond 2040 will result in significant declines in water levels and increased salinity
mobilisation from deeper layers, resulting from a significant increase in stresses on the aquifer.

e The projected increase in groundwater pumping under the climate change scenarios SSP2-4.5 and SSP5-
8.5 indicated a large area of the top layer of the model would dry out in future in the lower reaches especially
the area accompanied by significant declines in groundwater levels and quality for the Southern Bari Doab
Canal Command. Clearly, this level of pumping will not be sustainable and will have long-term impacts on
groundwater quantity and quality.

e The average recharge during 2020-2030 under climate change scenarios SSP2-4.5 and SSP5-8.5 was
1,521.2 and 1,436 MCM/yr respectively, however, from 2090-2100 the recharge will be 1520.4 for SSP2-
4.5 while for SSP5-8.5 the recharge will reduce to 1344.5, which indicates relatively lower rainfall under the
SSP5-8.5 scenario. With lower recharge and increasing pumping over time, the aquifer will be subjected to
significant stresses.

e The annual average T mean under climate change scenarios SSP2-4.5 and SSP5-8.5 was 28.7 and 30.6
0C, respectively, which indicates a relatively higher mean temperature and higher evapotranspiration under
the SSP5-8.5 scenario. Although it does not impact evapotranspiration in the model due to deep
watertables, the increased evapotranspiration will significantly impact crop water needs as higher
temperatures will require more irrigation and amelioration of crop microclimates.

e The simulated adaptation options for the Southern Bari Doab indicates that despite the adaptation options
which included changing a portion of the high water use crops such as cotton, rice and sugarcane with low
delta crops such as mung bean and onions, flood flows and environmental amelioration of the riverine
corridors, there will still be a significant loss in net storage in the underlying aquifer of 586.6 MCM/yr. A
simulation without the recharge option indicated a loss in groundwater storage of -678.9 MCM which
indicates the inclusion of the recharge options by simulating flood flows adds an additional 92.3 MCM/yr to
groundwater storage.
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9.2. Recommendations

9.2.1 Enhance Data Collection and Monitoring

Currently, the PID is monitoring around 3300 piezometers and 4000 farmer-owned tubewells to record
groundwater levels and quality, respectively, covering the Punjab province. Areas that have continuously
declining groundwater levels or emerging water quality issues will require additional monitoring piezometers.
Alongside the current groundwater level and quality monitoring, we recommend instrumenting bores with water
level, temperature, and EC loggers, which will provide reliable time-series data, especially at strategic sites
where groundwater levels are declining and water quality issues are emerging. Strengthening groundwater
monitoring networks to gather accurate and up-to-date data on groundwater levels and quality is essential for
informed decisions. In addition to monitoring, the best effective storage, retrieval, access, and use of the data
among different stakeholders will enhance understanding of aquifer responses under increased pumping and
climate stress.

9.2.2 Enhance Professional Institutional Capacity of PID

As per the Punjab Irrigation, Drainage and Rivers Act 2023, the office in-charge under the secretary irrigation
is responsible to report the amount of extraction in each irrigation zone for each calendar year. In this context,
we recommend the PID, besides reporting past groundwater abstraction data, enhance its professional
capacity to understand the spatio-temporal dynamics of groundwater systems to project future groundwater
pumping and levels for the sustainable management of groundwater in each irrigation zone.

9.2.3 Managed Aquifer Recharge

The managed aquifer recharge (MAR) has not been widely adopted to date and large-scale MAR projects
such as the diversion of monsoon flood waters from Islam Barrage into the Old Mailsi Canal have only recently
been considered in Pakistan (Hassan, 2023). The new approach for large-scale rural MAR projects (Hassan,
2023) provides a framework for the PID to develop MAR projects in consultation with each farmer’'s community
for selecting locations best suited for managed aquifer recharge projects. Similarly, strategic sites to replenish
the groundwater recharge on a local scale should also be considered, as water stress and climate change
exacerbate groundwater availability in Pakistan.

9.2.4 Water Education

Farmers are key stakeholders in improving water resource management. Capacity building of farming
communities to improve knowledge of on-farm water management, climate smart agriculture, and options for
managing declining groundwater levels and quality will be essential for adapting to water and climate stress.
A suitable approach to managing groundwater would be first to improve monitoring of the resource to improve
assessment of the condition of the resource. Improved monitoring can also help irrigators, groundwater users,
and stakeholders better understand the impact on groundwater resource conditions and the temporal and
spatial changes in response to intensive aquifer exploitation. Engaging with groundwater users and irrigators
is necessary to co-design a sustainable future over a specified planning period. An example of this is the RAPs
(Representative Agricultural Pathways), which provide pathways for adopting low delta crops and high
efficiency irrigation for fruit trees such as mango orchards, which is a high value crop (Nasir, 2021). Adopting
new crops and sustainable farming practices with improved irrigation management will be a slow process that
requires dedicated human and financial resources. A multi-skilled team consisting of social researchers,
groundwater managers, hydrogeologists, irrigation, and agricultural specialists is required to work with
community groups to develop a sustainable future for Southern Punjab.
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